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In social species, individuals may be able to overcome competitive
constraints on cooperation by leveraging relationships with familiar, tolerant
partners. While strong social ties have been linked to cooperation in several
social mammals, it is unclear the extent to which weak social ties can
support cooperation, particularly among non-kin. We tested the hypothesis
that weakly affiliative social relationships support cooperative coalition for-
mation using 10 years of behavioural data on wild female chimpanzees.
Female chimpanzees typically disperse and reside with non-kin as adults.
Their social relationships are differentiated but often relatively weak, with
few dyads sharing strong bonds. Females occasionally form aggressive
coalitions together. Three measures of relationship quality—party associ-
ation, five-metre proximity and whether a dyad groomed—positively
predicted coalitions, indicating that relationship quality influenced coalition
partnerships. However, dyads that groomed frequently did not form more
coalitions than dyads that groomed occasionally, and kin did not cooperate
more than expected given their relationship quality. Thus, strong bonds and
kinship did not bolster cooperation. We conclude that cooperative coalitions
among female chimpanzees depend on social tolerance but do not require
strong bonds. Our findings highlight social tolerance as a distinct pathway
through which females can cultivate cooperative relationships.

This article is part of the theme issue ‘Cooperation among women:
evolutionary and cross-cultural perspectives’.

1. Background

Cooperation requires that partners reconcile their competing interests to each gain
a direct net benefit from the cooperative behaviour [1], making partner choice a
critical challenge. Aggressive coalitions are a widespread example of cooperation
in animal societies [2-5]. Because aggressive coalitions often entail the risk of
injury or retaliation and potential asynchronies in payoff, individuals are expected
to select reliable or effective coalition partners in this context [4]. In many social
mammals, coalition formation mirrors other social dynamics, including kinship
and affiliative social preferences [1,3-8]. Kin are expected to cooperate because
the resulting direct benefits will be bolstered by inclusive fitness [9]. Individuals
may also cooperate when partners mutually or reciprocally benefit, regardless
of relatedness [10]. In any of these circumstances, we generally expect that
impediments to cooperation, such as competition over resources or a need for
coordination, are more easily overcome when partners have greater familiarity,
tolerance and reliability, and therefore affiliative relationships are often correlated
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with cooperation [4,6,10-12]. That expectation has been
regularly supported for social ties that are relatively strong
[13-18]. It remains unclear, however, whether comparatively
weak social ties can also support cooperation, particularly
among non-kin [3,4,6]. We address this by examining patterns
of coalition formation among adult female chimpanzees
(Pan troglodytes schweinfurthii), who disperse to new groups
at sexual maturity. These females engage in low rates of affilia-
tion, such that their bond strength is weak in comparison
to male chimpanzees and female cercopithecines. However,
female chimpanzee social ties vary widely in quality [19-23],
raising the possibility that partner preferences have functional
significance [14,24].

Among social mammals, the propensity to establish net-
works of social ties is thought to have evolved to support
cooperation in competitive contexts [6,8,14,25-28]. In females,
cooperation is often leveraged to improve status and access
to resources (e.g. ring-tailed coatis, Nasua nasua [29]; white-
nosed coatis, Nasua narica [30]; spotted hyaenas, Crocuta crocuta
[3]; African wild dogs, Lycaon pictus [31]; several primate
species, reviewed in [3]), and in males, to improve status and
defend mates and territories (e.g. Assamese macaques,
Macaca assamensis [16]; bighorn sheep, Ovis canadensis [32];
bottlenose dolphins, Tursiops truncatus [13,33,34]; Camargue
horses, Equus caballus [35]; chimpanzees, Pan troglodytes
[36-39]; lions, Panthera leo [40]; geladas, Theropithecus gelada
[41]; African wild dogs, Lycaon pictus [31]; Guinea baboons,
Papio papio [42]; reviewed in [28]). Strong bonds may be necess-
ary to support cooperation when risks associated with
cooperating are high or the benefits are unevenly distributed,
because strong bonds can help reduce the risk of partner defec-
tion and/or increase the likelihood that the support will be
reciprocated in the future [1,4,43,44].

Patterns of philopatry reinforce the opportunity to form
strong bonds among a given sex, by allowing individuals to
build familiarity with same-sex partners and maximize
inclusive fitness benefits. Within primates, female philopatry
and female bonding are proposed to have evolved to support
cooperation by female kin in the defense of food patches
[2,45-49]. For example, among certain species of capuchins,
squirrel monkeys and cercopithecine monkeys, females are
philopatric and preferentially associate with and groom
selected partners, particularly close kin, and selectively sup-
port these partners in agonistic conflicts (reviewed in [3,8]).
By contrast to those ‘female-bonded’ species, females in
other primate species that are not female philopatric, such
as chimpanzees [50] and red colobus monkeys [51], tend to
form comparatively weak bonds with other females and
cooperate relatively rarely. However, some species do not
follow the expected pattern, such as bonobos, where females
groom and form coalitions frequently, despite living with
unrelated individuals, and even interact affiliatively with
females from other groups [52,53].

