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Abstract
When the benefits of interacting with out-group members exceed the associated costs, social groups may be expected to be
tolerant towards each other. However, in many species exhibiting intergroup tolerance, the nature of benefits gained from
intergroup encounters remains unclear. We investigated the potential costs and benefits associated with intergroup associations
in bonobos, a species with varying degrees of intergroup tolerance, by testing whether these associations conferred energetic
benefits to participants under different socioecological contexts and whether the consequences of these associations substantially
differed from within-group competition. We used measures of socioecological factors (fruit abundance and group size), feeding
and ranging behaviors, and a physiological marker of energy balance (urinary c-peptide of insulin) collected over a 19-month
period from two neighboring wild communities in the Kokolopori Bonobo Reserve, Democratic Republic of the Congo. We
found that intergroup associations were not related to individuals’ energy balance, but they were related to variations in individ-
uals’ ranging and feeding behavior. Specifically, bonobos traveled longer distances, visited larger fruit patches, and increased the
time spent feeding on fruits on days they associated with the neighboring group. These adaptations in feeding behavior may be
strategies to offset the energetic costs of increased travel distances. In the absence of obvious energetic benefits and with clear
strategies employed to offset energetic costs, it is likely that intergroup associations in bonobos provide benefits unrelated to
energy acquisition, such as social benefits. Our study sheds light on the potential incentives promoting social networks to extend
beyond and across groups in a tolerant species.

Significance statement
Intergroup encounters can be energetically costly due to increased competition over resources. Yet, some species associate with
out-group individuals for extended periods of time when the benefits of participating in these associations exceed the potential
costs. Bonobos, a species exhibiting intergroup tolerance, modified their feeding behavior during intergroup associations by
feeding on larger fruit patches and increasing their time spent feeding on fruits, likely to offset energetic costs of increased travel
distances. As results, individuals’ energy balance was not related with intergroup associations. The employment of such strat-
egies in addition to the absence of clear energetic benefits suggests that intergroup associations in bonobos provide social rather
than ecological benefits.
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Introduction

Reactions to out-group members in group-living species range
from agonistic (humpback whales, Megaptera novaeangliae:
Clapham et al. 1992; spotted hyenas, Crocuta crocuta:
Boydston et al. 2001; non-human primates: Brown 2013;
banded mongooses, Mungos mungo: Thompson et al. 2017)
to tolerant (killer whales, Orcinus orca: Bisther 2002; spotted
hyenas, C. crocuta: Smith et al. 2008) and even affiliative
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(polydomous ants, Iridomyrmex purpureus: Robinson and
Barker 2017; humans and great apes: Pisor and Surbeck
2019), with some species such as humans spanning the full
range of potential reactions (Kelly 2005; Fry 2012). The na-
ture of these interactions is influenced by a variety of
socioecological factors including the availability, distribution,
and location of feeding resources (spotted hyenas, C. crocuta:
Boydston et al. 2001; coal tits, Parus ater: Brotons and
Herrando 2003; non-human primates review: Koenig 2002;
Brown 2013; banded mongooses, M. mungo: Furrer et al.
2011; Verreaux’s sifakas, Propithecus verreauxi: Koch et al.
2016; polydomous ants, I. purpureus; and humans: Robinson
and Barker 2017) andmating opportunities (humpbackwhales,
Megaptera novaeangliae: Clapham et al. 1992; chacma ba-
boons, Papio cynocephalus ursinus: Kitchen et al. 2004), as
well as the relative sizes of the interacting groups (wood ants,
Formica xerophila: Tanner 2006; lions, Panthera leo: Mosser
and Packer 2009). Generally, when resources are economically
defensible and the benefits of exclusive resource access surpass
the costs of resource defense, groups are expected to interact
agonistically (Grant 1993; Maher and Lott 2000; Dubois and
Giraldeau 2003). Conversely, when resources are not econom-
ically defensible due to their abundance or dispersion, or when
the costs of sharing resources with neighbors are offset by the
benefits conferred by these interactions, groups may show tol-
erance to out-group members (Dubois and Giraldeau 2003;
Robinson and Barker 2017), to the extent that distinct social
units may choose to participate in prolonged intergroup asso-
ciations (plains zebras, Equus burchelli: Rubenstein and Hack
2004; African elephants, Loxodonta africana: Wittemyer et al.
2005; spermwhales,Physeter macrocephalus:Whitehead et al.
2012; bonobos, Pan paniscus: Sakamaki et al. 2018; Lucchesi
et al. 2020).

Agonistic intergroup interactions generally incur costs to the
participating individuals in the form of physical injuries (chim-
panzees, Pan troglodytes: Amsler 2009; African wild dogs,
Lycaon pictus: Jordan et al. 2017), longer travel distances in
order to avoid or search for out-group members (white-faced
capuchin monkeys, Cebus capucinus: Crofoot 2013; lions,
P. leo: Yiu et al. 2015; mountain gorillas, Gorilla beringei
beringei: Seiler et al. 2018), and/or limitation of individuals’
ranging patterns and consequent access restriction to resources
where home ranges overlap (wolves, Canis lupus: Mech and
Harper 2002; chimpanzees, P. troglodytes: Herbinger et al.
2001; Wrangham et al. 2007; yellow baboons, Papio
cynocephalus: Markham et al. 2012; coyotes, Canis latrans:
Gese 2001; humans: Kelly 2005). The consequences of
tolerant intergroup interactions are also variable. Even when
intergroup encounters are tolerant, interactions with out-
groups can still carry costs to participants similar to those
caused by an increase in group size. Such costs generally orig-
inate from higher competition over food resources due to a
larger number of co-feeding individuals (Chapman and

Valenta 2015; Markham et al. 2015), which may result in in-
creased travel distances to find sufficient food (chimpanzees,
Pan troglodytes and spider monkeys, Ateles geoffroyi:
Chapman et al. 1995; red colobus monkeys, Procolobus
badius: Gillespie and Chapman 2001), increased time individ-
uals allocate to feeding (yellow baboons, P. cynocephalus:
Muruthi et al. 1991; black-and-white colobus, Colobus
polykomos: Dasilva 1992), and higher number and/or size of
feeding patches visited (howler monkeys, Alouatta palliata:
Leighton and Leighton 1982; white-throated sparrows,
Zonotrichia albicollis: Pearson 1989; muriquis, Brachyteles
arachnoides: Strier 1989).

Conversely, intergroup tolerance can also offer energetic
benefits to individuals in a number of ways. These benefits
may include the possibility to buffer periods of local resource
shortage by accessing resources in neighboring home ranges
(polydomous ants, Formica lugubris: Ellis et al. 2014;
humans and great apes: Jaeggi et al. 2016; Pisor and
Surbeck 2019; humans: Robinson and Barker 2017), or by
improving food access in unfamiliar areas via information
exchange (non-human primates: Isbell and Vuren 1996; hood-
ed crows, Corvus corone cornix: Sonerud et al. 2001; short-
tailed fruit bats, Carollia perspicillata: Ratcliffe and Hofstede
2005). Non-energetic benefits include providing additional
mating opportunities (Hanuman langurs, Semnopithecus
entellus: Launhardt et al. 2001; Verreaux’s sifaka,
P. verreauxi: Lawler 2007) and social partners (African ele-
phants, L. africana: Wittemyer et al. 2005; bonobos,
P. paniscus: Sakamaki et al. 2018), protection from predation
(African elephants, L. africana: Wittemyer et al. 2005; pro-
boscis monkeys, Nasalis larvatus: Matsuda et al. 2010), and
the possibility to transfer to new social groups (bonobos,
P. paniscus: Hohmann 2001, Sakamaki et al. 2015; meerkats,
Suricata suricatta: Drewe et al. 2009). The relative impor-
tance of these costs and benefits to individuals directly im-
pacts the way group members interact with out-groups during
intergroup encounters. For instance, group members may bear
the energetic costs of shared access to food resources when
they can gain benefits of extra-group mating opportunities
(humans and non-human primates: Pisor and Surbeck 2019)
or alloparental care (African elephants, L. africana:
Wittemyer et al. 2005). Balancing these costs and benefits is
especially relevant in the context of multilevel societies,
where social tiers cluster in higher order social units nested
within each other (plain zebras, E. burchelli: Rubenstein and
Hack 2004; African elephants, L. africana: Wittemyer et al.
2005; geladas, Theropithecus gelada: Snyder-Mackler et al.
2012; mammal review: Grueter et al. 2012).

