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Abstract
1.	 Within-group competition over food resources can be a major cost of social living. 

In the wild, foragers are confronted with social (e.g. hierarchical rank) and eco-
logical (e.g. food availability and distribution) challenges that affect their foraging 
decisions and feeding success. Exhibiting prosocial behaviours, such as tolerance 
at feeding sites, can benefit group members by developing affiliative social rela-
tionships, enhancing access to resources and maximizing fitness.

2.	 We examined social tolerance at feeding sites in Callithrix jacchus, a cooperatively 
breeding primate species. We investigated the set of social (rank, age and sex) and 
ecological (food availability) factors that influence the structure and dynamics of 
within-group foraging association networks.

3.	 We designed and conducted an experimental field study of four wild groups of 
common marmosets in which we controlled food distribution (concentrated or 
scattered) and productivity (high, medium or low food rewards). Then, we used 
social network analyses to assess the number and strength of foraging associa-
tions among group members, their effects on individual food consumption, and 
whether recent experiences with conspecifics during foraging affected subse-
quent associations.

4.	 Overall, common marmoset foraging association networks were cohesive, as 
group members jointly occupied feeding sites. The number and strength of asso-
ciations varied depending on the ecological context. Associations were stronger 
during conditions in which food was concentrated at a single site. Individuals ob-
tained greater access to food resources when sharing a feeding site with con-
specifics, but once a food item was obtained, the forager moved to a nearby tree 
and consumed it away from others. Additionally, the strength of previous foraging 
associations and subsequent levels of social tolerance at feeding sites were posi-
tively related, a relationship compatible with the ability of memorizing associa-
tions over time and recalling the information in future decision-making.

5.	 In sum, marmosets adjusted their partner choices and the strength of forag-
ing associations in response to food availability. They exhibited increased social 
tolerance at feeding sites during conditions in which opportunities for contest 
competition were expected to be greatest. These cooperative breeding primates 
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1  | INTRODUC TION

Social living animals face a trade-off between the advantages and 
disadvantages of being part of a group. Enhanced predator detec-
tion and territorial defense might benefit most or all group members, 
while competition over resources (i.e. food and/or mates) might in-
crease levels of intragroup aggression (Sterck et al., 1997; Sussman & 
Garber, 2011). Optimal foraging theory predicts that animals should 
behave to maximize their fitness when searching for food by adopt-
ing strategies that decrease time/energy costs of finding food and 
increase energy intake (Chaves & Alves,  2010; Pyke et  al.,  1977). 
However, this model does not consider the influence of social fac-
tors during foraging, in which individuals interact affecting each oth-
er's decision-making and payoffs (Giraldeau & Dubois, 2008). Other 
theoretical frameworks, such as the social foraging theory, analyse 
the costs and benefits of cooperation and competition in animals, 
predicting that the foraging strategies of group-living individuals 
are influenced by the identity and actions of other group members 
(Giraldeau & Caraco, 2000). In addition to ecological factors, such 
as food productivity and distribution, foraging strategies and suc-
cess are affected by social factors, such as dominance status, kinship 
and cooperative interactions (Keynan et  al.,  2015; Li et  al.,  2021). 
According to socioecological models (originally developed for 
primate species, but also applied to other species: elephants, 
Archie et al., 2006; feral cats, Bonanni et al., 2007; hyenas, Smith 
et  al.,  2007; rooks, Scheid et  al.,  2008), social foragers potentially 
face two types of intragroup feeding competition (Isbell, 1991; van 
Schaik & van Noordwijk, 1988; Sterck et al., 1997). Scramble compe-
tition occurs when the first individual to find a resource consumes 
it prior to the arrival of other group members, obtaining a ‘finder's 
advantage’ (greatest when resources are limited) without aggres-
sive interference. In contest competition, a single or a small set of 
dominant individuals can monopolize, aggressively or not, resources 
concentrated in small- or medium-sized food patches. Behavioural 
strategies that allow individuals to accomplish a balance between 
the costs and benefits of social living, such as participating in col-
lective or cooperative actions, forming coalitions and maintaining 
or ascending to a position of high rank, can shape the relationships 
(i.e. interactions and associations) between group members (Sueur 
et al., 2018).

By forming and developing affiliative social relationships, indi-
viduals can enhance their access to resources and maximize fitness 

(Schülke et al., 2010; Stanton & Mann, 2012). In this context, social 
tolerance can be described as the probability that conspecifics re-
main in close proximity to each other in the presence of valuable 
resources (e.g. foraging contexts and during mating) while displaying 
low levels or no conspicuous aggression (Cronin & Sánchez, 2012). 
The benefits of within-group tolerance and prosocial behaviours 
include lower rates of agonistic interactions, reduced risk of injury, 
improved access to and sharing of resources, enhanced predator vig-
ilance, cooperative range defense and the transmission of social and 
ecological information by closely observing and following conspecif-
ics (Miller et al., 2014; Pasquaretta et al., 2014).

Wild foragers are commonly confronted with a range of eco-
logical and social challenges associated with spatial and temporal 
changes in food availability, as well as with different types of so-
cial relationships among group members (i.e. individual's dominance 
rank), that affect foraging decisions and the degree to which individ-
uals are tolerant or intolerant of conspecifics (Marshall et al., 2015). 
It can be expected that at larger, more productive and/or dispersed 
feeding sites (e.g. trees producing a large food crop or several nearby 
small food patches), the benefits of investing time and energy in 
monopolizing resources are low, and group members are expected 
to be more tolerant of conspecifics and co-feed. In contrast, at de-
fensible and highly depletable feeding sites (e.g. trees with a small 
food reward), higher-ranking foragers are expected to be less tol-
erant and actively exclude conspecifics to obtain priority access to 
resources and increase food intake (i.e. contest competition; Sterck 
et al., 1997).

Maintaining close spatial proximity to group mates who are likely 
to exhibit an increased predisposition to share resources is a strategy 
employed by some social foragers (King et al., 2011). Group members 
may exhibit foraging partner preferences based on dominance rank, 
age, sex and/or kinship. In some species, individuals who share a simi-
lar rank establish stronger bonds (e.g. rhesus monkeys: de Waal, 1991; 
brown capuchin monkeys: Parr et  al.,  1997; Sorraia horses: Heitor 
et al., 2006; spotted hyenas: Smith et al., 2007) and associate or more 
commonly share access to feeding and drinking sites. Stronger asso-
ciations result in greater mutual social and resource-related benefits 
than those shared by individuals of more distant rank positions (Smith 
et al., 2007; de Waal, 1991). In species in which adults are more toler-
ant of immature group members, who may be less efficient and less 
competitive foragers than adults, young individuals benefit by obtain-
ing food-related information and developing foraging skills through 

appear to mutually benefit by maintaining cohesive and strong affiliative rela-
tionships, and by increasing opportunities for coordinated behaviour and off-
spring survival.