Strong bonds are also not always a prerequisite for
cooperation. Weak social bonds, also described as weak ties
or weak relationships, may refer to relationships that are
weakly differentiated and/or unstable over time (e.g. red
colobus, Piliocolobus tephrosceles [51]; some black and white
colobus groups, Colobus vellerosus [54,55]), or relationships
that are well differentiated and stable but exhibit a low
frequency of overt indicators of social preference, such as
grooming, in comparison to conspecifics (e.g. blue monkeys,
Cercopithecus mitis stuhlmanni [56]; chacma baboons, Papio

ursinus [57]; female chimpanzees, P. troglodytes [58]; some n

black and white colobus groups (C. vellerosus) [54]). In this
paper, we refer to the latter, where weak ties are recognized
by some degree of affiliation and tolerance but not by fre-
quent interaction. These weak social bonds may be
sufficient to support cooperation in specific contexts, such
as when individuals have mutual interests. Establishing
weak ties may help dyads overcome the costs of associating
often, such as increased exposure to feeding competition
[59,60], allowing a dyad to more frequently capitalize on
chances for cooperation [61,62].

However, when the benefits of coalitions are mutual,
coalitions could also arise opportunistically, where partner
selection occurs entirely independently of differentiated ties.
Such opportunistic coalitions are observed among female
bonobos where coalition formation does not correlate with
measures of dyadic relationship quality, including proximity
and grooming, despite females” frequent affiliation and high
rates of coalition formation [52,63]. Similarly, coalitions
neither reflect measures of relationship strength nor kinship
in crested macaques, who have a highly tolerant social style
[64]. The direct effect of weak ties on partner preference is
difficult to distinguish from the effect of opportunity. On
the one hand, weak ties may simply influence the opportu-
nity to form coalitions if higher rates of association, and the
social tolerance accompanying this, make preferred social
partners more likely to be nearby when the opportunity to
form a coalition arises. On the other hand, weak ties could
more directly support cooperation if individuals exhibit a
preference among available partners based on their relation-
ship quality. Teasing apart the extent to which weak ties
influence opportunity and/or partner selection is central in
understanding the mechanism through which weak ties
may correlate with cooperation.

The behaviour of female chimpanzees presents a valuable
opportunity to test whether weak ties can be leveraged for
cooperation. In chimpanzees, females disperse and manage
feeding competition largely by avoiding one another spatially,
rather than engaging in aggressive inter- or intra-group compe-
tition over food patches [49,50,65,66] (but see [67]). As a result,
both grooming and aggression are rare among females, relative
to males or to females of many female philopatric primate
species, and female chimpanzees are often described as
having weak relationships [20,23,48,50,58,66]. While female
dyads rarely meet the standard criteria of being ‘strong
bonds’ based on relatively high levels of grooming, spatial
measures of social preference reveal relationships that are
stable over time and more differentiated than male relation-
ships [20,21]. Additionally, cooperative coalitions between
female chimpanzees have been documented at multiple sites,
although they occur infrequently compared to male-male
coalitions [50,68-70]. Previous research has reported that
these coalitions are often in response to harassment from
young, maturing males [71] or targeted against young females
who are attempting to immigrate into the community [69].
Coalitions against the new females may function to suppress
feeding competition from these females [69]. By contrast to
bonobos, female chimpanzees rarely form coalitions in
response to adult male aggression [69,70,72].

Given that social tolerance and predictability within a
relationship are expected to reduce the challenges of coopera-
tion among potential competitors and increase the reliability
of coalition partners, we may expect female chimpanzees to



form coalitions more often with individuals with whom they
affiliate and associate more often. Some prior research supports
this prediction. In a group of captive chimpanzees, pairs with
more tolerant social relationships were more likely to cooperate
in an experimental task, although this was observed in a context
where less tolerant relationships meant less ability to directly
benefit from the task [73]. Additionally, two studies of captive
female chimpanzees reported that dyadic rates of coalition for-
mation correlated with grooming and proximity behaviour
[74,75]. And, among wild chimpanzees, Kahlenberg et al. [69]
reported that female coalition partners frequently had similar
range use, which may cultivate more tolerant relationships. In
the Tai chimpanzee community, Boesch & Boesch-Achermann
[68] anecdotally described frequent coalition formation
among female dyads who associated frequently. These
reports raise the possibility that relationships among female
chimpanzees can influence the likelihood of cooperation.

Alternatively, given that relationships between female
chimpanzees are subtle and cooperative coalitions occur
rarely, we might expect coalition formation among female
chimpanzees to be more opportunistic. That is, females
could form a coalition with any available partner when the
circumstances allow for mutual benefits, rather than forming
coalitions that are supported by dyadic relationship quality.
Supporting this perspective in chimpanzees, Newton-Fisher
[70] reported that higher-ranking females typically assisted
lower-ranking females and suggested that this may indicate
that coalitions among female chimpanzees are not reciprocal.
Thus, it is possible that female chimpanzees engage in
coalitions opportunistically, like female bonobos, regardless
of their relationship with the coalition partner.