As a species exhibiting intergroup tolerance with encoun-
ters frequently developing into long-lasting intergroup associ-
ations extending over several consecutive days (Idani 1990;
Sakamaki et al. 2018; Furuichi 2020; Lucchesi et al. 2020),
bonobos (P. paniscus) are an excellent model in which to
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investigate the relative benefits and costs of intergroup asso-
ciations. Bonobos are hominoid primates that live in multi-
male, multi-female social groups referred to as communities,
which regularly fission into smaller parties to adapt to tempo-
ral fluctuations in food availability (Mulavwa et al. 2008;
Surbeck et al. 2015). Their diet is primarily frugivorous, al-
though terrestrial herbaceous vegetation (THV) is consumed
in significant proportions all year round (Hohmann et al.
2006; Inogwabini and Matungila 2009). Reduced feeding
competition due to the high productivity of bonobos’ habitats
is believed to promote tolerance both within and between
communities (White 1998; Hohmann et al. 2006; Mulavwa
et al. 2008; Furuichi 2011). However, recent findings suggest
that habitat productivity is likely a limiting factor influential to
the degree of tolerance individuals and communities exhibit
(Nurmi et al. 2018; Sakamaki et al. 2018; Furuichi 2020;
Lucchesi et al. 2020; LC et al. unpubl. data), and some suggest
that the productivity of bonobo habitats may be similar to that
of some chimpanzee populations (Furuichi 2020).

We have recently demonstrated that relatively high fruit
abundance facilitates the occurrence of intercommunity en-
counters and that when the number of maximally tumescent
females in a party is high and communities range in less fa-
miliar areas of their home range, encounters are likely to de-
velop into prolonged intercommunity associations (Lucchesi
et al. 2020). While examining the socioecological context un-
der which encounters occur and terminate offers valuable in-
sights into the potential benefits and costs these events confer
to the participating individuals, the trade-off between benefits
and costs of intercommunity associations (hereafter “associa-
tions”), and the way individuals maximize the net benefits of
these associations, remain unclear.

Building on our previous findings, the potential benefits of
associating with extra-community individuals may be related
to both ecological and social factors. On the ecological level,
benefits may come in the form of improved foraging efficien-
cy in less familiar areas due to potential information exchange
(cliff swallows, Hirundo pyrrhonota: Brown 1988; glossy
black-cockatoos, Calyptorhynchus lathami: Cameron 2006;
mouse-tailed bats, Rhinopoma microphyllum: Cvikel et al.
2015), or by following foraging routes of extra-community
members more familiar with food location in such areas
(humans: Cashdan et al. 1983; hooded crows, C. corone
cornix: Sonerud et al. 2001; short-tailed fruit bats, Carollia
perspicillata: Ratcliffe and Hofstede 2005). This hypothesis is
supported by our previous finding that bonobos were less
likely to terminate associations when ranging in less familiar
areas of their home range (Lucchesi et al. 2020). On the social
level, the fact that communities were less likely to terminate
associations when the number of maximally tumescent fe-
males in the party was high indicates the possibility of repro-
ductive advantages to these associations (but see Ishizuka
et al. 2018, 2020).

One avenue to discern the kind of benefits associations
provide, and specifically if these benefits are related to ecolo-
gy, is to analyze associations participants’ energy balance,
which is the direct result of energy intake from food minus
energy expenditure from activity and physiological processes
(Emery Thompson 2017). Energy balance can thus inform us
whether associations confer benefits related to improved ac-
cess to food (energetic benefits hypothesis) and to evaluate the
plausibility of alternative benefits (e.g., social and mating ben-
efits) in case they do not (non-energetic benefits hypothesis).

In line with the energetic benefits hypothesis, if associations
are a strategy to improve food access, we would expect the
energy balance of individuals to increase during associations.
Moreover, if ranging with extra-community members allows
more efficient discovery of food patches in less familiar areas,
we would anticipate the energetic status of individuals to be
higher in these areas during associations. Conversely, accord-
ing to the non-energetic benefits hypothesis, individuals may
bear potential energetic costs of associations if they obtain as-
sociated benefits in domains not related to foraging efficiency
(e.g., social benefits). Energetic costs may derive from in-
creased travel distances (Chapman and Valenta 2015;
Markham et al. 2015) or a decrease in time spent foraging as
time is allocated to social interactions instead (Lehmann et al.
2007). However, community members may adapt their behav-
ior to offset these costs as much as possible. For instance,
individuals may change their feeding behavior in response to
associations, e.g., by targeting high energy food such as fruits
(black-and-white colobus, C. polykomos: Dasilva 1992; bono-
bos, P. paniscus: Hohmann et al. 2006; Serckx et al. 2015) or
by selecting larger feeding patches that could accommodate a
higher number of co-feeders (howler monkeys, Alouatta
palliata: Leighton and Leighton 1982; white-throated spar-
rows, Z. albicollis: Pearson 1989; muriquis, B. arachnoides:
Strier 1989). In this case, individuals’ energy balance would
not decrease during associations, but we would expect to ob-
serve behavioral adaptations to offset the energetic costs.

To differentiate between the energetic benefits and the non-
energetic benefits hypotheses, we quantified the relationship
between associations and the energetic status of individuals
measured as levels of urinary c-peptide of insulin (UCP).
UCPs are a valuable index of individuals’ energy balance,
indicative of both diet quality (Deschner et al. 2008; Grueter
et al. 2014) and food availability (Sherry and Ellison 2007;
Emery Thompson and Knott 2008; Georgiev 2012; Wessling
et al. 2018), as well as changes in body mass (Deschner et al.
2008; Girard-Buttoz et al. 2011) and in physiological condi-
tions (Emery Thompson et al. 2012). UCPs have been shown
to track short-term variation in energy balance both in humans
and in non-human primates. In humans, UCP levels increased
both during the course of the day and following meals (Cousin
1980, Meystas 1981). Similarly, UCP levels increased as the
day progressed in mountain gorillas, likely reflecting food
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intake, and UCP levels were related with diurnal variation in
hourly fruit intake in chimpanzees (Georgiev 2012). We thus
predict that, in bonobos, individuals’UCP levels will increase
when the abundance of fruit resources is higher, which can
serve as a biological validation of this index. Importantly, as
stated above, individuals’ energy balance may not be related
to associations because of the strategies bonobos might em-
ploy to mitigate potential energetic costs. Therefore, we also
investigated the relationship between associations and bonobo
feeding behavior by examining whether the number and the
size of the visited fruit patches and the time spent feeding on
fruits (high energy food) and on THV (low energy food) var-
ied in relation to associations. If individuals adapt their behav-
ior to offset potential energetic costs, we expect them to visit
more and/or larger feeding patches and to increase their time
spent feeding on fruits during associations. However, since
the aforementioned patterns may also reflect benefits of asso-
ciations (e.g., individuals may feed from larger feeding
patches by following extra-community members in unfamiliar
areas), to provide evidence for the non-energetic benefits hy-
pothesis, these patterns should be observed in concomitance
with a decrease in energy balance during associations.