K E Y W O R D S
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social influence (e.g. primates: Schiel & Huber, 2006; birds: Holzhaider 
et  al., 2010; meerkats: Thornton & Clutton-Brock, 2011). Evaluating 
how group members affiliate, track and adjust their associations under 
changing conditions of food availability offers critical insight into our 
understanding of the evolution of sociality.

We conducted a field experiment designed to examine forag-
ing associations in a species of cooperatively breeding New World 
primate, the common marmoset Callithrix jacchus. Callitrichines are 
distinguished among primates by their unique system of coopera-
tive infant caregiving, in which a group generally contains a single 
breeding female, who can produce up to two sets of twin infants 
per year. The breeding female is assisted by helpers, principally sev-
eral resident adult males, to successfully rear her offspring (Digby 
et al., 2011; Koenig, 1995). Common marmosets live in groups of 3 
to 16 individuals composed of multiple adult males and females, ju-
veniles and infants (Digby et al., 2011; Garber et al., 2019), and are 
characterized by a pyramidal-like hierarchy with the breeding female 
at the top, followed by all other group members (with decreasing 
social rank based on age; De la Fuente et al., 2019). Offspring may 
stay in their natal group past puberty and become helpers, but also 
individuals can disperse and migrate between groups. Common mar-
mosets exploit a wide range of food items including plant exudates, 
fruit, invertebrate and vertebrate prey (Schiel & Souto, 2017). In the 
wild, they forage as a cohesive group, whose members are attracted 
to the others’ food discoveries and, in general, are tolerant of co-
sharing feeding sites (Schiel & Huber, 2006). Even though intragroup 
agonistic interactions are uncommon, they can occur in feeding 
contexts and increase after changes in group composition (rates of 
~0.08 to 0.25 per hour, Lazaro-Perea et al., 2000).

In a previous study examining foraging strategies in common 
marmosets presented with controlled experimental conditions 
characterized by changes in food productivity and distribution (De 
la Fuente et al., 2019), we found that, except for the breeding fe-
male who had the highest feeding success, all other group members, 
including adults and juveniles experienced relatively equal feeding 
success. Overall, group members shared experimental food plat-
forms (feeding sites) to obtain resources during almost half (48%) of 
foraging visits. Here, we investigate how social and ecological fac-
tors influence the structure and dynamics of within-group foraging 
associations and social tolerance at feeding sites. We test predic-
tions of four hypotheses (Table 1).

2  | MATERIAL S AND METHODS

2.1 | Study site and study groups

We studied four groups of common marmosets living in the semi-
arid Caatinga scrublands at the Baracuhy Biological Field Station 
(7°31′42″S, 36°17′50″W) in the state of Paraíba, northeast of Brazil 
(see De la Fuente et al., 2019 for details on the study site). We stud-
ied each group, named ALG, COQ, PRI and VAC, for a period of 
4 months. The size of the groups ranged from five to eight individuals 

(including infants) at the beginning of the study. A single VAC and PRI 
individual left its group during the last experimental condition. ALG 
decreased in size from seven to four individuals due to the emigra-
tion of two adult males followed by the immigration of a new adult 
male in the third experimental condition, and the emigration of two 
adult females in the fourth experimental condition (Table  S1). We 
adjusted our analyses accounting for these group changes by remov-
ing individuals who disappeared from a given experimental condition 
(see Figure 1). Group members were habituated to the presence of 
human observers prior to the study. We trapped and marked adults 
with coloured beaded collars and shaved different tail segments of 
juveniles for individual identification (Garber et al., 2019).

2.2 | Rank assessment

We assessed social rank using the frequency of all agonistic inter-
actions that occurred between dyads during experimental condi-
tions. We calculated the normalized David's score (NDS; de Vries 
et al., 2006) for each group member as it provides a measure of an 
individual's success taking into account the power of its opponent 
and allows us to construct a ranking order based on the winner and 
loser of agonistic interactions; that is, the higher the frequency of 
interactions won, the higher the rank. We recorded the identity of 
individuals involved in the interaction, the type of agonistic inter-
actions (i.e. low intensity, no physical contact such as vocalizations 
and piloerection; and high intensity, all interactions that had a risk 
of physical injury such as fights, attacks and chases), and the win-
ner and loser of the interaction (i.e. the winner caused the loser to 
perform a submissive posture/vocalization or to fled from the in-
teraction). The single breeding female of COQ, PRI and VAC were 
the highest ranking individuals, followed by adult males, other adult 
females and juveniles. We assessed rank twice in the ALG group 
because of changes in adult composition. In this group, adult males 
occupied the highest ranks, followed by adult females, and juveniles 
(Table S1).

2.3 | Field experiments

We established an experimental feeding station by placing four 
wooden feeding platforms (50 cm × 50 cm) in a square arrangement 
(2.5 m apart from each other) in each study group's home range (see 
Figure  S5). A marmoset on one platform could see all other plat-
forms and its visitors. We fixed a clear plastic container with acces-
sible or inaccessible food rewards (controlled number of 3 g banana 
pieces, see Table S2 for details on the amount of food offered per 
group) on each platform. Accessible containers had two openings 
(5 cm × 3 cm) enabling two or more group members to feed on and 
share a platform. Inaccessible containers had small holes to allow for 
olfactory cues, but the marmosets could not access the food reward.

We conducted five experimental conditions in which food was 
concentrated (C) on a single feeding platform or scattered (S) among 
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TA B L E  1   Hypotheses (H) and predictors tested to investigate social tolerance at feeding sites in wild groups of common marmosets (see 
Figures S1–S4 for graphical representations)

H1. Ecological and social factors influence individual levels of social tolerance

Predictors a. Food availability 
(distribution and 
productivity)

Given marmosets’ social system, we expect that group members will associate at feeding sites under 
all food conditions (De la Fuente et al., 2019). However, individuals will share feeding sites (i) 
with less group members and (ii) for smaller proportions of time when food is concentrated and/
or insufficient to satiate all foragers (i.e. increased opportunity for feeding competition, Sterck 
et al., 1997) than when food is scattered and/or sufficient to satiate all foragers

b. Individual's age Given that immature individuals are less efficient foragers (Schiel & Huber, 2006) and can pose lower levels 
of competition, we expect that juveniles will share a feeding site (i) with a greater number of group 
members (other juveniles and adults) and (ii) for greater proportions of time than adults will among them

c. Individual's sex/rank 
class

Given that the breeding females are the highest ranking and the most aggressive individuals of our 
study groups (De la Fuente et al., 2019), we expect that they will be less tolerant to get access 
to resources, resulting in sharing feeding sites (i) with less group members and (ii) for smaller 
proportions of time than other group members