In this study, we tested the hypothesis that female chim-
panzees choose coalitionary partners based on relationship
quality, as this may reflect differences in familiarity, tolerance
or partner value. We conducted two analyses. First, we asked
whether dyadic relationship strength predicted dyadic rates
of coalition formation. We used four measures of relationship
quality assessed during multiple-year study periods: the fre-
quency that the dyad was seen in the same party given how
often they were seen at all (party association index), the fre-
quency that the dyad was within five metres of each other
when in the same party (five-metre association index), whether
the dyad was observed to groom (grooming presence) and the
amount of time spent grooming when in the same party
(grooming duration index). If female chimpanzees form
coalitions opportunistically, like bonobo females, we pre-
dicted that only the party association index would predict
coalition formation. However, if weak ties are sufficient to
influence coalition partner choice, we expected that the five-
metre association index and/or grooming presence would
exert significant effects independently from the party-level
association. Finally, if strong bonds are prerequisite to
coalition formation, we expected all four measures to posi-
tively predict coalition formation, with grooming duration
exerting a large effect.

If certain partners associate in parties at higher rates than
others, it is possible that they naturally have more oppor-
tunity to form coalitions, even if they selected randomly
from available partners at the time of coalition formation.
To address this possibility, we conducted a second analysis
to determine whether, at the time when a coalition was
formed, females selected coalition partners with whom they
associated and affiliated more often out of available females in

the party. Our predictions for this analysis were the same as
for the first analysis. In both analyses, we sought to deter-
mine the effect of relationship strength while controlling for
the influence of dominance rank and kinship.

2. Methods
(a) Study site and study subjects

We collected data on wild, habituated chimpanzees of the Kanya-
wara community in Kibale National Park, Uganda. During this
study, the community ranged from 44-55 individuals, including
15-18 adult females in the community at any one time period.
Of the 29 females in the community over the course of the study,
N =26 met our criteria (below) to be included in the study (see
electronic supplementary material, table S1 for observation effort
per female). Females were considered adults if they had ever
been observed with a maximally tumescent sexual swelling.

(b) Behavioural data

We used 10 years of behavioural data collected from 1 January 2010
to 31 December 2019. During this time, a team of two to five local
field assistants collected daily observations of community-level
party composition, aggression and social behaviour paired with
full-day focal follows that rotated among all community members,
where each individual was followed approximately once per
month. The field assistants recorded party membership (all indi-
viduals within 50 m of any other individual) on scans every
15 minutes (party scans) and documented all observed occur-
rences of coalition formation ad libitum. During focal follows,
field assistants recorded the presence of neighbours within 5m
on 15-minute scans, and recorded activity, including grooming,
on 1-minute scans.

We assessed dyadic relationship quality and coalition for-
mation during five 2-year (biennial) periods (following [20,58]),
where ‘dyad-period” refers to each occurrence of a unique dyad
in a biennial period. We examined four measures of dyadic
relationship quality indices: party association index, five-metre associ-
ation index, presence of grooming and grooming duration index. We
used the community-level data to determine the frequency of
coalition formation and calculate the party association index and
used scan data from the full-day focal follows to measure the
five-metre association index and the presence and duration of
grooming. The indices were calculated as:

Py

arty association index = —————,
party Py +Pp—Pap

where P 5 is the number of party scans containing females A and
B, P, is the number of party scans containing A and Pj is the
number of party scans containing B [20,58] (also called a simple
ratio index [76]).

Five-metre association index = M,

AfB, + BfA,
where A¢Bs is the number of 15-minute focal scans where A was the
focal and B was within 5 m, BfAs is the number of scans where B
was the focal and A was within 5 m, A¢B,, is the number of scans
where A was the focal and B was in the party and B;A, is the
number of scans where B was the focal and A was in the party [58].

AsB+ BA

Grooming duration index = —————,
& AB, + B/A,

where A¢B is the number of 1-min focal scans where A and B were
seen grooming when A was the focal, BfA is the number of scans
where A and B were seen grooming when B was the focal and
the denominator is the same as the five-metre association index.
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Figure 1. Histograms demonstrating the right-skewness of the three continuous relationship quality indices (a—c) and the frequency of coalitions (d).

The presence of grooming was defined as the dyad grooming at
least once during a focal follow during the biennial period.
Grooming is a valuable indicator of social preference because it
is a deliberate and targeted behaviour, and therefore a clear indi-
cator of intent to associate. Including a binomial and continuous
measure of grooming statistically accommodated the highly dis-
continuous and zero-inflated distribution of grooming among
females [77,78] and allowed us to distinguish between the alterna-
tive predictions that social tolerance enables coalition formation or
that strong social bonding is required. Because grooming is rare
among female chimpanzees, even a low rate of grooming may be
indicative of a higher-quality relationship compared with dyads
who never groomed. However, a small number of dyads groomed
frequently, indicating strong relationships (figure 1c). For example,
in our dataset, 49% of dyads (N = 127) never groomed during the
study, the median grooming duration index for all dyad-periods
was 0, and the mean was 0.015 (+0.056 s.d., range 0-0.815). This
translates to a mean of approximately 0.05 minutes of grooming
per hour that a dyad was in the same party, while the dyad with
the strongest grooming bond groomed for approximately
3.26 minutes per hour. Additionally, proximity is widely
employed as a measure of social preference in primates and
other social mammals [14,59,79], especially in animals that do
not groom often, and spatial relationships are often correlated
with grooming (e.g. female chimpanzees [20,21]; male and
female Assamese macaques [16,80]; female red colobus [51];
female blue monkeys, Cercopithecus mitis [81]). In our data, histo-
grams show that the distribution of five-metre association was
more right-skewed compared to the party association, while
grooming duration was even more skewed than five-metre