Methods

Field site and study subjects

We collected data on two neighboring communities of wild
bonobos from July 2016 to February 2018 in the Kokolopori
Bonobo Reserve, central Democratic Republic of the Congo
(DRC) (Surbeck et al. 2017). During the study period, the
smaller community Ekalakala consisted of 13 individuals in-
cluding three adult males (≥ 15 years), three parous and two
nulliparous adult females (≥ 15 years), one adolescent female
(10–15 years), and four infants and juveniles (< 10 years); the
larger community Kokoalongo comprised 45 individuals in-
cluding eight adult males, 13 parous and four nulliparous adult
females, two adolescent males, and 18 infants and juveniles.
All community members were individually identified and
were habituated to researchers’ presence before the onset of
the study. To minimize observer bias, blinded methods were
used when all behavioral data were collected and analyzed.

Data collection and analysis

Ranging behavior and social measures

We followed parties of both communities simultaneously
from the time they left their nests in the morning until they
built their nests in the evening for an average of 27.5 days of
nest-to-nest follows per group per month. During the follows,
we recorded the geographic location automatically at 1-min

intervals using GPS (Garmin GPS 62), from which we calcu-
lated the distance traveled by the focal party on a day. We
recorded the identities of all adult and adolescent individuals
present in the party over 30-min intervals to measure cumula-
tive party composition (Mulavwa et al. 2008), and we calcu-
lated the daily mean party size as the daily average number of
individuals present in the 30-min party compositions. We cal-
culated a value of area marginality as a proxy for the degree
of familiarity a community had with a given area of its home
range as described in Lucchesi et al. (2020). For this calcula-
tion, we imposed a grid system of 1 km2 cells over the study
area and calculated a value of marginality for each cell using
the package “adehabitatHR” (version 0.4.14; Calenge 2011)
in R (version 3.6.2; R Core Team 2018), which generates
utilization distributions based on point density calculation
from the daily tracklogs (Worton 1989). We then obtained
daily values of marginality for each community by averaging
the marginality values of the cells visited by the community
on a given day weighted by the time spent in the cells.
Increased values of marginality indicate a lower degree of
utilization, and therefore a lack of familiarity, of a certain area.
All data except for the geographic location were collected
using the CyberTracker software (version 3.486).

Although in bonobos lone individuals may temporarily
visit other communities, the dynamics of these visits typically
differ from when larger groups decide to interact. This is par-
ticularly true for young nulliparous females exploring their
possibilities to transfer from their natal social group
(Sakamaki et al. 2015; Toda et al. 2018). During our study
period, we observed only one adolescent female from
Ekalakala temporarily visiting Kokoalongo, and we did not
consider these instances as intercommunity associations.
Rather, we recorded an encounter or association when an ob-
server could see a minimum of two adult individuals from the
focal community in the same party with a minimum of two
adult individuals of another community.

Feeding behavior and ecological measures

During the daily party follows, we recorded all instances when
members of the focal party visited trees and lianas (hereafter
referred to as “fruit patches”) to feed on their fruits and mea-
sured the diameter at breast height (DBH) of these plants (i.e.,
the total cross-sectional area of the tree trunk measured at 1.
3 m above ground for trees and at 1.3 m above the level of the
ultimate rooting point for lianas; Gerwing et al. 2006). To
quantify feeding behaviors, we used instantaneous scan
sampling by recording at 10-min intervals the activity of all
adult and adolescent individuals in view. If at least one bono-
bo in the party was feeding, we recorded the food type (fruit or
THV) and the species eaten; if party members were feeding on
different food items, we recorded the food eaten by the ma-
jority of the individuals (Gilby et al. 2010). From these data,
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we calculated the time spent feeding on fruits and on THV as
the number of party scans in a day in which the majority of the
individuals were feeding on the given food type corrected by
observation effort (i.e., the total number of scans in that day).
As a proxy for the availability of fruits in a given month, we
used an improved version of the monthly fruit abundance
index (FAI) calculated as in Lucchesi et al. (2020) for each
community’s home range. For this calculation, we combined
data of tree and liana productivity from monthly phenology
surveys on selected transects with data of tree and liana size
and abundance from floristic plots as follows:

MFAI ¼ ∑
S

i
PimBi

In this equation, Pim is the proportion of trees of species i in
the phenology trail bearing ripe fruits in month m, Bi is the
basal area of species i (i.e., the total cross-sectional area of tree
trunks measured at 1.3 m above ground derived from the
plots’ data; see above), and S is the total number of species
included in the analysis. Since this equation as used in
Lucchesi et al. (2020) returns a single MFAI value for each
month (phenology surveys are done once per month in the
beginning of each month), in order to approximate monthly
FAI changes from month to month, for the present analyses,
we calculated daily dFAI values as follows:

dFAI ¼ A−
A−Bð Þ
d

� D

In this equation, A is theMFAI value of a given month, B is
the MFAI value of the following month, d is the number of
days in a givenmonth, andD is the day of the month for which
the dFAI value is calculated.

Dominance rank

Dominance relationships among community members have
been shown to influence individuals’ energy balance in bono-
bos (Surbeck et al. 2015). Therefore, we assessed dominance
relationships among all adult and adolescent individuals, with-
out separating the sexes for the calculation, based on the out-
come of dyadic agonistic interactions recorded on an ad
libitum basis, classifying subordinates as those individuals
exhibiting submission in response to aggression (e.g., fleeing
upon aggression received) (Vervaecke et al. 2000; Surbeck
et al. 2015). We determined a hierarchical rank order for the
members of each community separately using the randomized
Elo-rating score (Sanchez-Tojar et al. 2018) and normalized
the resulting ranks between one (lowest rank) and zero
(highest rank). As the amount of observations of agonistic
interactions among the females was small (N = 53), we tested
the validity of our estimated dominance hierarchies by simu-
lating ten dominance matrices with the same number of

individuals and the same number of agonistic interactions
and missing dyads (i.e., dyads for which we did not observe
an aggression-submission event: 60missing dyads of 132 total
dyads for Ekalakala and 158 missing dyads of 702 total dyads
for Kokoalongo) as in our dataset (Surbeck and Hohmann
2013). The likelihood of winning an interaction was propor-
tional to the absolute rank difference between the opponents.
These simulations revealed a strong correlation between the
resulting dominance hierarchies, thereby legitimizing our in-
ference of dominance rank (Ekalakala dominance hierarchies:
mean correlation coefficient = 0.95, range: 0.88–1.00;
Kokoalongo dominance hierarchies: mean correlation coeffi-
cient = 0.97, range: 0.94–0.99).

Urine collection and sample selection

We collected urine samples for the measurements of UCP
levels opportunistically from identified individuals during dai-
ly party follows. We used the underside of largeMarantaceae
leaves to collect the urine before it touched the ground or,
when this was not possible, by pipetting the urine from under-
growth foliage. In order to avoid cross-contamination, we did
not collect urine that entered in contact with feces nor from
vegetation already contaminated by urine from other individ-
uals (Higham et al. 2011). All samples were frozen in liquid
nitrogen within 12 h of collection and shipped frozen on dry
ice to the Endocrinology Laboratory at the Max Planck
Institute for Evolutionary Anthropology (MPI-EVA) in
Leipzig, Germany, where they were stored at − 20 °C until
analyzed. For the analyses, we selected only samples collected
early in the morning (mean collection time = 6:00 a.m. ±
40 min, SD), as they likely reflect the energy balance of the
previous day (Surbeck et al. 2015; Wessling et al. 2018).
Since insulin production increases during pregnancy in
mothers to ensure fetal glucose alimentation (Spellacy et al.
1965), we did not include samples of pregnant females. To
obtain a temporally balanced dataset between intercommunity
associations and non-associations, we selected for each sam-
ple collected after an association day (association sample) a
matching sample from the same individual within 20 days
collected after a non-association day (non-association sam-
ple). If no such non-association sample existed, we selected
a non-association sample from another individual of the same
sex which was collected within 10 days of the given associa-
tion sample. We then balanced the number of samples across
individuals by adding non-association samples to our pool to
achieve even temporal coverage.