H2. Common marmosets have dyadic foraging partner preferences

Predictors a. Food availability If group members have foraging partner preferences (King et al., 2011), we expect that dyadic 
associations will be stable under all food conditions. Nevertheless, the proportion of time that a 
dyad of preferred partners shares a feeding site will depend on the productivity and distribution 
of food rewards. Dyads will spend greater proportions of time sharing feeding sites when there is 
plenty of food scattered than when food is concentrated and/or quickly depletable

b. Rank distance If dyads with closer ranks establish stronger bonds (Heitor et al., 2006; Parr et al., 1997; Smith 
et al., 2007; de Waal, 1991), we expect that such dyads will share feeding sites for greater 
proportions of time than other dyads

c. Dyad age composition Given that immature individuals pose lower levels of competition (Schiel & Huber, 2006), we expect 
that dyads composed of an adult and a juvenile will spend greater proportions of time sharing a 
feeding site than dyads composed of two adults

d. Dyad sex composition Given the callitrichine social system (Ferrari, 2009; Yamamoto et al., 2009), we expect that (i) breeding 
females will associate for greater proportions of time with adult males than with other adult 
females, and that (ii) adult males will associate for greater proportions of time with each other

H3. Social tolerance influences individual food consumption

Predictors a. Number of group 
members with 
whom an individual 
shares a site

If remaining in close proximity with more group members during foraging can increase individual's 
access to resources (de Waal, 1991), we expect that sharing feeding sites with more group members 
will increase individual food consumption

b. Proportion of time 
sharing a site

Given that the longer an individual spends in a feeding site, the greater the amount of resources 
that it can get, we expect that sharing a platform for greater proportions of time will increase an 
individual's food consumption

c. Avoidance events 
performed

Given that the avoidance of sharing a feeding site can cause smaller proportions of time spent on it, we 
expect that the frequency of avoidance events performed by an individual will be inversely related 
to its food consumption

d. Agonistic events 
received

If receiving agonistic interactions reduces access to resources (Michels, 1998), we expect that the 
frequency of agonistic events received by an individual will be inversely related to its food 
consumption

H4. Recent foraging experiences influence social tolerance at the (A) individual and (B) dyad levels

Predictors a. Previous foraging 
associations

If group members recall their recent foraging interactions (Hattori et al., 2012), we expect that the 
proportion of time that individuals and dyads spend sharing a feeding site during the most recent 
session of foraging will show a positive relationship with the proportion of time that they will spend 
sharing a site in the next session

b. Previous avoidance 
events

We expect that the frequency of avoidance events performed by an individual/dyad in the most recent 
foraging session will be negatively related to the proportion of time that it will spend sharing a 
feeding site in the next session

c. Previous agonistic 
events

We expect that the frequency of agonistic events experienced by an individual/dyad in the most recent 
foraging session will be negatively related to the proportion of time that it will spend sharing a 
feeding site in the next session

d. Previous food 
consumption

Given that satiation may influence individual's motivation to sharing a feeding site to access resources, 
we expect that the amount of food that it has ingested during the most recent foraging session will be 
negatively related to the proportion of time that it spends sharing a feeding site in the next session

 13652656, 2022, 1, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.13609 by C

A
PE

S, W
iley O

nline L
ibrary on [15/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



142  |    Journal of Animal Ecology DE la FUENTE et al.

three of the four feeding platforms. The amount of food provided at 
the feeding station could be high (++), medium (+) or low (−; Table 2). 
We calculated the amount of food offered to each study group based 
on its mean daily consumption during a 1-week feeding trial ran prior 
to the beginning of the experiments. We adjusted proportionately the 
amount of food whenever the size or composition of a group changed. 
Each experimental condition lasted 10 successive days with a pause of 
11 days between conditions. Based on the marmosets’ daily activity 
(De la Fuente et al., 2014), we conducted three experimental sessions 
per day, at 6:00 a.m., 10:30 a.m. and 3:00 p.m., resulting in a maximum 
of 30 sessions per condition (three sessions per day × 10 days). Each 
session began when the marmosets arrived at a distance of 5 m from 
the feeding station and lasted until the group moved away the same 
distance and no individual returned to it in the next 10 min. Sessions 
lasted from ~5 to ~30 min (mean ~12 ± SD ~7 min). Food distribution 
and productivity remained constant throughout each condition. We 
designed the experiments to simulate conditions of food availability 
similar to those encountered in the wild and to observe how marmo-
sets interact and associate when foraging under these conditions.

2.4 | Data collection

We carried out the experiments with groups COQ and ALG from 
July to October 2015 and with groups PRI and VAC from April to 
July 2016. Four trained observers collected the behavioural data. 
In addition, we videotaped all sessions using two Canon Powershot 
SX50 HS (Canon Inc.) cameras placed 1.5  m from each feeding 
station. We simultaneously videoed and recorded the behaviours 
of all group members during the experiments using the ‘all occur-
rences’ sampling method (Altmann, 1974, see ethogram of the com-
mon marmoset in Schiel & Souto, 2017). During each session, we 
recorded all individual platform visits, individual time spent on a 
platform (in seconds), food consumption (i.e. the total number of 
3-g banana pieces consumed by each group member), the identity 
of individuals sharing a platform (individuals on the same platform 
at the same time, see below), social interactions on a platform (e.g. 
aggression and avoidance events), the amount of time and the num-
ber of group members with which each individual shared a platform 
during a session.

F I G U R E  1   Foraging association networks of study groups (COQ, VAC, PRI and ALG) in each experimental condition (S++, S+, C+, C− and 
S−). For each network: circles = adults, squares = juveniles, white = males, grey = females. Each individual (node) is identified by its rank 
position number. The links (edges) between individuals are dyadic associations. The size of nodes represents node strength and the thickness 
of links represents dyads’ association strengths, relative to each dyad member, in which thicker ties show stronger associations. We created 
graphs using r package igraph (Csárdi & Nepusz, 2006)
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2.5 | Social network measures

Social networks are composed of nodes (actors) and edges (con-
nections between nodes). We constructed foraging association 
networks in which nodes represent group members and edges rep-
resent their foraging associations on a feeding platform. Foraging 
associations (number and strength, see below) on a feeding platform 
represent our measures of social tolerance at feeding sites, given 
that when individuals shared a platform they remained in close prox-
imity to each other in the presence of a valuable resource (banana 
pieces) while displaying relatively low rates of aggression (number 
of high intensity agonistic events/number of shared platform visits, 
Table S3; Figure S6). We considered that two individuals shared a 
platform when they spent ≥3 s together on the platform. In 62% of 
shared platform visits lasting from 3 to 10 s, one or both individuals 
of a dyad obtained a food reward while being in close spatial prox-
imity (i.e. up to 50 cm apart; see Figure S7). Due to small group size 
and the fact that we reliably identified all individuals throughout 
the experiment, we used individual-based measures (node degree 
and node strength) and a dyad-based measure (dyad association 
strength; Sueur et al., 2011) per session to examine social tolerance 
of common marmosets at feeding sites. By calculating these meas-
ures per session we can assess how patterns of association change in 
response to the experimental conditions and over time. We defined 
these measures as follows:

Node degree: the number of group members with which the focal 
individual was observed sharing one or several platforms during a 
session (number of associations). Node degree can vary from 0 (if 

the individual did not share a platform with any other group member) 
to the group size minus 1 (as a marmoset can share a platform with 
all other group members, but itself). Node strength: the sum of all 
weights (proportion of time sharing a platform with other individu-
als, see below) of the focal individual's associations with other group 
member(s) during a session. Given that the total amount of time 
spent on a platform during a session (i.e. time alone + time together 
with group mates) varied among individuals, we calculated this mea-
sure as the proportion of time the focal individual shared a platform 
with any other group member during a session relative to the total 
amount of time the focal individual spent on a platform during that 
session. Node strength can range from 0, when the focal individual 
did not share a platform during a session, to 1, when it spent all the 
time with other individual(s) on a platform during a session. We used 
node degree and node strength as measures of individual levels of 
social tolerance (see Table 3). The highest their values, the highest is 
an individual's social tolerance.

Dyad association strength: the proportion of time that a dyad shared 
a platform relative to the total amount of time that each member of the 
dyad spent on a platform during a session. Given that each individual 
can spend different amounts of time on platforms during a session, we 
considered two values per dyad, relative to each individual's total time 
spent on the platforms. Dyad association strength can range from >0 
(since we only accounted for dyads that shared a platform, this value 
could not be zero) to 1, when the focal dyad spent their entire time 
during a session sharing platforms with each other. We used dyad as-
sociation strength as a measure of dyad levels of social tolerance (see 
Table 3). The highest the value, the highest is a dyad's social tolerance.

Experimental 
conditions Description

Food amount in a 
platform

*S++ High food productivity (twice the average 
amount consumed by the group in the feeding 
trial) scattered in three of the four feeding 
platforms

Each platform had 
sufficient food 
to satiate two 
of three group 
members

S+ Medium food productivity (the average amount 
consumed by the group in the feeding 
trial) scattered in three of the four feeding 
platforms

Each platform had 
enough food 
to satiate one 
of three group 
members

C+ Medium food productivity concentrated in one 
of the four feeding platforms

The platform had 
sufficient food to 
satiate almost all 
group members

C− Low food productivity (half the average amount 
consumed by the group in the feeding trial) 
concentrated in one of the four feeding 
platforms

The platform had 
enough food to 
satiate about 
one of two group 
members

S− Low food productivity scattered in three of the 
four feeding platforms

Each platform did not 
have sufficient 
food to satiate 
a single group 
member

TA B L E  2   Description of the 
experimental conditions with different 
food distribution (S: scattered, C: 
concentrated) and productivity (++: high, 
+: medium, -: low). *We used condition 
S++ to simulate a situation in which food 
competition is not expected regarding its 
distribution and productivity
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We also calculated the frequency of avoidance events and the 
frequency of agonistic events that occurred on a platform during 
a session. Avoidance behaviour is considered a strategy to pre-
vent conflicts in which an individual adjusts its spatial position 
with respect to the potential aggressor/competitor to reduce the 
likelihood of an agonistic encounter and/or food stealing event 
(Aureli & de Waal, 2000). An avoidance event occurred when an 
individual left a feeding platform upon the arrival of another group 
member on the same platform and in the absence of any detect-
able agonistic behaviour. We considered as an avoidance event, 
whenever a marmoset spent ≤2 s on a platform with another group 
member. This was the amount of time that we assumed that it took 
to leave the platform after anticipating a potential conspecific's 
approach. Agonistic events (i.e. agonistic interactions) occurred 
when an individual directed an aggressive behaviour towards an-
other individual on a feeding platform. Aggression could be of low 
(no physical contact) or high (physical contact or injury risk) inten-
sity (see Section 2.2).

2.6 | Testing the randomness of associations

Data on associations are often captured via the ‘Gambit of the 
Group’, which assumes that all individuals within a group, observed 
in a given location and at a certain point in time, are associated 
(Farine, 2017). We conducted field experiments in which we stim-
ulated group members to visit the platforms to get valuable food 
resources (banana pieces). We observed active tolerance at feed-
ing platforms directly instead of passive associations or proximities, 
thereby not qualifying as the ‘Gambit of the Group’. Therefore, we 
conducted pre-network permutations of the raw foraging associa-
tion data to assess whether associations occurred randomly or not. 
We used the ANTs r package (Sosa et al., 2020) to perform multiple 
network analyses (i.e. a network per group per condition). Overall, 
81% of the observed foraging associations among dyads did not 
occur randomly, as they were higher or lower than those expected 
under the permutation process (one side p ≤ 0.05; see Tables S4–S7). 
Some dyads preferred to associate with each other at feeding sites 
under different experimental conditions, while others did not. The 
observed network edges were nearly always preferred or avoided.

2.7 | Data analysis

Permutations in social network analyses may not control for non-
independence and lead to strong rates of false positives and false 
negatives, making them inappropriate for testing hypotheses via 
regression analyses (Hart et al., 2021; Puga-Gonzalez et al., 2021; 
Weiss et al., 2021). Following these authors’ recommendations we 
used MCMCglmms [Generalized Linear Mixed Models (GLMMs) 
with a Markov Chain Monte Carlo (MCMC) approach] to properly 
account for these confounds. Adopting this approach yields both 
correct p-values and effect size estimates, leading to more reliable 

statistical inferences. We conducted all statistical analyses using the 
r software version 3.5.1 (R Core Team, 2018). Before constructing 
the models, we evaluated the multicollinearity between the predic-
tor factors by calculating the variance inflation factor (VIF, r package 
car, Fox & Weisberg, 2011). Except for one case (see below), there 
was no correlation between any pair of predictors (all VIF < 2; Hair 
et al., 2010). We fitted all GLMM models using the r package lme4 
(Bates et al., 2015).

2.7.1 | Model fitting

We adjusted GLMMs with Gaussian error distribution to fit our mod-
els, and used error distributions according to the response variable 
whenever data were not normally distributed. We used Poisson dis-
tribution for count data and Binomial distribution for proportional 
data (Crawley,  2007). To evaluate model's validity, we carried out 
GLMM diagnostics with respect to over-dispersion, the distribu-
tion of residuals (see residual distribution plots on Figure S8), and 
variance structure. Whenever necessary, we allowed heterogeneous 
variance among levels of nominal values (following Zuur et al., 2009).

