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Abstract

Conspecific animal groups often compete for access to fitness-enhancing resources.
The more valuable the resource at stake is, the greater the costs groups can afford to
outcompete their neighbours, leading to between-group conflicts. We investigated what
factors affected intergroup encounter outcome (win, loss, or draw) and intensity (level
of aggression and duration) in wild, crested macaques (Macaca nigra). We collected
data on 158 dyadic intergroup encounters among three groups of crested macaques in
Tangoko Nature Reserve (Indonesia) between November 2015 and July 2016. Intergroup
encounters were more likely to have a clear winner the larger the group size difference
was between the opposing groups and when both groups rarely used the intergroup
encounter location. Groups tended to win in specific parts of their home range, regardless
of the numerical advantage, the frequency of use of the intergroup encounter location
and its distance to the closest core area. Most encounters involved aggression, but contact
aggression was rare. None of our candidate predictors helped to explain the differences
in intergroup encounter escalation. Male intergroup aggression was more common
than female intergroup aggression. The probability of female and male participation in
intergroup aggression increased with the participation of the other sex. Males chased and
attacked females in their group (i.e., herded them) in most encounters. Our study suggests
that intragroup sexual conflict occurs during intergroup encounters in crested macaques.
More detailed and longer studies on intergroup participation may help to understand the
factors behind crested macaque intergroup encounter outcome and intensity.
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Introduction

Conspecific animal groups often compete for limited resources, such as food
(Brown & Crofoot, 2013; Harris, 2006; Williams et al., 2004), mates (Cooper
et al., 2004; Fashing, 2001), shelter (Markham et al., 2016; Strong et al.,
2018), or water (Markham et al., 2012). During intergroup encounters (IGEs),
competition for key resources can lead to intergroup conflicts, in which members
of the opposing groups behave aggressively towards one another. The outcome
and escalation of IGEs have successfully been modelled by using dyadic conflict
theory (Cassidy et al., 2015; Crofoot et al., 2008; Green et al., 2021; Koch et al.,
2016a; Radford & Du Plessis, 2004; Roth & Cords, 2016). Dyadic conflict
theory predicts that the outcome and intensity of conflicts reflect asymmetries in
resource holding potential (RHP) and resource value between opponents (Kokko,
2013). RHP is the fighting capacity of an individual/group and influences its
ability to acquire or retain access to resources (Green et al., 2021; Parker, 1974).
The number of group members (i.e., group size) often is used as a proxy for a
group’s maximum RHP (Cassidy et al., 2015; Crofoot et al., 2008; Furrer et al.,
2011; Green et al., 2021; Radford & Du Plessis, 2004). Bigger groups tend to
displace and win IGEs against smaller groups (Majolo et al., 2020). Suppose
opposing groups differ in size, but other factors are equal (e.g., the fighting
ability of the two groups). In that case, the smallest group is expected to retreat
quickly, leading to short encounters with minimal or no aggression (Roth &
Cords, 2016). In contrast, aggressive escalation is expected when group sizes are
similar between opponents, especially if resources at stake are valuable (Kokko,
2013; Roth & Cords, 2016; Smith & Parker, 1976). Nevertheless, if numerical
imbalances between groups are extreme, such as when an isolated individual faces
multiple attackers, aggression can also escalate and even be lethal (Gros-Louis
et al., 2003; Martinez—iﬁigo et al., 2021; Rosenbaum et al., 2016; Wilson et al.,
2014; Wrangham, 1999). Thus, numerical imbalance and aggressive escalation in
intergroup conflicts may follow a U-shaped relationship.

Resource value (RV) is the worth of the contested resource as perceived by the
contesting groups (Kokko, 2013). Food resources are often patchily distributed
across groups’ home ranges (Brown, 2013), and food-rich areas are visited more fre-
quently (Di Bitetti, 2001; Harris, 2006; Seiler et al., 2017). Consequently, models of
IGE outcome and intensity have employed the frequency of use of an IGE location
(e.g., frequency of occupation) (Roth & Cords, 2016; Strong et al., 2018), its dis-
tance to the edge (Roth & Cords, 2016), or to the centre of the home range of each
group (Crofoot et al., 2008) as a proxy of the RV for that location and group. Groups
may assign greater value to the centre of their home range and thus spend more time
there than in peripheral areas if the home range centre has higher resource density
and/or have resources (e.g., shelter) that are not found anywhere else in the home
range (Crofoot et al., 2008; Giraldeau & Ydenberg, 1987). For these reasons, when
RHP is similar between contesting groups, the group using the IGE area more often
(Roth & Cords, 2016; Strong et al., 2018) or which is closer to its home range centre
(Crofoot et al., 2008; Koch et al., 2016a) tends to win.
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Models of IGE outcome and intensity accounting for group size and location (i.e.,
group size-location models) can be highly explanatory for species where within-
group individual interests are similar, such as in one-male-multi-female groups
(e.g., blue monkeys (Cercopithecus mitis stuhlmanni) (Cords, 2007; Roth & Cords,
2016)). However, in multi-male-multi-female groups, females and males may fol-
low different strategies during IGEs (Johnstone et al., 2020; Kitchen & Beehner,
2007; Kitchen et al., 2004; Wilson et al., 2012). Then, group size-location models
might explain a small variance of IGE outcome and intensity. In mammals, the most
frequent limiting factor for reproduction is access to food for females and mates
for males (Trivers, 1972). Therefore, male participation in intergroup conflicts
reflects the need to defend access to mates, whereas female participation is linked
to the defence of food resources (Fashing, 2001; Kitchen & Beehner, 2007; Nunn &
Deaner, 2004).