UCP measurement

Frozen urine samples were thawed at room temperature, shak-
en for 10 s (VX-2500 Multi-tube Vortexer), and centrifuged
for 10 min at 2000g (Multifuge Heraeus). We measured UCP
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levels with a commercially available immunoassay kit (C-
Pep-EASIA KAP0401, DIAsource) validated for bonobo
urine (Surbeck et al. 2015). Intra-assay coefficients of varia-
tion (CV) were 2.08% and 1.69% for low- and high-value
quality controls respectively, and inter-assay CVs were
3.21% and 4.87% for low- and high-value quality controls.
If sample duplicates differed by more than 10% or measure-
ments were outside of the assay’s linear range, we re-
measured the urine sample and, if needed, diluted the sample.
To control for variation in urinary concentration, we corrected
UCP levels by specific gravity (SG) measured with a digital
handheld refractometer (Tec, Olber-Ramstadt, Germany)
(Miller 2004). We excluded from the analyses three samples
with SG below 1.002 as SG values below this threshold do not
allow for a reliable correction for urine concentration (Löhrich
et al. 2018). In sum, we successfully measured UCP levels in
330 samples from adult individuals (N = 27 individuals, N =
126 association samples, N = 204 non-association samples).

Statistical analysis

Energetic status (measured as UCP levels) of individuals
relative to intercommunity associations

To evaluate whether associations correlated with variation in
the energy balance of participants (proxied by variation in in-
dividuals’ UCP levels), we used a linear mixed model with
Gaussian error structure (LMM; Baayen et al. 2008) with
UCP levels as the response variable. We log transformed
UCP levels as they were highly skewed at the original scale
and found this transformation fulfilled themodel’s assumptions
of normally distributed and homogeneous residuals. We in-
cluded whether the previous day was an association day (yes/
no) as test predictor in a three-way interaction with the famil-
iarity of the focal community with the area (intra-community
marginality) and the familiarity of the other community with
the same area (extra-community marginality). We considered
intra-community and extra-community marginality relevant to
the relationship between associations and UCP levels, because
we previously found that the communities were less likely to
terminate associations in less familiar areas of their home range
(Lucchesi et al. 2020). This interaction therefore serves as a test
of whether the presence of extra-community members in the
party influenced the energy balance of individuals depending
on the respective degree of familiarity the two communities had
with an area. Additionally, we controlled for the potential effect
of the sex and the dominance rank of the individual, fruit abun-
dance index (dFAI), daily travel distance, party size, and com-
munity identity on the response. Finally, we included the ran-
dom effects of individual ID and date of urine collection to
account for uneven sampling and repeated measures of the
same individual. We included the random slopes for the effects

of individual ID on encounter, party size, travel distance, dFAI,
and intra-community and extra-community marginality.

Travel distance relative to intercommunity associations

To evaluate whether the distance traveled by the bonobos on a
day varied according to whether that day was an association or
a non-association day, we used a linear model with Gaussian
error structure (LM; Fox and Weisberg 2011) with travel
distance on a given day as the response variable, and we
included a test predictor structure identical to that of the pre-
vious model. We controlled for the potential effects of dFAI,
number of visited fruit patches, party size, and community
identity on the response. Additionally, we controlled for po-
tential temporal autocorrelation to account for the likelihood
that travel distances were similar on days in close temporal
proximity (Samuni et al. 2020). We first fitted a model includ-
ing all predictors to obtain model residuals. Using model re-
siduals, we then calculated an autocorrelation term for each
data point as the average residual of all other data points
weighted by their time difference to this data point, with the
weighting function being a normal distribution whose stan-
dard deviation was determined by maximizing the likelihood
of the model with the autocorrelation term included.

As longer travel distances may increase the chance of an
encounter as well as be a consequence of this event, we con-
ducted an additional post hoc analysis (LMM) to evaluate
whether the distance traveled on the first day of an association
differed from that traveled on the following days. If longer
travel distances resulted in the occurrence of more encounters,
we expected the travel distance on the day when the commu-
nities met (first day of association) to be longer than the travel
distance on the following days of an association when the
communities already traveled together. If travel distance
remained high once the communities had already met, it fol-
lows that the longer travel distance measured during associa-
tions was a consequence of traveling together. Finally, if the
travel distance was longer on the last day of an association, it
may be the result of communities walking away from each
other after separating. The model had identical structure as
that described above (albeit with the additional random effect
of encounter ID), but instead of evaluating the correlation
between travel distance and association condition (yes/no),
we evaluated the relation between travel distance and the dif-
ferent levels of the test predictor association day (levels:
“first,” “following,” and “last day” of association, with “fol-
lowing day” as the reference value).

Finally, to contextualize the impact of potential differences
in travel distances on energy expenditure, we applied the cal-
culation from Pontzer and Wrangham (2004), which uses the
equation from Taylor and Heglund (1982) that calculates the
energy spent on terrestrial travel in primates:
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O2 �M−1 � s ¼ 0:523M−0:298 V þ 0:345M−0:157

In this equation, O2 is oxygen,M is the body mass, s is the
walking distance, and V is the walking speed. Oxygen is con-
verted in kilocalories as: 1 liter O2 = 4.8 kCal. For the calcu-
lation, we used the body mass of bonobos from Lola ya
Bonobo (DRC) averaged across sexes and all age classes from
Yapuncich et al. (2020).

Number and size (DBH) of fruit patches visited relative
to intercommunity associations

To evaluate whether the number of fruit patches the bonobos
visited during a day differed according to association condi-
tion (yes/no), we used a generalized linear model with Poisson
error structure (GLM; Baayen et al. 2008). We included the
number of fruit patches visited during a day as the response
variable, and we included a test predictor structure identical to
that of the previous models. We controlled for the potential
effects of dFAI, party size, daily travel distance, averageDBH
of the fruit patches visited in the day, and community identity
on the response. As bonobos fed on both arboreal and liana
fruits, but the DBH of the two vegetation types are categori-
cally different, we normalized the measured DBHs of each
type relative to their potential maximum value. To do so, we
calculated a “maximum DBH” as the mean DBH of all trees
and lianas, respectively, + 2 standard deviations in order to
account for the presence of outliers, as a few exceptional liana
species may grow to maturity to a DBH similar to that of trees,
thereby restricting our ability to account for average difference
in these vegetation types (i.e., tree and liana). We then divided
the DBH of each individual by the “maximumDBH” for each
vegetation type. The average normalized DBH was 0.47 (i.e.,
47% of the “maximum DBH”) (range: 0.03–1.74) for trees
and 0.29 (i.e. 29% of the “maximum DBH”) (range: 0.04–
4.11) for lianas. Finally, we included a temporal autocorrela-
tion term calculated as above.

To evaluate whether the size of the visited fruit patches
differed during association days and non-association days,
we used an LM. We included the actual DBH of each tree
and liana visited on a given day as the response variable,
and we included a test predictor structure identical to that of
the previous models. We controlled for the potential effects of
party size, community identity, and vegetation type (i.e.,
whether the species was a tree or a liana) on the response.