association (figure 1). This suggests that these measures are
increasingly meaningful indicators of relationship quality (party
association, then five-metre association, then grooming), as
females are more selective in the individuals with whom they
engage in high frequencies of spatial proximity or grooming.
Although measures were correlated (electronic supplementary
material, table S2), variance inflation factors within our models
were low (less than 3), indicating that it was acceptable to include
these predictors together in a model.

We defined a coalition (N =128 events) as two or more adult
females cooperating in joint aggression to attack a common con-
specific target [3,4,69,82] (N = 122), or as a joint non-vocal display
with no clear target (N=6). Non-vocal displays were included
(following [72]) because they are a joint aggressive behaviour
that likely functions to intimidate conspecifics [83]. Joint vocal
displays were not included because they generally appear to
represent long-distance communication rather than aggression.
Twenty coalitions involved three to five females, and therefore
more than one dyad, resulting in N=197 dyadic coalition
events. To avoid the issue that females might join a coalition
together if they are simultaneously attracted to join an adult
male in the coalition, we only analysed events that involved
two or more adult females but no adult males as part of the
coalition. Coalitions were considered independent events if
they involved a different combination of female aggressors
and/or targets or occurred at least 10 minutes apart. If two
females were forming a coalition and were joined during the
event by a third, this was counted as one coalition event.

High-ranking individuals may be generally more attractive
affiliative and coalitionary partners, and high-ranking females
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have been found to form more coalitions overall ([70], our data).
Therefore, we controlled for dominance rank in our analyses. We
determined dominance ranks using an Elo rating method [84] to
analyse long-term data on aggression and submission behaviour
between females (see [71] for additional details). Elo scores were
transformed into an ordinal rank per day and averaged for each
female across each 2-year period. Immigrant females were incor-
porated into the dominance hierarchy after a six-month burn-in
period starting from the date that they had their first agonistic
encounter with another female. This delay, plus any time to the
first agonistic encounter after the burn-in period, meant that in
some cases we were unable to determine dominance rank for a
new female during her first biennial period. Therefore, dyads
including these females were excluded from the analysis
during that period (see below), though this involved so few
dyads that it is unlikely to have biased our results.

Additionally, it was necessary to assess the influence of
kinship because some females in our study remained to repro-
duce in their natal community. Prior research suggests that
when this occurs, related females tend to maintain strong
relationships throughout adulthood [21,50]. We dichotomized
kinship into two categories based on known pedigrees. Kin
included mother-daughter dyads (N =4) and maternally related
sister dyads (N = 3), who contributed N = 14 dyad-periods to our
dataset. All other dyads (N =243 unique dyads) consisted of non-
natal females and were categorized as non-kin. The assumption
that immigrant females in this community are not related to
each other has been supported for the females whose genetic
data are available.

(c) Long-term correlational analysis

To assess whether dyadic relationship quality correlated with
coalition formation, we used multi-model inference to determine
if any of the four relationship strength measures, or a combi-
nation of measures, best-predicted dyadic counts of coalitions
at the level of the dyad-period. For each model, we used a gen-
eralized linear mixed-effects model with a Poisson distribution
(glmer function, Ime4 package [85]), where the dependent vari-
able was the count of coalitions per dyad per biennial period
and the biennial relationship measures were the predictors.
In all candidate models, we included the number of scans
where the dyad was seen in the same party (per biennial
period) as a log-transformed offset to control for differences in
observation, controlled for dominance rank by including the
summed rank for the dyad, and included kinship as a control
variable. We included a random effect for period in order to
account for community-level differences in coalitions between
years. To account for individual variation in sociality and ten-
dency to form coalitions, we included two random effects for
each chimpanzee ID in the dyad. Because the order of these
random effects can affect results, we randomly assigned each
ID to random effect 1 and 2 and then ran each model, permuting
this process 1000 times (following [64]).