We constructed two GLMMs to assess if ecological (food 
availability) and social (individual's age, sex and rank) factors in-
fluence individual levels of social tolerance (node degree and node 
strength; H1, see Table  1). The first model had node degree as 
the response variable, and the second had node strength as the 
response variable. Based on the distinct behaviour of the breeding 
female (De la Fuente et al., 2019), we included her as a separate 
class from other females in our analyses. By doing this, the sex 
and rank of individuals were collinear (VIF > 2, Hair et al., 2010), 
what may cause nonsignificant parameter estimates if they are in-
cluded together in the models. Therefore, we used sex/rank class 
of individuals (breeding females—BF, females—F and malesM), 
age (adults—A and juveniles—J; we did not include data collected 
on subadults in our analyses because they were present during 
only two of the five experimental conditions in the ALG group, 
see Table S1), and experimental conditions as predictors for both 
H1 models. We included group identity and session as random ef-
fects. We did not include individual's ID as a random effect in the 
models because its high collinearity with the predictors age and 
sex/rank class (VIF  >  10) would influence the assessment of its 
effect. We adjusted the node degree model with a Poisson error 
distribution and the node strength model with a Binomial error 
distribution.

We constructed a GLMM to investigate if common marmosets 
have dyadic foraging partner preferences under different ecolog-
ical conditions (food availability) and social compositions (dyad's 
rank, age, sex composition; H2, see Table 1). The model had dyad 
association strength (our measure of dyad levels of social toler-
ance) as the response variable. The predictor variables were exper-
imental condition, dyad rank distance (i.e. the difference between 
rank positions of two individuals: can range from 1 in dyads with 
adjacent rank positions to 6 in the dyad with the most distant rank 
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positions in the group with seven individuals), dyad sex composi-
tion (BF-M, BF-F, F-F, F-M and M-M), and dyad age composition 
(A-A and A-J; we did not include the J-J level in our analyses be-
cause there was more than one juvenile only in the ALG group 
during three experimental conditions). We included group identity 
and session as random effects, and adjusted the model using a 
Binomial error distribution.

We run a GLMM to test if individual levels of social tolerance 
(node degree and node strength), avoidance events performed and 
agonistic events received influenced food consumption (i.e. the num-
ber of 3-g banana pieces consumed by each group member; H3, see 
Table 1). We included node degree, node strength, the frequency of 
avoidance events performed and the frequency of agonistic events 
received as predictors. We used individual identity and experimental 
condition as random effects. We adjusted the model with a Gaussian 
error distribution.

We constructed two GLMMs to examine if the most recent for-
aging experiences (i.e. the experiences in the previous experimen-
tal session: foraging associations, avoidance and agonistic events, 
and food consumption) influenced subsequent levels of social tol-
erance at the level of individuals (node strength; H4A) and dyads 
(dyad association strength; H4B, see Table  1). In the first model 
(H4A), we used node strength in a session (n) as the response 
variable, and node strength, frequency of avoidance events per-
formed, frequency of agonistic events received and food amount 
consumed by an individual in the previous session (n − 1) as predic-
tors. We included individual identity and experimental condition as 
random effects. In the second model (H4B), we used dyad associa-
tion strength in a session (n) as the response variable, and dyad as-
sociation strength, frequency of avoidance events and frequency 
of agonistic events among dyads in the previous session (n − 1) as 
predictors. We included dyad identity and experimental condition 
as random effects. We adjusted both models using a Binomial error 
distribution.

2.7.2 | Model selection

We conducted multi-model inferences for each GLMM to compare 
and order models according to their Akaike information criterion 
after correction for small sample sizes (AICc) and normalized Akaike 
weights (AICw; Burnham & Anderson, 2004). We conducted model 
selection using the r package MuMIn (Bartoń, 2018). Model selec-
tion tests all possible models with the independent variables and 
ranks them according to their AIC. The best model has the lowest 
AIC, whose variables explain a greater variance than those in other 
models (including the null model). This method is better than testing 
a full model (where some variables decrease the explanation of the 
variance) or using a step-model selection, which does not allow test-
ing all possible models (Burnham & Anderson, 2002). We considered 
models with a ΔAIC  <  2 as candidate models (following Burnham 
& Anderson,  2002) and included all predictor variables present in 
these candidate models to construct our final models (see model in-
ference in Tables S8–S13). We present the final selected models in 
Table 3.

We applied the MCMC approach to our final selected models 
using the r package MCMCglmm (Bayesian method, Hadfield, 2010) 
to identify the predictors of the final models that significantly influ-
enced the response variables. We ran MCMCglmm models for a min-
imum of 230,000 iterations after a burn-in of 30,000 (first 30,000 
iterations omitted to avoid autocorrelation problems) and a thinning 
interval of 200 (one from every 200 iterations used in the Markov 
chain to estimate the posterior distribution of the parameters) to re-
duce autocorrelation by determining an effective sample of 1,000 
for all estimated parameters. We fitted models with uninformative 
priors (V = 1, nu = 0.002), so that all information came from the data. 
We based these parameters by checking the stability of the models. 
We visually assessed all models for approximate convergence of the 
MCMC chain (chain stability), autocorrelation and posterior distri-
bution (see plots on the Figures  S9–S14). We set the significance 

TA B L E  3   Final selected models after multi-model inferences, including each model's response variables, predictor variables, random 
effects, marginal and conditional R2

Hyp

Final models R 2GLMM

Response variables Predictor variables Random effects Mar Con

H1 Node degree Age + Sex * Exp_con Groups ID + Daily sessions 0.15 0.16

Node strength Age * Exp_con + Sex * Exp_con Groups ID + Daily sessions 0.16 0.21

H2 Dyad association strength Rank_dist * Exp_con + Age_comp * Exp_
con + Sex_comp * Exp_con

Groups ID + Daily sessions 0.11 0.15

H3 Food consumption Node_stren + Node_deg + Avoid_events Individual ID + Exp_con 0.09 0.49

H4 (A) Node strength Prev_node_stren + Prev_food_cons + Prev_
avoid_ev + Prev_agr_ev

Individual ID + Exp_con 0.11 0.14

(B) Dyad association strength Prev_dyad_assoc_stren + Prev_avoid_
ev + Prev_agr_ev

Dyad ID + Exp_con 0.16 0.36

Note: Hyp (H): hypotheses; Mar: marginal R2 (describes the proportion of variance explained by the fixed factors), Con: conditional R2 (describes the 
proportion of variance explained by bothe fixed and random factors); Exp_con: experimental condition; Rank_dist: dyad rank distance; Age_comp: 
dyad age composition; Sex_comp: dyad sex composition; Node_stren: node strength; Node_deg: node degree; Avoid_events: avoidance events; Prev_
node_stren: Previous node strength; Prev_food_cons: Previous food consumption; Prev_avoid_ev: Previous avoidance events; Prev_agr_ev: Previous 
agonistic events; Prev_dyad_assoc_stren: previous dyad association strength. ID: identity.
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level at 0.05 and present the 95% credible intervals according to the 
Bayesian method that we used.