Female active participation in intergroup conflict is expected whenever the poten-
tial fitness benefits of winning an IGE, derived from retaining or gaining access to
food resources, are greater than the potential costs (Arseneau-Robar et al., 2017,
Cheney & Seyfarth, 1987; Cooper et al., 2004). In this case, the number of adult
females and an IGE location-value measure could function as proxies for RHP and
RV, respectively. The more valuable the food resource, the more motivation females
may have to defend it (Arseneau-Robar et al., 2017; Cheney & Seyfarth, 1987).
However, female participation costs may depend on their reproductive status. First,
females carrying infants risk losing reproductive investment if their offspring are
injured or killed during an intergroup conflict. Thus, females with infants may avoid
engaging in IGEs (Arseneau-Robar et al., 2017; Cheney & Seyfarth, 1987; Koch
et al., 2016b, but see Lewis et al., 2020), which would reduce the realised RHP of
the group (i.e., the actual number of participants). Second, males may attack females
from their group to prevent outgroup mating. Such herding behaviour is often
directed towards sexually receptive females (Henzi et al., 1998; Kitchen & Beeh-
ner, 2007), although indiscriminate female herding also is observed (Brown, 2013;
Zhao, 1997, personal observation). Herding increases female participation costs due
to larger energy expenditure, potential injuries, and stress (Palombit, 2014). Thus,
the proportion of sexually receptive females might decrease the realised RHP. More-
over, the herding effort may vary according to a group’s sex ratio. The relationship
between herding and sex ratio is understudied. However, savannah baboons (Papio
cynocephalus) are more likely to herd females if there is a female-biased sex ratio
in their troop (Henzi et al., 1998). When the number of females per male is low,
within-group male competition for females might be so high that many males may
not profit from herding since they will unlikely mate within their group. Yet, the
number of herders may increase when the number of females is high enough for sev-
eral males to mate. Nevertheless, if female bias is extreme, herding efforts become
ineffective, and males are expected to refrain from doing it. Thus, we might expect
an inverted U relationship between the sex ratio (females:male) and herding and,
consequently, a U-shaped relationship between the sex ratio and realised RHP.

Two strategies may modulate male participation in intergroup conflicts: direct
mate access defence and indirect mate access defence. Males may directly defend
access to females through intergroup aggression (i.e., hired guns (Rubenstein,
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1986)) and intragroup sexual coercion (i.e., herding). Males also may indirectly
defend access to females by defending resources, which would improve female
reproductive success and, potentially, mating opportunities (Fashing, 2001; Har-
ris, 2006; Williams et al., 2004). The maximum male RHP can be measured by the
number of adult males in the group for these strategies. If males directly defend
access to females, they should participate more actively when the proportion of
sexually receptive females in their group is greater, and the sex ratio is more biased
toward females (Henzi et al., 1998; Kitchen & Beehner, 2007; Kitchen et al., 2004).
These two parameters can be used as proxies for RV. If males defend access to
mates indirectly, they will participate according to resources useful for ingroup
females (Kitchen & Beehner, 2007; Scarry, 2017). Thus, an IGE location-value
measure would function as RV. In either case, the number of infants within a group
may promote male participation. Males may defend infants, because they might be
the father when promiscuity is high (Lewis et al., 2020; Van Belle et al., 2014), but
also because they may use infants as social tools to improve within-group relation-
ships (Henkel et al., 2010; Kerhoas et al., 2016).

Crested macaques live in large multi-male-multi-female groups, often ranging
from 60 to 80 individuals (Supriatna & Andayani, 2008). There often are two to
five females per male (Martl’nez—iﬁigo, 2018; O’Brien & Kinnaird, 1997; Waterman,
2021), with an average of 0.06 sexually receptive females to receptive male (Higham
et al., 2021). Males are twice as heavy as females and possess large canines (Thorén
et al., 2006). Females are philopatric and socially tolerant (Duboscq et al., 2013),
which are features associated with intragroup cooperation to defend food resources
in intergroup conflicts (Sterck et al., 1997). Such cooperation can lead to gang
attacks and the killing of females from other groups (Martinez—iﬁigo et al., 2021).
Females exhibit a cyclic swelling of their perianal skin that indicates ovulation tim-
ing reliably (Higham et al., 2012). Reproduction is year-round and male mating,
and reproductive success are highly biased toward alpha males (Engelhardt et al.,
2017; Higham et al., 2021). Males usually take over alpha-male positions from
other groups (Marty et al., 2017). Neighbouring groups have overlapping home
ranges (Fig. 1), where exclusive areas are rare. For example, between October 2015
and June 2016, only one of three study groups had an exclusive area in their home
range, representing 27.72% of it (Rismayanti et al., this issue). Neighbouring groups
encounter each other frequently (0.18-1.67 encounters/day (Kinnaird & O’Brien,
2000; Martl’nez—fﬁigo et al., 2021)), mainly when defensible food resource patchi-
ness is higher (Kinnaird & O’Brien, 2000).