To identify which, if any, relationship strength measures best-
predicted coalition formation, we compared a null model, which
included only the control variables and random effects, with
15 candidate models that included all possible combinations of
the relationship strength measures. We used AICc values to
assess model fit [86-88] and identified which models occurred
within the top 95% of cumulative model weights (dredge func-
tion, MuMin package [89]) [86,90]. However, to accommodate
the permutations in our multi-model inference procedure, we
also permuted the model comparison process 1000 times. We
inspected the frequency with which each model occurred in the
top 95% confidence set out of the 1000 model comparisons and
rejected all models that did not occur within the 95% confidence
set in more than 95% of permutations (similar to [91,92]). Having

detected the ‘true’ top models, we retrieved these models and re-
calculated the averaged model using only these models, thereby
computing 1000 model averages (model.avg function, MuMIn
package, [89]). Our results include (i) the top models, with aver-
age effect size estimates and standard errors from the 1000
permutations and (ii) the final averaged model, based only on
the top models. For all predictors in the top models and the aver-
aged model, we also report the frequency that 95% confidence
intervals excluded zero across the 1000 iterations.

For this analysis, each dyad-period was included only if the
dyad was seen in the same party for at least 200 party scans
during the 2-year period (i.e. approx. 50 hours of observation
time) to ensure enough observation hours where coalitions
might be observed. This resulted in the removal of 98 dyad-periods
(12% of all possible dyads) that did not meet this criterion.

We additionally removed 10 dyad-periods where the females
were not observed in the same party during at least one scan
when one was the focal animal. In most cases, these dyads
were observed together infrequently due to demographic
changes that took place during the time period, including immi-
gration, maturation, death and disappearance of females. Three
females were not seen frequently enough to be included in the
analysis at all due to their short-term presence in the community
(electronic supplementary material, table S1). Additionally, 14
dyad-periods were removed due to unavailable dominance
data. Ultimately, N=689 dyad-periods were included in this
analysis (N =257 unique dyads, N =26 females).

(d) Partner selection analysis

Our second analysis assessed whether, when females formed a
coalition, they selected a partner with whom they had a higher-
quality relationship than other females present at that time. We
used a logistic linear mixed effect regression (glmer function,
Ime4 package [85]) to assess whether the selected partner(s) was
predicted by higher dyadic relationship quality measures than
other possible partners present at the time of a coalition. As
above, we used multi-model inference to examine which combi-
nation of relationship strength measures, if any, best predicted
partner selection. For each coalition, we identified all females in
the party at the time of the event. The dyad(s) involved in the
coalition was assigned an outcome of 1 for partner selection.
Then we paired each of the females who were involved in the
coalition with each other female available in the party at the time
and assigned the outcome as 0. Thus, each dyad in the analysis
included at least one female who was involved in the coalition
paired with one potential partner. Predictors for each dyad were
the dyadic relationship strength measures for the 2-year period
during which the event occurred. We included a unique event
ID, the ID of the potential partner and the time period as
random effects. We additionally controlled for the number of
females available in the party at the time of the event and the
summed dominance rank of the dyad. We excluded six dyads
due to unavailable dominance data. Additionally, we removed
six coalitions (N =18 dyad-events) where there were no females
in the party besides those who were in the coalition. After these
exclusions, our dataset included N=122 coalitions, N=215
unique dyads and N = 1815 dyad-events, which included N =191
partner selection events. Across all coalitions, N =25 different
females were present as potential partners at the time of a coalition.

(e) Model assessment

For both the long-term correlation analysis and the partner selec-
tion analysis, we evaluated our hypotheses by considering which
predictors appeared among the top models. We assessed the
relative importance of predictors by examining the effect size
estimates and confidence intervals in the averaged model. All
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continuous variables were standardized as z-scores to allow for
comparison between effect sizes.

We assessed model assumptions by testing for overdispersion
and visually inspecting residual plots and qq-plots using the
DHARMa package in R [93]. We calculated variance inflation fac-
tors using Zettersten & Lupyan’s [94] vif.mer function for mixed
effect models. We calculated conditional r-squared values for the
top models using the r.squared GLMM function from the MuMin
package using the trigamma and delta method for the long-term
correlation and partner selection analysis, respectively [89,95].

Although we controlled for kinship in the original analyses,
we additionally ran both analyses after removing kin dyads to
confirm that the patterns were not driven by these strong but
rare relationships, which are effectively outliers. Finally, we
conducted a post hoc analysis where we excluded dyads that
included recent immigrant females to determine whether resi-
dent females distinguish among other resident females as
potential coalition partners. Given that resident females target
coalitions toward immigrating females [69], this tests whether
the observed patterns in our original analysis could be explained
by broad differences in social tolerance among residents versus
between residents and new immigrants. Thus, we ran both ana-
lyses after removing new females (N = 8 immigrants from 2008 to
2019) as potential coalition partners during the 2-year period in
which they immigrated and the subsequent 2-year period.

3. Results

Over the entirety of the study, 22 of 26 females were involved
in at least one coalition. However, coalitions occurred rarely
and were dispersed among dyads. The median number of
coalitions per dyad per biennial period was 0, and for
dyads that formed at least one coalition in a biennial
period, the median was 1 (max=11 coalitions per dyad
per period). A mean of 16% of dyads formed at least one
coalition during each biennial period, and 28% of all possi-
ble unique dyads formed a coalition during the study. No
dyad was observed to form a coalition in all five of the bien-
nial periods. Three dyads formed coalitions in four of the
biennial periods.