This research adhered to the Brazilian laws governing wild animal 
research (SISBio n° 46770-1), was approved by the Ethics Committee 
for Animal Use of the Federal Rural University of Pernambuco (CEUA 
n° 144/2014) and fulfilled the ethical requirements of the University 
of Illinois for Animal Research (IACUC n° 14263).

3  | RESULTS

On average, each group member participated in 25  ±  5 sessions 
(mean ± SD) out of a maximum of 30 sessions per experimental con-
dition (Figure 1). At least two common marmosets shared feeding 
platforms in 81  ±  15% of these sessions. Dyads shared platforms 
in 5,407 visits (we did not include in the analyses those sessions in 
which individuals participated, but there was no sharing of a plat-
form). Individuals shared platforms with one to six group members 
[depending on the maximum number of individuals in each group; 
most frequently observed (mode): two individuals]. Time spent shar-
ing a platform varied among individuals from 3 to 606 s (mean ± SD: 
75 ± 73 s; with most visits lasting from 3 to 10 s).

We recorded 955 avoidance events (rate of 17 events per 100 
shared platform visits) and 1,449 agonistic events (rate of 26 events 
per 100 shared platform visits) during shared visits. Of the cases of 
agonism, 65% were of low intensity (no physical contact) and 66% 
occurred during experimental conditions C+ and C−, when low and 
medium amounts of food were concentrated on a single platform 
(for details, see Table S3).

3.1 | Ecological and social factors influence 
individual levels of social tolerance (H1)

Experimental condition (i.e. food availability) and individual age class 
influenced node degree, but individual sex/rank class did not (final 
model output in Table S14). The number of individuals with whom 
marmosets shared a platform during a session was greatest under 
conditions in which all food available was concentrated on a single 
platform, regardless of the amount of food (mode: C+: 4 individuals 
and C−: 3 individuals), and lowest under conditions in which food 
was distributed on three platforms (modes: S++, S+, and S−: 1 indi-
vidual), not supporting H1a. In addition, juveniles shared a platform 
during a session with a greater number of group members than did 
adults (overall mode: juveniles: three individuals; adults: two indi-
viduals), supporting H1b.

Experimental condition, sex/rank class, and their interaction af-
fected node strength, but age class did not (final model output in 
Table S15). Overall, the proportion of time that individuals shared a 
platform with others during a session was highest under both condi-
tions in which food (low and medium amount) was concentrated on 
a single platform (mean ± SD: C+: 0.58 ± 0.33 and C−: 0.59 ± 0.33), 
followed by the condition in which a high amount of food was 

scattered across three platforms (mean  ±  SD: S++: 0.37  ±  0.32), 
and lowest when medium and low amounts of food were scattered 
(S+: 0.27 ± 0.26, and S−: 0.16 ± 0.15), not supporting H1a again. As 
revealed by the interaction effect (Figure 2), node strength varied 
according to individual sex/rank class among experimental condi-
tions (Table S15). Breeding females exhibited higher node strength 
than other females in S++, C+ and C−, and higher node strength than 
males in S++, not supporting H1c. The node strength of males was 
higher than that of females in C+.

3.2 | Common marmosets have dyadic foraging 
partner preferences (H2)

Experimental condition, dyad's rank distance, sex composition, age 
composition and the interactions between experimental condition 
and both rank distance and sex composition influenced dyad asso-
ciation strength (final model output in Table S16). The proportion of 
time a dyad shared a feeding platform during a session was lowest 
when a low amount of food was scattered across three platforms 
(mean ± SD: S−: 0.12 ± 0.11), followed by the other food scattered 
experimental conditions (mean ± SD: S++: 22 ± 0.20; S+: 18 ± 0.17), 
and it was highest for the concentrated food conditions (mean ± SD: 
C+: 0.31 ± 0.23, C−: 0.34 ± 0.27), not supporting H2a.

Overall, rank distance was negatively related to dyad association 
strength (i.e. dyads with closer rank positions spent more time to-
gether on a feeding platform than dyads composed of individuals of 
distant ranks; Table S16), as expected in H2b. However, the relation-
ship was evident only when medium and high amounts of food were 
scattered across three platforms (S++ and S+). On the contrary, we 
found that dyads with more distant rank positions had higher asso-
ciation strengths during both concentrated conditions (C+ and C−) 
and the scattered low amount of food (S−), partially rejecting H2b 
(Figure 3a). The strength of adult–adult dyad association was consis-
tently lower than that of adult–juvenile dyads during all experimental 
conditions (no interaction; Table S16), supporting H2c. Regarding sex 
composition, the overall dyad association strength was highest for 
breeding female–male dyads (Table S16), but association strengths 
varied between experimental conditions (Figure  3b), partially sup-
porting H2d. Dyadic associations between a breeding female and a 
male were stronger than all other dyads when a low amount of food 
was concentrated on a single platform (C−) and when high amounts 
of food were scattered (S++). Dyads composed of a breeding female 
and a male, or two males had stronger associations than other dyads 
when a medium amount of food was concentrated on a single plat-
form (C+).

3.3 | Social tolerance influences individual food 
consumption (H3)

Node degree and amount of food consumed by individual marmosets 
were positively related. However, food consumption was negatively 
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related to node strength and positively related to the frequency of 
avoidance events performed (final model output in Table S17). The 
frequency of agonistic events received was not selected as a pre-
dictor for food consumption during model inference (see Table S11). 
Only H3a was supported.

3.4 | Recent foraging experiences influence social 
tolerance at the (A) individual and (B) dyad levels (H4)

At the individual level, only node strength during the previous ses-
sion positively affected node strength in the next session (final 
model output in Table S18). Avoidance events directed to another 
individual, agonistic events received and individual food consump-
tion during the previous session did not affect node strength in the 

next session. Similarly, only dyad association strength in the previ-
ous session positively affected dyad association strength in the next 
session (Table S18). The frequency of avoidance and agonistic events 
among dyads during previous sessions did not affect dyad associa-
tion strength in subsequent session. Only H4a was supported for 
both individuals and dyads.