While bonobos may feed on larger fruit patches during
associations to offset potential energetic costs of these events,
larger fruit patches may also attract members of different com-
munities which in turn favors the occurrence of encounters.
Therefore, we conducted additional post hoc analyses
(GLMM and LMM respectively) similar to the one we con-
ducted for the travel distance in order to clarify whether the

number and size of fruit patches visited on the first day of an
association were different from those of the patches visited on
the following days. If the selection of large fruit patches was a
strategy to actively offset energetic costs of associations and
not only an environmental circumstance promoting encoun-
ters between multiple communities, we expected the size of
the fruit patches to remain large not only on the first day of an
association but also on all following days. As above, we eval-
uated the relation between the response and the different levels
of the test predictor association day (levels: “first,” “follow-
ing,” and “last day” of association, with “following day” as
the reference value).

Time spent feeding on fruits and on THV relative
to intercommunity associations

To evaluate whether the time bonobos spent feeding per day
differed according to association condition (yes/no) and
whether they specifically targeted high energy food (fruits)
or fed indiscriminately also on low energy food (THV) on
association days, we used two GLMs with beta error structure
(Cribari-Neto and Zeileis 2010). As response variable, we
included the proportion of daily scans the majority of the
party was feeding on fruits on a given day in the first model
and the proportion of daily scans the majority of the party was
feeding on THV in the second model. These responses were
transformed as for Cribari-Neto and Zeileis (2010) so to not
have values exactly equal to 0 and 1. In both models, we
included a test predictor structure identical to that of the pre-
vious models, and we controlled for the potential effects of
dFAI, party size, and community identity on the response. We
again included a temporal autocorrelation term calculated in
the same manner as above.

As a party that spends a longer time feeding in a fruit patch
may be more likely to encounter another party, we conducted
an additional post hoc analysis (GLMM) to evaluate whether
the time spent feeding on association days depended on
whether the day was the first day of an association or a sub-
sequent day. If increasing the time spent feeding on associa-
tion days was an active strategy to offset potential energetic
costs of associations, we expected that the time spent feeding
remained high not only on the first day of an association but
also on the following days (therefore, no difference in time
spent feeding over the duration of multi-day associations). As
above, we evaluated the relation between the response and the
different levels of the test predictor association day (levels:
“first,” “following,” and “last day” of association, with “fol-
lowing day” as the reference value).

Model implementation

Details of the structure of all models can be found in the
Supplementary Material. All models were fitted in R (version
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3.5.0; R Core Team 2018) using the functions lm, lmer, and
glmer of the R package “lme4” (version 1.1-17; Bates et al.
2014) with the optimizer bobyqa for the Gaussian and Poisson
models and the function glmmTMB of the R package
“glmmTMB” (version 1.0.2.1; Magnusson et al. 2020) for
the Beta models. Prior to fitting the models and in order to
reduce the influence of outliers, we square root-transformed
the dominance rank values, the DBH values, and the intra-
community and extra-community marginality. We than nor-
malized all predictors by z-transforming them to a mean of
zero and a standard deviation of one to facilitate the interpret-
ability of the resulting estimates (Schielzeth 2010). To keep
type I error rate at the nominal level of 5% (Schielzeth and
Forstmeier 2009; Barr et al. 2013), we included all random
slopes when applicable, allowing for the effects of the fixed-
effects predictors to randomly vary among the levels of the
random effect variable. For the Gaussian models, in order to
verify the assumptions of normally distributed and homosce-
dastic residuals, we visually inspected q-q plots and the distri-
bution of the residuals plotted against the fitted values, and we
did not find any deviations from these assumptions for all
models. For the GLMMs, we verified that each model did
not suffer from overdispersion (Cameron and Trivedi 1990).
We assessed model stability for each model by omitting each
level of random effects one at a time and comparing the de-
rived model estimates with those of the full model; we found
no influential cases. In order to rule out collinearity, we eval-
uated variance inflation factors (VIF, Field 2005) with the
function vif of the R package “car” (Fox and Weisberg
2011) for standard linear models excluding the random effects
and the interactions (if present). We only found collinearity
issues in the model investigating the relationship between as-
sociations and the number of visited fruit patches between the
predictors DBH (VIF = 4.97) and community identity (VIF =
5.2). We therefore removed each of these terms from the mod-
el one at a time, finding results almost identical to those of the
model with both terms included (we report in Table 1 the
results for the model excluding community identity and in
the Supplementary Material, Table S1, the results for the
model with both terms included and the model excluding
DBH). Once we removed the collinear terms, the largest
VIF among all models was 2.91 (Field 2005).

As an initial test of significance, we compared each full
model including all predictors with its respective null model
including only the random effects and the control predictors
(Forstmeier and Schielzeth 2011), using a likelihood ratio test
(R function anova with argument test set to “Chisq”; Dobson
2002). If the full model was significant against the null model,
we proceeded to test the individual predictors with fixed effect
by excluding each predictor one at a time and comparing this
reduced model to the respective full model with a likelihood
ratio test (Barr et al. 2013). As none of the three-way interac-
tions reached significance (i.e., p ≤ 0.05), we removed them

from all models and only tested the respective lower order
interaction terms. Confidence intervals were derived using
the functions confint and bootMer of the package “lme4,”
using 1000 parametric bootstraps and bootstrapping also over
the random effects. The means and standard deviations of the
square root-transformed predictors before the z-transformation
are reported in the Supplementary Material, Table S2.

Results

During the study period, we followed the Ekalakala commu-
nity for 415 days and the Kokoalongo community for
364 days, recording a total of 181 days of association between
them. The duration of these associations varied extensively,
ranging from brief encounters of less than an hour to long-
lasting associations of several consecutive days (average =
three consecutive days, range: 30 min–seven consecutive
days). During associations, the mean daily party size was
9.7 ± 3.1 (SD) individuals (range: 2–21), as opposed to a mean
daily party size of 6.3 ± 2.3 (SD) individuals for Ekalakala
(range: 2–9) and of 8.0 ± 4.0 (SD) individuals for
Kokoalongo (range: 3–21) on non-association days.
Moreover, while the members of Ekalakala were markedly
cohesive and ranged predominately in a single party (91% of
community members were observed on average during a fol-
low day), members of Kokoalongo often fissioned into mul-
tiple parties (52% of community members were observed on
average on a follow day). Monthly fruit abundance (FAI) did
not significantly differ between the two communities’ home
ranges (likelihood ratio test: χ2 = 0.77, df = 1, p = 0.45; see the
Supplementary Material, Table S3), with a monthly average
dFAI of 63.3 ± 37.8 (SD) (range: 15.7–125.7) for Ekalakala
and 72.2 ± 41.2 (SD) (range: 18.9–138.7) for Kokoalongo.
The total home range overlap over the study period was
29.46 km2, which comprised 62% of Ekalakala’s total home
range and 52% of Kokoalongo’s total home range. The por-
tion of the home range not shared with the neighboring study
community was 17.9 km2 for Ekalakala and 26.46 km2 for
Kokoalongo.