In the targeted coalitions, females typically attacked one
conspecific, but on five occasions two individuals were tar-
geted and on one occasion three individuals were targeted.
Of the 129 total targets, 56 (43.4%) were adult resident
females, 18 (14.0%) were immigrant females (adult females
who had immigrated but not yet conceived), 42 (32.6%)
were males under age 15 years and 13 (10.1%) were adult
males (over age 15 years). Of those targeted at adult males,
five coalitions were directed toward males between the ages
of 15-16 years, indicating that most female coalitions against
males, even those against adults, are toward young males.

(a) Long-term correlational analysis

In evaluating the association between relationship quality
and the number of coalitions a dyad formed, top models
retained all four measures of relationship quality. Grooming
presence and the party association index were the most infor-
mative predictors, which both had strong, positive influences
on the number of coalitions a dyad formed (table 1, full
results in electronic supplementary material, table S3). In
the averaged model, these predictors had relatively large
effect sizes and confidence intervals that excluded zero
in more than 95% of permutations. Grooming presence
exerted the strongest statistical effect, with an effect size

approximately 1.6 times the effect of the party association [ 6 |

index. Though the five-metre association index was also
included as a predictor in the two highest-ranked models,
indicating it explained some variation in the data, confidence
intervals for this predictor more frequently overlapped zero.
Grooming duration did not explain much additional
variation in coalition formation in these models.

Because coalitions were rare overall, the model primarily
predicted variation in coalition formation between 0 and 1,
suggesting that as relationship quality increased, dyads were
more likely to form a coalition but not necessarily many
coalitions (figure 2, model predictions from the full model).
For example, though dyads that groomed did not form a high
number of coalitions (raw mean = 0.58 coalitions/2-yr period,
range = 0-11), dyads that groomed still had a greatly increased
likelihood of forming coalitions compared to dyads that did not
groom (raw mean=0.13 coalitions/2-yr period, range 0-5).
Additionally, coalition formation did not increase with higher
grooming duration. In other words, dyads that groomed each
other were likely to form more coalitions than dyads that did
not, but dyads that groomed frequently did not form more
coalitions than those who groomed occasionally. Strong groom-
ing relationships were rare. Although 32-65 dyads groomed per
biennial period, only 13 out of 257 unique dyads ever groomed
more than two standard deviations above the mean during a
period. Of these, six were kin dyads.

Counter to expectations, kin dyads were no more or less
likely to form coalitions when considering their relationship
quality (table 1). Four of the seven kin dyads formed coalitions
during the study. We confirmed that the patterns of this result
remained consistent when we removed kin dyads from the
analysis (electronic supplementary material, table S4).

(b) Partner selection analysis

In evaluating females’ choice of coalition partner among those
present at the time of the coalition, again, all four measures
were included among the top models, and the highest-
ranked model included the same predictors. However, in this
analysis, the party association index and five-metre association
index were most informative, and both strongly and positively
predicted partner selection in coalitions. These predictors had
relatively large effect sizes and confidence intervals that
excluded zero in the averaged model results (table 2,
figure 3). Although grooming presence was included in two
of the three top models, this predictor explained less variation
compared to party association and five-metre association. And
again, although grooming duration was included among the
top models, this predictor had a negligible predictive effect.
Kinship did not consistently influence partner choice and all
patterns remained consistent when we removed kin dyads
from the analysis (electronic supplementary material, table S5).

(c) Post hoc analysis of resident dyads

Resident females may be expected to have higher tolerance and
affiliation with other residents than new immigrants due to
prolonged co-residency. Given the tendency of residents to
form coalitions against immigrants, it is possible that our
results were driven by a higher average relationship quality
among residents, rather than a tendency to choose particular
resident females over others. To address this possibility, we
re-examined our models after removing newly immigrated
females as coalition partners. This resulted in slightly different
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Table 1. Results of 1000 permutations of the multi-model inference procedure performed on four variables of dyadic relationship strength as predictors of the -
number of coalitions formed during biennial periods. The table contains the model diagnostics and estimates of predictors for the top three GLMM models,
which fell within the top 95% cumulative weight confidence set on more than 95% of permutations, the null model and the weighted average estimates and
error based on these top models. Bold values indicate where the confidence intervals around effect size estimates excluded zero in more than 95% of
permutations. All continuous measures are z-scored.

model 1 2 3 null avg.
AICc mean 683.055 684.877 685.67 727.442
T . 0 . T

AAIC 0 1.822 2.615 44388

welght . s o o .
cumulative weight 0.474 0.666 0.805 1

fréq.inés%Séf e we e

conditional R> ' 0.093 0.093 0.094 ' 0101

party association
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ranking of candidate models and less discrimination between
top models. For the long-term analyses, the predictors in the
top model and averaged model remained the same as they
were reported in the original analysis (electronic supplemen-
tary material, table S6). However, the effect size for grooming
presence decreased in the averaged model results, and the