4  | DISCUSSION

We used social network analysis to investigate how social (rank, sex 
and age) and ecological factors (food distribution and productivity) 
influence within-group social tolerance at experimentally controlled 
feeding sites in four groups of free-living Callithrix jacchus in north-
eastern Brazil. Overall, both social and ecological factors influenced 
social tolerance during foraging and depending on the ecological 
context (food availability), group members associated or co-fed at 
feeding sites with different group members and in different intensi-
ties. Contrary to what was expected based on Sterck et al.’s (1997) 
socioecological theoretical framework, common marmoset associa-
tions were stronger (i.e. they associated with more group members 
and for a greater proportion of time) when food was concentrated 
at a single feeding site than when food was scattered, regardless 
of whether that feeding site had low or medium amounts of food 
rewards. Breeding females were characterized by stronger foraging 
associations with certain group members when food was concen-
trated, suggesting that despite their high social rank, they did not 
monopolize feeding sites. These findings contradict expectations of 
increased contest competition at defensible resources (Isbell, 1991; 
van Schaik & van Noordwijk, 1988; Sterck et al., 1997) as reported in 
some non-primate (e.g. spotted hyaena: Holekamp et al., 1996; ruddy 
turnstones: Vahl et al., 2005) and primate species (vervet monkeys: 
Whitten,  1983; capuchin monkeys: Janson,  1985; Japanese ma-
caques: Hanya, 2009) characterized by linear dominance hierarchies 
and in which several females breed. It appears that the demands of 
a cooperative breeding system, in which several group members en-
gage in infant caregiving, results in the formation of strong social 
alliances among group members. In some cooperatively breeding 
species, helpers have been shown to be close kin (Green et al., 2016). 

F I G U R E  2   Model estimates for node strength (proportion 
of time individuals spent sharing a platform with other(s) during 
a session) and standard error for sex/rank class during each 
experimental condition (food distribution: scattered (S) or 
concentrated (C); productivity: high (++), medium (+) or low (−))
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F I G U R E  3   Model estimates of dyad 
association strength (proportion of time 
a dyad spent sharing a platform during 
a session) and standard error for dyads 
with different rank distance during each 
experimental condition (a), and for dyads 
with different sex class composition (BF: 
breeding female, F: female, M: male) 
during each experimental condition (b) 
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In other cooperatively breeding species, helpers are unrelated to 
breeders, but may engage in infant caregiving to gain experience 
that increases future reproductive success (nulliparous females) or 
as a strategy (resident males) to increase mating opportunities with 
the breeding female (Bicca-Marques, 2003; Roberts, 2005; Sussman 
& Garber, 2011). Social tolerance in contexts such as foraging may 
represent a beneficial behavioural strategy to both dominant and 
subordinate group members to enhance group stability, promote co-
operative bonds and food sharing, increase the care and protection 
of infants, and enhance future reproductive success. In contrast, not 
being tolerant or tolerated may have social and fitness costs result-
ing in from losing future reciprocal benefits.

Cooperative infant rearing is rare among mammals (e.g. meerkats: 
Kutsukake & Clutton-Brock, 2006a; African wild dogs: Courchamp 
& Macdonald, 2001), although common in a variety of bird species 
(Cockburn, 2006), in which subordinate non-breeding group mem-
bers (helpers), of one sex or both sexes, assist breeding individuals 
in the care of offspring and are essential for their survival (Clutton-
Brock, 2006). Breeding individuals profit by forming strong affiliative 
bonds and being tolerant of conspecifics whose efforts contribute to 
the group's reproductive success. In some species of cooperatively 
breeding birds and mammals, dominant individuals more frequently 
preen/groom subordinates than subordinates preen/groom them 
(jungle babblers: Gaston,  1977; Arabian babblers: Zahavi,  1990; 
dwarf mongoose: Rasa,  1987), including common marmosets 
(Lazaro-Perea et  al.,  2004). In feeding experiments, the dominant 
individual of a cooperatively breeding wild canid (grey wolves: Canis 
lupus) tolerated and allowed subordinate pack members to access 
the food, whereas in an independently breeding domestic species 
(dogs: Canis lupus familiaris) the most dominant individual exhibited 
more despotic behaviour and monopolized the food source (Dale 
et al., 2017). Captive groups of cooperative breeding primates were 
generally more tolerant and prosocial in an experimental feeding 
context than independently breeding species (Burkart et al., 2014).

Foraging dyads composed of the breeding female and a male, or 
two males, were characterized by the highest association strength 
under the most competitive conditions (concentrated food). 
Breeding female and male dyads also associated for longer times 
in the least competitive condition (scattered high amount of food). 
Callitrichine females produce dizygotic twin offspring during most 
births (Ferrari & Digby, 1996), each of which can be sired by a dif-
ferent male (Garber et  al.,  2016), and dizygotic twins might show 
chimerism (Sweeney et al., 2012). In the absence of genetic data to 
assess relatedness in the study groups, we could not assess the role 
of kinship and paternity. However, adult males are the main helpers 
in callitrichine groups and their numbers are positively correlated 
with infant survivorship (Garber, 1997; Koenig, 1995). The recorded 
patterns of sex-related foraging partner preferences across differ-
ent food availability contexts are consistent with the tolerant social 
relationships among breeders and helpers in cooperative species 
(Aureli & Schaffner, 2006; Massen et al., 2020). These partner pref-
erences might also reflect reproductive competition among females. 
For example, in a within-group reproductive conflict context, the 

pregnant dominant female meerkat Suricata suricatta is usually tol-
erant of male helpers, but is aggressive to older or unrelated sub-
ordinate females who might potentially reproduce and/or kill her 
offspring (Kutsukake & Clutton-Brock, 2006b). Although groups of 
common marmosets often contain multiple females, in general only 
a single female breeds (Digby et al., 2011). The breeding females in 
our groups were more tolerant of male co-feeders than of female 
co-feeders.

In all experimental conditions juveniles associated with a greater 
number of group members during a feeding session (node degree) 
than did adults, and dyads composed of an adult and a juvenile pre-
sented stronger associations than those composed of two adults. 
Additionally, under the more competitive conditions of concentrated 
food, and when low amounts of food were scattered, dyads of more 
distantly ranked individuals associated for longer periods of time 
(in our groups breeding female-juvenile and male-juvenile dyads). 
Similarly, dyads of grey wolves with greater rank distances (young in-
dividuals occupying lower ranks) were more likely to peacefully share 
a food source than those composed of individuals with more similar 
ranks (Dale et al., 2017). These results may reflect the fact that juve-
niles are less efficient foragers than adults and are considered less 
effective feeding competitors (Fragaszy & Boinski, 1995). It is also 
likely that proximity with older group members during feeding ac-
tivities (usually their parents; Weiss, 2006) facilitates social learning 
in young individuals by enabling them to closely observe more expe-
rienced, model foragers (Thornton & Clutton-Brock, 2011). In most 
species of birds and mammals, the development of foraging skills, 
such as locating feeding sites and food items (Clark, 2010; Midford 
et al., 2000), and handling/feeding techniques occur in early life via 
social learning (Boogert et al., 2008; Slagsvold & Wiebe, 2011). In 
cooperative breeders, multiple adult group members (breeding and 
non-breeding caretakers) are tolerant of immatures during foraging 
as they share or exchange food with them or tolerate scrounging 
(Clutton-Brock, 2006; Jaeggi & Gurven, 2013; Midford et al., 2000). 
Callitrichine breeding females (through gestation and lactation) and 
adult male helpers (through carrying and food providing) invest more 
time and energy in offspring caregiving than other group members 
(Bicca-Marques, 2003; Garber, 1997), which might explain the stron-
ger associations and tolerance with juveniles in the more competi-
tive situations of our experimental design.