Energetic status of individuals relative to
intercommunity associations

As expected, an increase in general fruit abundance (dFAI)
was associated with increased individuals’ UCP levels.
However, associations between the two communities and the
respective degree of familiarity of each community to an area
were not associated with significant changes in individuals’
UCP levels (Table 1).
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Table 1 Summary of the results
of the models investigating the
relation between intercommunity
association, individuals’ energy
balance, and groups’ ranging and
feeding behaviors

Est SE p Lower CI Upper CI

Energy balance relative to intercommunity associations (UCP levels variation) (full-null model comparison:
χ2 = 0.008, df = 1, p = 0.78); sample size: 241

Travel distance (full-null model comparison: χ2 = 25.45, df = 1, p < 0.001); sample size: 729

Intercept 6.25 0.09 – 6.06 6.43

Associationa 0.86 0.17 <0.001 0.52 1.19

FAI 1.21 0.07 – 1.08 1.34

Party size 0.07 0.06 – − 0.06 0.20

Community IDb 0.13 0.12 – − 0.11 0.36

No. of visited fruit patchesc 0.24 0.06 – 0.12 0.37

In-group marginalityc 0.08 0.06 – − 0.04 0.19

Out-group marginalityc 0.13 0.06 – 0.02 0.24

Autocorrelation term 3.13 0.20 – 2.73 3.53

Number of visited fruit patches (full-null model comparison: χ2 = 46.66, df = 1, p < 0.001); sample size: 296

Intercept − 12.60 0.87 – − 14.32 − 10.91
Associationa − 0.36 0.05 < 0.001 − 0.46 − 0.26

FAI − 0.35 0.04 – − 0.42 − 0.28
Party size − 0.06 0.03 – − 0.11 − 0.001
Travel distance 0.14 0.03 – 0.09 0.19

Avg DBHc 0.08 0.03 – 0.02 0.13

In-group marginalityc 0.03 0.02 – − 0.02 0.08

Out-group marginalityc − 0.02 0.02 – − 0.07 0.03

Autocorrelation term − 243.28 14.47 – − 271.83 − 215.13
DBH of visited fruit patches (full-null model comparison: χ2 = 10.38, df = 1, p = 0.002); sample size: 2297

Intercept 10.42 0.87 – 8.70 12.12

Encountera 3.53 1.10 0.001 1.38 5.69

Party size − 0.63 0.52 – − 1.63 0.37

Community IDb 1.21 1.00 – − 0.76 3.17

In-group marginalityc 0.53 0.45 – − 0.35 1.41

Out-group marginalityc 0.38 0.45 – − 0.49 1.26

Vegetation typed 30.82 0.89 – 29.07 32.57

Time spent feeding on fruits (full-null model comparison: χ2 = 14.17, df = 1, p < 0.001); sample size: 294

Intercept − 2.09 0.09 – − 2.27 − 1.92
Associationa 0.33 0.05 0.01 0.07 0.60

FAI 0.51 0.07 – 0.37 0.65

Party size < 0.001 0.05 – − 0.11 0.11

Community IDb − 0.09 0.11 – − 0.30 0.12

In-group marginalityc 0.003 0.05 – − 0.10 0.10

Out-group marginalityc − 0.01 0.05 – − 0.11 0.08

Autocorrelation term 15.88 1.25 – 13.44 18.33

Time spent feeding on THV (full-null model comparison: χ2 = 1.26, df = 1, p = 0.76); sample size: 294

Significant test predictors (p ≤ 0.05) are indicated in italic, p values for control predictors are not reported. The
effects of individual predictors are not reported when the full-null model comparison did not reach significance
(p ≤ 0.05)
a The reference level for association (yes/no) is “yes”
b The reference value for community ID (Kokoalongo/Ekalakala) is “Kokoalongo”
c Predictors were square root-transformed
d The reference value for vegetation type (tree/liana) is “tree”
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Travel distance relative to intercommunity
associations

The bonobos traveled significantly longer distances during
association than non-association days independent of the total
number of individuals present, the number of fruit patches
they visited, and the familiarity they had with an area of their
home range (Table 1, Fig. 1). On average, the communities
traveled 8.14 ± 1.9 (SD) km (range: 1.8–14.1 km) on associa-
tion days, while they traveled 6.01 ± 2.25 (SD) km (range: 1–
12.7) on non-association days. During association days, the
distance the bonobos traveled on the first day of an association
did not significantly differ from the distance traveled on any of
the following days of association (full-null model comparison:
χ2 = 3.73, df = 3, p = 0.29) (see the Supplementary Material,
Table S4).

On average, the bonobos spent 69 more kcal by walking
longer distances on association days (mean energy spent by
walking: 264.48 ± 70.4 (SD) kcal; range: 53.08–492.99 kcal)
than on non-association days (mean energy spent by walking:
195.44 ± 70.83 kcal; range: 43.58–424.84 kcal), which corre-
sponds to a 35% increase of mean energy expenditure due to
terrestrial travel on association days.

Number and size (DBH) of visited fruit patches rela-
tive to intercommunity associations

The bonobos visited significantly fewer and larger fruit
patches during association than non-association days indepen-
dent of the total number of individuals present in the party and
the distance traveled on the day (Table 1, Figs. 2 and 3). On
average, the communities visited 6.6 ± 4.2 (SD) fruit patches

(range: 1–30) on association days, while they visited 8.66 ±
4.17 (SD) fruit patches (range: 1–36) on non-association days.
The average DBH of the visited trees was 45.4 ± 24.3 (SD) cm
(range: 5.41–124.14 cm) on association days and 41.62 ±
24.23 (SD) cm (range: 4.45–157.88 cm) on non-association
days, and the DBH of the visited lianas was 13.5 ± 18.65 (SD)
cm (range: 3.5–124.46 cm) on association days and 10.96 ±
12.59 (SD) cm (range: 1.6–162.34 cm) on non-association
days.

Fig. 1 Difference in the distance the bonobos traveled during non-
association and association days. Shown are medians (thin horizontal
lines), quartiles (boxes), and percentiles (vertical lines; 2.5% and
97.5%). The asterisk indicates statistically significant difference

Fig. 2 Difference in the number of fruit patches visited on non-
association and association days. Shown are medians (thin horizontal
lines), quartiles (boxes), and percentiles (vertical lines; 2.5% and
97.5%). The asterisk indicates statistically significant difference

Fig. 3 Difference in the size (DBH) of the fruit patches on which the
bonobos fed during non-association and association days. Shown are
medians (thin horizontal lines), quartiles (boxes), and percentiles (vertical
lines; 2.5% and 97.5%). The asterisk indicates statistically significant
difference
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During association days, the number (full-null model com-
parison: χ2 = 3.6, df = 3, p = 0.31) and size (full-null model
comparison: χ2 = 1.21, df = 2, p = 0.54) of the fruit patches
the bonobos visited on the first day of an association did not
significantly differ from those visited on any of the following
days of association (see the Supplementary Material,
Tables S5 and S6).

Time spent feeding on fruits and on THV relative to
intercommunity associations

The bonobos spent significantly more time feeding on fruits
during association than non-association days independent of
the number of individuals in the party, the familiarity to an
area of the home range, and the general abundance of fruits in
the forest (dFAI) (Table 1, Fig. 4), but there was no significant
difference on the time they spent feeding on THV. On aver-
age, on association days the communities fed on fruits 57.7%
± 27.1% (SD) (range: 0–100%) and on THV 23.1% ± 23%
(SD) (range: 0–100%) of their feeding time, while on non-
association days, they fed on fruits 41.8% ± 33.3% (SD)
(range: 0–100%) and on THV 15.5% ± 19.9% (SD) (range:
0–100%) of their feeding time.

During association days, the time the bonobos spent feed-
ing on fruits on the first day of an association did not signif-
icantly differ from that of any of the following days of asso-
ciation (full-null model comparison: χ2 = 0.44, df = 3, p =
0.93) (see the Supplementary Material, Table S7).