importance of grooming presence was less consistent across
permutations (confidence intervals excluded zero in 90% of
the averaged model permutations). In the partner selection
analysis, the most notable difference was that the effect size
for five-metre association was reduced in the averaged
model, and its confidence intervals did not exclude zero
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Figure 2. Results of the full model from one randomly selected permutation of the long-term correlation analysis showing the association between each dyadic
relationship quality measure and number of coalitions. In all figures, grey data points represent one dyad-time period. In (a—c), purple lines show the model
predictions with 95% confidence interval. In (d), purple diamonds show the predicted mean + 95% confidence interval. All continuous x-axes are z-scored,
and 0 represents the mean. In (c), note that most dyads never groomed nor formed coalitions, which is difficult to distinguish on the graph. Few dyads groomed
frequently, making the raw mean of the grooming duration index close to 0 and, therefore, the grooming duration z-score data is heavily left skewed. The inset
graph provides a close-up of the dyads who groomed slightly above or below average to help clarify this. (Online version in colour.)

(electronic supplementary material, table S7). This exercise
suggests that selection between resident and immigrant part-
ners can partly, but not completely, explain the effects of
relationship quality on coalition formation.

4. Discussion

We evaluated the hypothesis that relationship quality
influences coalition partner choice in female chimpanzees,
as differences in proximity and affiliation may reflect differ-
ences in familiarity, tolerance or partner value. We compared
this against the alternative hypothesis that cooperation is
opportunistic, where alliances do not map onto social relation-
ships. Consistent with the first hypothesis, party association,
five-metre association and presence of grooming were impor-
tant predictors of female coalitions. Party association and
whether a dyad groomed independently predicted overall
coalition rates, while party association and five-metre associ-
ation independently predicted partner choice at the time of
coalition formation. The few female dyads with strong
bonds, characterized by high rates of grooming, did cooperate,
but they did not form more coalitions nor were they more likely
to choose each other as coalition partners compared to dyads
with weaker affiliative bonds, characterized by occasional
grooming. Our findings indicate that social tolerance facilitates
cooperation in coalition formation for female chimpanzees,
while kinship and strong social bonds do not bolster
cooperation as it does in other female philopatric primates.
This highlights a case where even relatively weak social ties,
maintained largely through spatial association and occasional
grooming, can support cooperation. This also adds to research

emphasizing that relationships between female chimpanzees
are differentiated and have downstream impacts on other
aspects of female behaviour.

Five-metre association and grooming presence were impor-
tant predictors of coalition formation in female chimpanzees,
even when simultaneously considering the effect of party
association, indicating that relationship quality is important
for coalitionary partner choice independently of partner
availability. However, it is conspicuous that high grooming dur-
ation did not result in more coalitions. This is consistent with
anecdotal reports of female chimpanzees in the Tai community,
where some female dyads associated intensely and formed
coalitions more often but did not groom each other frequently,
relative to other dyads [68]. On the one hand, the lack of influ-
ence of grooming duration on coalition formation demonstrates
that cooperation among female chimpanzees can occur among
dyads with even a low level of social affinity, in contrast to pri-
mate species where alliance partners groom often [15,96-98].
On the other hand, our results may point to functional differ-
ences for different types of social interactions among female
chimpanzees. For example, some dyads in our dataset formed
exceptionally strong grooming relationships, including kin,
yet these dyads did not form proportionally more coalitions.
Female dyads who groom frequently may have alternative
motivations to invest in these social relationships, such as culti-
vating safe environments for their offspring to socialize with
other families. Furthermore, most of the kin dyads in our data-
set included one young female, a recently matured younger
sister or daughter, and these females likely lack the rank, size
and experience of an ideal coalition partner. Thus, while kin-
ship promotes stronger relationships, demography may limit
the occasions where kin make good coalition partners.
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Table 2. Results of multi-model inference procedure performed on four variables of dyadic relationship quality as predictors of partner selection at the time of [JEJ}
a coalition event. The table contains the model diagnostics and estimates of predictors for the top three logistic LMM models, which fell within the top 95%
cumulative weight confidence set, the null model and the weighted average estimates and error based on the top models. Bold values indicate that these
predictors had confidence intervals that excluded zero. All continuous measures are z-scored.

model

model diagnostics

weight 0.4Mm 0.303 0.150 0.000
cumulative weight 0.411 0.714 0.864
conditional R? 0.110 0.108 0.110 0.091
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Effect sizes for grooming presence and five-metre associ- our data. This may explain why resident females, who are
ation were reduced in models that excluded immigrant generally more familiar with one another, are able to form
females, suggesting that a social divide between resident coalitions against immigrants relatively frequently [69]. How-

and immigrant females explained some of the variation in ever, in contrast to a report examining female coalitions from
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Figure 3. Results from the partner selection analysis full model showing the effect of each relationship quality measure on the probability of partner selection. In
(a—c), each grey datapoint represents one dyad at the time of a coalition, and purple lines show model predictions with 95% confidence intervals. In (d), purple
diamonds show the predicted mean + 95% confidence interval (note different y-axis scaling in d). (Online version in colour.)

1997 to 2006 in the same community [69], we documented
more coalitions against resident females than immigrant
females, indicating that our overall results cannot be explained
solely by this phenomenon. Other factors shaping variation in
social preference could include homophily in female age, off-
spring age and sex, timing of immigration or overlap in
space use [19].