In contrast, under less competitive conditions (scattered high and 
medium amounts of food) dyads composed of individuals of closer 
rank associated for longer periods. Closer ranks might represent a 
higher potential of competition as they are usually occupied by in-
dividuals of similar age/size that might have similar feeding needs 
(Archie et al., 2006; Dale et al., 2017). However, the low benefits of 
investing time and energy in monopolizing more productive or dis-
persed food sources select for higher tolerance (Sterck et al., 1997). 
These findings are compatible with an ability of adjusting foraging 
partner choices and regulating the intensity of associations based 
on the ecological context. Given that the number and strength of 
social bonds that an individual maintains with other group members 
(i.e. the structure of the social network) influence group stability, 
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coordination and cohesion, species that live in small groups have the 
opportunity for all group members to build strong social relation-
ships (Sueur et al., 2011). For example, female chacma baboons that 
live in smaller groups have more stable relationships with their pre-
ferred partners than females living in larger groups (Silk et al., 2012). 
In meerkats, social networks based on foraging, grooming and 
dominance interactions became less dense as group size increased, 
suggesting that individuals were limited in their number of partners 
(Madden et al., 2009). The ability of callitrichines to establish and 
maintain a cohesive group with strong associations and prosocial 
relationships among all or most group members is hypothesized 
to increase opportunities for mutual social and resource-related 
benefits, such as cooperative behaviours and offspring survival 
(Garber, 1997).

Common marmosets consumed more food per capita when 
they associated with a greater number of group members (node de-
gree), spent less time in association (node strength) and avoided co-
feeders more frequently. That is, marmosets obtained greater access 
to food by jointly occupying a feeding platform and moving off it to 
a nearby tree for ingestion of the food reward alone. The strategy 
of eating 1 to 2 m away from others increased feeding success by 
avoiding food sharing with and/or food theft by infants and juveniles 
(Jaeggi & Gurven, 2013). In a similar experimental field study, all or 
most members of saddleback tamarin Leontocebus weddelli groups, 
in which adult females were socially equal or dominant to adult 
males, commonly jointly fed from the pulp of an entire banana that 
was too large to remove from the feeding platform (Bicca-Marques 
& Garber, 2005). In contrast, groups of emperor tamarins Saguinus 
imperator, in which an adult male was the most dominant individ-
ual, were less tolerant of conspecifics on feeding platforms under 
the same circumstances. Although the authors did not quantify the 
amount of food ingested by each tamarin, the differences between 
saddlebacks and emperors are compatible with both food avail-
ability and species’ intrinsic social characteristics (e.g. dominance 
structure), and the identity and behaviour of conspecifics playing 
important roles in within-group social relationships, foraging strat-
egies and resource acquisition, as predicted by theoretical models 
(Giraldeau & Caraco, 2000).

Finally, the proportion of time that common marmosets spent 
sharing a feeding site with a partner during a previous foraging 
session influenced the proportion of time that those individuals 
shared a site in their next session. It appears that the strength of 
past foraging associations can directly influence future levels of 
social tolerance at feeding sites and that individuals may be able 
to track their foraging relationships with other group members 
over time as reported for capuchin monkeys (Hattori et al., 2012). 
Such pattern is compatible with some form of social memory—or 
the ability of individuals to track and recall previous social inter-
actions with group members resulting in stable foraging associa-
tions over time—that might be analogous to the less cognitively 
demanding concept of ‘attitudinal reciprocity’, in which individu-
als respond to a positive past attitude of their partner in a similar 
way (de Waal, 2000). Captive ravens can remember an experience 

and prefer to exchange reciprocally with experimenters who 
have cooperated in the past than with those who did not (Müller 
et  al.,  2017). An alternative explanation is that stable relation-
ships between preferred partners are maintained and reinforced 
at different times and through different prosocial activities (e.g. 
grooming, food sharing and cooperative behaviours; Cronin, 2012; 
Kutsukake & Clutton-Brock, 2010; Lalot et al., 2021). Given that 
our data are limited to three periods of the day (foraging sessions), 
and that we lack information on the interactions and behaviours 
that have occurred among group members between experimental 
sessions, we need to be careful in interpreting this result. Research 
on the relationship between tolerance at feeding sites and other 
forms of affiliative behaviour prior to and after foraging events 
can help us identify other ‘currencies’ that shape marmoset social 
networks, such as grooming, mating and infant caregiving in coop-
erative breeders.

In conclusion, using an experimental approach, we quantita-
tively evaluated foraging association patterns and dynamics in 
free-ranging common marmoset groups under different controlled 
conditions of food productivity and distribution. The foraging asso-
ciation networks of common marmosets were overall cohesive and 
mediated by the interaction of socioecological factors, corroborating 
that social tolerance in cooperatively breeding societies appears to 
be shaped by a balance between within-group competition over re-
sources and within-group cooperative/prosocial behaviours needed 
to enhance individual survival and group fitness. The cooperative in-
fant caregiving system requires that all or most individuals establish 
and maintain strong social relationships and engage in spatially and 
temporally coordinated behaviours in order to protect, transport 
and provision the young (Clutton-Brock, 2006). These relationships 
may have evolved through mutualistic benefits shared by all group 
members. Breeding individuals need helpers to successfully rear 
their offspring and enhance their reproductive success. Therefore, 
tolerating conspecifics at feeding sites may promote group cohesion 
and serve as an incentive for adults to remain in the group as care-
givers. In turn, non-breeding individuals can benefit from the joint or 
coordinated activities of conspecifics, such as predator vigilance and 
territory defense, and by accumulating experience in infant care that 
will be useful if they become breeders (Garber et al., 2016; Hodge 
et al., 2008; Snowdon & Cronin, 2007).

Given the complexity and variety of animal societies, evaluat-
ing the patterns, quality, and dynamics of social relationships, under 
multiple contexts and in species with different social systems, can 
offer a comparative perspective on the diversity and evolution of so-
cial behaviour. Studies comparing social relationships and strategies 
among cooperatively breeding birds, primates and other mammals 
may shed light into taxonomic differences in the costs and bene-
fits of competition and cooperation in the evolution of social group 
living.
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