Discussion

We investigated whether intercommunity associations in bo-
nobos conferred clear energetic benefits to individuals, as
measured by variation in UCP levels. We found that individ-
uals participating in associations did not gain measurable net
energetic benefits from these associations; thus, we did not
find support for the energetic benefits hypothesis. We also
found indications that associations carried energetic costs
due to longer travel distances and that the bonobos actively
offset these costs by visiting larger fruit patches and increasing
the time spent feeding on fruits on association days. Although
the exact nature of the benefits associations may provide to
individuals remains unclear, the reported adaptations in feed-
ing behavior in concomitance with the absence of obvious
energetic benefits suggest that incentives other than energy
acquisition (e.g., social benefits) contributed to the occurrence
of tolerant associations between communities.

Bonobo communities are more likely to encounter each
other at times when fruit resources are more abundant, a pat-
tern consistent across populations (Sakamaki et al. 2018;
Lucchesi et al. 2020). However, we found that after account-
ing for variation in fruit abundance, bonobos visited larger
fruit patches and spent more time feeding on fruits throughout
an association than on non-association days. These results
indicate that a higher abundance of fruits was not a sufficient
condition to allow associations to last for prolonged periods of
time and that bonobos implemented additional strategies to
offset the energetic costs of these associations by adapting
their feeding behavior. Importantly, although these strategies
(i.e., visiting larger feeding patches and increasing the time
spent feeding on fruits) are similar to those adopted to reduce
intra-group feeding competition, by controlling for the main
parameter known to influence intra-group competition in our
models (i.e., group size), we demonstrated that these strategies
are in fact the result of challenges unique to associations and
thus a fundamental component of the mechanisms allowing
social networks to extend beyond the community level.

Associations carried a direct and measurable energetic bur-
den to individuals due to longer travel distances. Generally, in
group-living species, groups travel greater distances when
their size is larger because a higher number of co-feeding
individuals deplete feeding patches faster, thus forcing the
group to move on to the next patch in order to meet individ-
uals’ energetic requirements (wedgecapped capuchin mon-
keys, Cebus olivaceus: Ruiter 1986; common cranes, Grus
grus: Alonso et al. 1987; chimpanzees, P. troglodytes and
spider monkeys, A. geoffroyi: Chapman et al. 1995; red
colobus monkeys, P. badius: Gillespie and Chapman 2001).
However, as we controlled for the influence of the numbers of
competitors within a party in our models (proxied by the party
size), it is unlikely that scramble competition explains the
increased travel distances we measured. Instead, it appears

Fig. 4 Difference in the time the bonobos spent feeding on fruits (in
minutes) during non-association and association days. Shown are me-
dians (thin horizontal lines), quartiles (boxes), and percentiles (vertical
lines; 2.5% and 97.5%). The asterisk indicates statistically significant
difference
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that associations conferred unique burdens upon individuals,
thereby leading participants to travel greater distances.

In some species, groups tend to increase their travel dis-
tance after an encounter has occurred (white-faced capuchin
monkeys, C. capucinus: Crofoot 2013; African wild dogs,
L. pictus: Jordan et al. 2017; mountain gorillas, G. beringei
beringei: Seiler et al. 2018) or even before it occurred when a
group finds clues that other groups are in proximity (chacma
baboons, P. ursinus: Noser and Byrne 2007; African wild
dogs, L. pictus: Parker 2010; lions, P. leo: Yiu et al. 2015).
In the aforementioned cases, longer travel distances are gen-
erally due to avoidance behaviors resulting from agonistic
intergroup relations. However, in Kokolopori, the high fre-
quency and prolonged duration of associations suggest a
higher likelihood of attraction between communities rather
than avoidance (Lucchesi et al. 2020; LC et al. unpubl.
data). In fact, although encounters can be aggressive in bono-
bos (Tokuyama et al. 2019; LC et al. unpubl. data), in
Kokolopori, parties of different communities did not avoid
each other even when their difference in size (and therefore
their fighting abilities) was larger (Lucchesi et al. 2020).
Conversely, parties often changed their travel direction to-
wards individuals of the other community upon hearing their
vocalizations (SL, unpublished data). Nevertheless, attraction
or avoidance dynamics were unlikely to explain the observed
increased travel distances. In fact, our results indicate there
was no difference in the travel distance between the first day
and the following days of an association. This result makes it
unlikely that longer travel distances were the cause for the
communities to encounter or were a consequence of avoid-
ance behavior, but rather suggests that longer travel distances
were a consequence of traveling in association.

One possible explanation for the increased travel distances
we measured is that as associations are tense events for indi-
viduals (Tokuyama et al. 2019; LC unpubl. data), participating
in an association may result in a less efficient use of resources,
which may increase the overall travel distance during the day.
Alternatively, as we observed that the number of visited fruit
patches decreased during associations, it may be that the bo-
nobos traveled longer distances during association days to
target specific, larger fruit patches. Indeed, throughout the
duration of an association, bonobos visited fewer fruit patches
which were on average larger than on non-association days. It
could be argued that a potential clumped distribution of these
large fruit patches brought the communities together in the
first place. However, in an earlier study, we found that
clumpiness of fruit patches did not influence the probability
of the communities to encounter. Rather, higher patches’
clumpiness increased the likelihood of associations to termi-
nate (Lucchesi et al. 2020). We therefore argue that the selec-
tion of large patches throughout the duration of a multi-day
association was more likely to be a strategy for mitigating the
energetic costs of these events rather than a consequence of

spatial proximity of the patches. Similarly unlikely is that
visiting larger fruit patches was a benefit of associations. In
fact, our analyses ruled out the influence of information ex-
change about food location in unfamiliar areas, and it is hard
to see any reason why individuals ranging in familiar areas
should necessitate members of the other community to be able
to locate large fruit patches.

As selection of larger fruit patches was independent of the
size of the party, it may be that such a strategy was employed
to decrease the level of contest competition within the patch
rather than at compensating for decreased food intake due to
increased scramble competition (Japanese macaques,Macaca
fuscata: Saito 1996; Sumatran orangutans, Pongo abelii:
Utami et al. 1997; vervet, Chlorocebus aethiops and patas,
Erythrocebus patasmonkeys: Pruetz and Isbell 2000; convict
cichlids, Archocentrus nigrofasciatus: Kim et al. 2004; house
sparrows, Passer domesticus: Johnson 2004). Examining how
aggression rates vary in relation to patch size and the presence
of extra-community members, and whether aggression is
disproportionally directed to extra-community individuals,
may help investigate the presence and level of contest compe-
tition between communities during associations. In this con-
text, further investigation of whether associations tend to oc-
cur at specific trees or lianas with particular features (e.g., high
nutritional value of the fruits, short fruits’ processing time, or
large number of feeding sites) will help to elucidate remaining
uncertainties about the driving ecological factors of intergroup
associations.

Further evidence supporting that Kokolopori bonobos
employed strategies to offset potential energetic costs of asso-
ciations is the increased time they spent feeding on fruits
throughout the entire duration of an association. Indeed, that
the time spent feeding on fruits but not on THV increased
during associations suggests that the bonobos specifically
targeted high energy foods when associating with the other
community. Once again, scramble competition due to a larger
number of co-feeders cannot serve as an explanation for this
pattern as we controlled for party size in our models.
Therefore, increasing the time spent feeding on fruits on asso-
ciation days may be a way for bonobos to offset the higher
energetic requirements (i.e., an additional 35% caloric expen-
diture compared to non-association days) incurred by travel-
ing longer distances. Detailed nutritional analyses of bonobos’
daily caloric intake will help to further quantify the precise
energetic burden that intercommunity associations impose up-
on individuals.