Female chimpanzees present a striking paradox where the
threshold for cooperating in coalitions appears to be quite low,
yet females rarely engage in them and do not appear to invest
in stronger bonds to enhance the potential for cooperation. We
identify two plausible explanations for this. One is that the
opportunities for successful coalition formation in chimpanzees
may be quite limited compared to the way that coalitions
are used by females in other species. Unlike female-bonded
cercopithecines, female chimpanzees rarely engage in direct
competition over food patches, preferring to fission and avoid
competition [48,66]. Unlike in bonobos, female chimpanzees
rarely form coalitions to counteract aggression from adult
males [52]. It is hard to say whether the definitive intersexual
dominance of males over females in chimpanzees precludes
female coalitions against males or results from the lack of
coalitionary effort. However, female chimpanzees will form
coalitions together in response to harassment from maturing
males [71]. Additionally, females form more coalitions during
periods when there is an influx of immigrant females [69].
These contexts occur sporadically over time due to demographic
changes, raising the possibility that females might increase
affiliative effort during particular periods in response to an
influx of immigrant females or increased exposure to maturing
males. Finally, like males, females may be using coalitions
against immigrant and resident females to achieve higher dom-
inance status. However, this has not been investigated and it is
unclear how these opportunities might fluctuate over time.

Given these isolated coalitionary contexts, a second plaus-
ible explanation for the chimpanzee pattern is that the costs and
benefits of these coalitions differ in fundamental ways from
those documented in female-bonded species. In particular,
where the risk and costs of losing a competition are high, we
would expect that coalition partners would need to meet a rela-
tively high threshold of relationship quality to ensure partner
reliability. Additionally, if cooperation is driven at least par-
tially by reciprocity, as opposed to mutualism, individuals
should be more discriminating of partner selection, as they
depend on partners for a long-term return on investment.
Weaker, tolerant relationships may suffice if the coalition has
lower risks and is mutually beneficial. For example, resident
female chimpanzees may have a mutual interest in driving
out immigrant females from high-quality foraging areas [69],
as well as in quelling harassment from adolescent males.
Both of these targets are still relatively small, less experienced
or less able to attract coalition partners to defend themselves,
making risks lower [69,72]. Among residents, it is possible
that females choose to form coalitions when risks are low,
such as high-ranking females engaging in coalitions against
small, young or lower-ranking females.

Our results differ fundamentally from those reported
for wild bonobos, where females frequently form aggressive
coalitions, including against adult males. Coalition partner
choice in bonobos appears to be opportunistic, unrelated to
patterns of proximity or grooming [52,63]. However, it is poss-
ible that almost all bonobo female dyads achieve the level of
social tolerance and affiliation needed to support coalition for-
mation, which female chimpanzees achieve with only a select
number of social partners, such that, for female bonobos, any
female may be a viable coalition partner. Indeed, bonobo
females both groom and form coalitions even with extra-
group females [53,99]. As has been previously proposed,



reduced feeding competition among female bonobos,
extended sexual receptivity and increased gregariousness
may have been critical in allowing bonobo females to form
more widespread and available social connections and take
advantage of them for cooperation [100-102]. Chimpanzee
females clearly use coalitionary behaviour more conserva-
tively, whereas the advantages of immediate and frequent
coalitionary behaviour by female bonobos may outweigh any
advantages of discriminating among available partners.

While most research has examined the benefits of strong
social bonds, our study is not the first to consider the ways
that weak ties can influence other aspects of behaviour. In
humans, weak ties are thought to be beneficial for providing
access to diverse knowledge and influencing group collective
action because of the multitude of weak ties that a person
can sustain and their effectiveness at bridging disparate
groups [103,104]. Additionally, weak ties are thought to
influence human health both directly, by influencing psycho-
logical well-being [105,106], and indirectly, by influencing
overall social integration [105,107]. Among non-human pri-
mates, there is some evidence that weak ties can support
cooperation. For example, grooming relationships among
female black and white colobus monkeys, but not kinship, pre-
dicted co-participation in mutually beneficial intergroup
encounters despite grooming occurring rarely in this species
[54,108,109]. While our study has not attempted to connect
social ties to fitness benefits in female chimpanzees, evidence
demonstrating the fitness benefits of weak ties in other non-
human primates has been mixed. Quantity, but not quality, of
social ties predicted survival during an extreme cold season
for barbary macaques (Macaca sylvanus), where individuals
benefited from proximity to other warm bodies [110]. Female
blue monkeys that were weakly tied to partners had higher sur-
vival than females with strong but inconsistent social ties [56].
And, studies on two separate populations of chacma baboons
found conflicting results on whether the quantity of weak
ties improved female fitness [57,111]. Whereas the benefits of
weak ties may be difficult to detect against a backdrop of fre-
quent social bonding, our findings suggest that weak ties
may facilitate cooperation where strong ties are rare.

Our research highlights the diverse ways that social pro-
cesses shape cooperation. The influence of weak ties on the
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