The employment of the aforementioned strategies to offset
potential energetic costs of associations in order to prolong these
events suggests that associations provide benefits to participants.
We previously argued that associating with extra-community
members was unlikely to be means for Kokolopori bonobos to
buffer local resource shortfall by foraging in the neighbors’
home range. Similarly unlikely is that these associations enabled
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one community to access energetically beneficial resources
found outside their core range. Indeed, associations were not
more likely to occur when fruit abundance decreased in the
home range of the focal community (Lucchesi et al. 2020), nor
were associations related to an increase in the energy balance of
individuals. Moreover, since the presence of extra-community
members in the party was not significantly related to changes in
individuals’ energetic balance when ranging in less familiar
areas, nor was there indication that it helped individuals find
larger fruit patches specifically in such areas, associations do
not seem a likely strategy for information exchange about food
location as has been observed in other species (hooded crows,
C. corone cornix: Sonerud et al. 2001; short-tailed fruit bats,
Carollia perspicillata: Ratcliffe and Hofstede 2005; gray-
cheeked mangabeys, Lophocebus albigena: Janmaat et al.
2009; Janmaat and Chancellor 2010). Yet, communities were
less likely to terminate associations when ranging in less familiar
areas (Lucchesi et al. 2020). A possible explanation for this
tendency is that individuals remained in association with mem-
bers of the other community once they found themselves in less
familiar areas for protection and to reduce stress in unfamiliar
environments (Haemisch 1990). Investigating the likelihood of
community members to range in less familiar areas with or
without members of the other community, and the comparison
of individuals’ stress responses (e.g., variation in cortisol levels)
in these two scenarios, may help investigate this possibility. It
should be noted however that, although UCP patterns have pre-
viously been reported to correspond with short-term intra-diem
variation in energy balance both in humans and in non-human
primates (Cousin 1980;Meystas 1981; Georgiev 2012), we can-
not completely exclude that UCPs may not be a fine scaled
enough indicator to register subtle increases in energy balance
imposed by associations.

Taken together, these results suggest that the benefits pro-
vided by associations in Kokolopori are unlikely related to
improved food access and energy acquisition. In the absence
of clear ecological benefits, it is reasonable to deduce that
individuals obtained non-energetic benefits through intercom-
munity interactions, such as social benefits. While recent stud-
ies have described behavioral responses of bonobos to extra-
community members (Fruth and Hohmann 2018; Tokuyama
et al. 2019), little is still understood about how these social
interactions can benefit individuals and why individuals de-
cide to participate in associations despite the presence of en-
ergetic costs that they need to offset. In many species, mem-
bers of different groups associate with the purpose to increase
the number of social (African elephants, L. africana:
Wittemyer et al. 2005) and mating (Hanuman langurs,
S. entellus: Launhardt et al. 2001; Verreaux’s sifaka,
P. verreauxi: Lawler 2007) partners or to evaluate the possi-
bility of transfer from their natal group (meerkats, S. suricatta:
Drewe et al. 2009). In bonobos, non-energetic benefits of as-
sociations may include extra-community paternities (but see

Ishizuka et al. 2018; Ishizuka et al. 2020), facilitation of the
transfer of young nulliparous females or even males to other
communities (Hohmann 2001; Sakamaki et al. 2015; Toda
et al. 2018), and maintenance of social bonds among females
of adjacent communities (Sakamaki et al. 2018). For instance,
copulation between members of different communities is
common during associations (Furuichi 2011; Lucchesi et al.
2020), and in previous research we have shown that commu-
nities are more likely to remain in association when the num-
ber of maximally tumescent females is high. However, the
rarity of extra-community paternities in bonobos suggests that
intercommunity copulations infrequently lead to the siring of
offspring outside an individual’s own social group (Ishizuka
et al. 2018, 2020). Socio-sexual behavior is a hallmark trait of
bonobos’ behavioral repertoire. Its function includes potential
social bonding (Brown 2005), reconciliation (Palagi et al.
2004), and tension regulation (Hohmann and Fruth 2000). It
is possible that similar mechanisms also apply across commu-
nities, for instance by helping females of different communi-
ties support each other against males (suggested in Sakamaki
et al. 2018 and Tokuyama et al. 2019). Research on the
affiliative interactions between members of different commu-
nities, as well as on the different involvement of individuals of
different sexes, may help elucidate which particular social
benefits associations can provide.

If obtaining social benefits is the main motive promoting
associations, a natural consequence is that the time individuals
need to dedicate to social interactions may increase. This
could potentially pose restriction to the time individuals can
allocate to foraging (Dunbar 1991; Lehmann et al. 2007),
which has been shown to be a factor posing a limit to the size
a group can grow before fissioning (Henzi et al. 1997).
However, socializing with members of the other community
did not seem to translate in reduced time allocated to feeding
in Kokolopori, where bonobos instead increased their forag-
ing time during associations. This increase in feeding time
suggests that bonobos were not time constrained during asso-
ciations, likely because of high abundance of fruit resources in
these periods. It follows that associations can occur when
ecological conditions are favorable so that bonobos are not
energetically constrained and can dedicate time both to feed-
ing and to socializing with extra-community members.
Detailed quantification on the time allocated to—and the types
of—social interactions during associations, as well as studies
on individuals’ stress responses to extra-community members
(e.g., by analysis of cortisol variation patterns), may help eval-
uate the respective challenging role of the social and the eco-
logical environments during these events (LC et al. unpubl.
data).

Lastly, the UCP levels we measured in Kokolopori bono-
bos were generally higher for both sexes than those measured
in another bonobo population in LuiKotale (Surbeck et al.
2015; Nurmi et al. 2018), although they overlapped to some
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extent (individual UCP medians’ range for females:
LuiKotale = 1.49–3.30 ng/mg crea., Kokolopori = 2.97–
7.31 ng/mg crea.; individual UCP medians’ range for males:
LuiKotale = 0.98–2.80 ng/mg crea., Kokolopori = 1.54–
5.56 ng/mg crea.). This difference in UCP levels between
the two populations may be due to factors other than resource
availability, such as different levels of competition with other
frugivorous species at the two sites. Nevertheless, this differ-
ence in UCP levels between Kokolopori and LuiKotale sug-
gests that environmental variability may have repercussions
on the level of competition different populations face, which
in turn affects the frequency and typology of encounters
among adjacent communities. For instance, intercommunity
encounters in LuiKotale are generally rarer and shorter than in
Kokolopori (Fruth and Hohmann 2018), which may be linked
to higher degrees of feeding competition in LuiKotale.
Exploring the behavioral flexibility of bonobos by broadening
research to additional wild populations with comparable data
collection and analysis protocols will help to better understand
how intergroup dynamics are rooted in particular characteris-
tics of the habitat. This understanding may illuminate how
environmental factors can promote behavioral diversity and,
by doing so, contribute to shape intercommunity behavior.

Tolerance among groups is a necessary first step in the
formation of complex multilevel societies, where social tiers
are nested within each other (Rubenstein and Hack 2004;
Wittemyer et al. 2005; Grueter et al. 2012; Snyder-Mackler
et al. 2012). Similar to what is observed in most multilevel
societies, favorable ecological conditions appear to be a cen-
tral factor in allowing bonobo communities to come together
(Sakamaki et al. 2018; Lucchesi et al. 2020) and the duration
of associations likely depends on the social advantages indi-
viduals obtain from associating with extra-community mem-
bers. However, whether a hierarchical organization above the
community level exists in bonobos, or the social system of the
species is a highly modular organization without strictly de-
fined social tiers, is still unclear. Either way, advancing our
knowledge on the motives and strategies social groups of bo-
nobos adopt to maintain tolerant relationships with each other
is a central contribution in understanding the mechanisms
through which social networks can extend beyond and across
groups in social-living species.
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