In the present study, our first goal was to test the relative importance of reproduc-
tive strategies and group size and IGE location value in predicting IGE outcome and
intensity (Table I) in free-ranging, crested macaques (Macaca nigra). Our second
goal was to test what factors (Table II) best predict female and male participation in
intergroup aggression in our model species.

The social tolerance of female, crested macaques, their involvement in severe inter-
group aggression, and the increment in intergroup frequency when the patchiness of
food resources increases suggest that female crested macaques may defend access to
food resources against neighbouring groups (Duboscq et al., 2013; Mam’nez—iﬁigo etal,
2021; Sterck et al., 1997). However, given the high between-male mating competition in
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the species and its sexual dimorphism, we hypothesized that males would defend mating
opportunities through intergroup and intragroup aggression, limiting female participa-
tion in intergroup conflicts (Engelhardt et al., 2017; Henzi et al., 1998; Higham et al.,
2021; Kitchen & Beehner, 2007; Marty et al., 2017). As such, we hypothesized that there
would be a conflict of interests between males and females during intergroup encounters,
leading to the low predictive power of models assuming homogeneous group interest.
Thus, we predicted models representing male mate access defence would have more
explanatory power than models focused on group size-location and female food defence.
Moreover, we hypothesised predictors related to male direct mate-access defence would
have more explanatory power than those associated with male indirect mate-access
defence (Table I). We hypothesized that the probability of female and male intergroup
aggression would depend on their reproductive strategies and potential costs (Table II).
We hypothesized that the male direct mate access defence model would be more explan-
atory of male intergroup aggression than the male indirect mate access defence model.

Methods
Study Population

We collected data at Tangkoko-Batuangus Nature Reserve (1°33’N, 125°10’E, 0~100 m
above sea level, North Sulawesi, Indonesia). The eastern part of the study area encom-
passes mostly primary forest, defined as undisturbed habitat abundant in trees of the fami-
lies Anacardiaceae (e.g., Koordersiodedron pinnatum and Dracontomelon dao), Sapota-
ceae (e.g., Palaguium obovatum), Annonaceae (e.g., Cananga odorata), and Lamiaceae
(e.g., Vitex quinata) (Nangoy et al., 2021). In the western part of the field site, secondary
forests predominate, comprising regrown forest in disturbed habitat where trees of the
families Moraceae (e.g., Ficus sp.) and Combretaceae (e.g., Terminalia catappa) domi-
nate (Nangoy et al., 2021). The landscape is completed by regenerating gardens, and heav-
ily disturbed areas (O’Brien & Kinnaird, 1997; Nailufar et al., 2015). Fruiting is continu-
ous (Kinnaird and O’Brien, 2000), although the available fruit biomass varies between
months and years (Kinnaird and O’Brien, 1999). The temperature ranged between 24 to
28 °C (MNP, unpublished data). Rainfall is heavier between October and May, reaching
an annual range between 1,410 and 2,352 mm (Kerhoas et al., 2014).

We collected data for a long-term project, the Macaca Nigra Project (MNP, https://
www.macaca-nigra.org/). During the study, four researchers, including LMI and R,
collected data on intergroup encounters. We observed three neighbouring groups of
habituated crested macaques with overlapping home ranges (Fig. 1): PBI, R1, and
R2. We monitored PB1 and R1 4-5 and 3—4 times per week between November 2015
and July 2016. We followed PB1 for 189 days and R1 for 153 days. We observed R2
2-3 days/week between April and July 2016 for 30 days. We followed the groups from
when they came down from their sleeping trees in the morning until they settled in
their sleeping trees at night (ca.12 h/day). We recorded the data using tablets (Odys
Wintabs 10, AXDIA International GmbH and Acer One 10, Acer Inc.) and Ptab (3.0
for Windows, Z4Soft) software.
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On each observation day, our intergroup-encounter team and the other MNP
researchers recorded the number of adults in the group, the state of the sexual swelling
of the adult females, and the number of infants. We considered females as adults once
they gave birth for the first time. We regarded males as adults once their canines had
fully erupted and their testes had descended. We classified macaques younger than
one-year-old as infants. We judged females to be sexually receptive if their sexual
skin was inflating or maximally tumescent (Higham et al., 2012). Throughout the
manuscript, we refer specifically to adult individuals when we write about females
and males without specifying age class. Sometimes, when two study groups
encountered, there were observers from the intergroup-encounter team following
one of the encountering groups but not the other group. However, in most cases, the
group without intergroup-encounter team observers was being followed by other MNP
researchers. In such cases, we used the data of those MNP researchers to complete the
number of adults, infants, and sexually receptive females for the group which we (i.e.,
the intergroup-encounter team) were not following. We also completed our tracklog
dataset with those collected by the rest of the MNP researchers.

Intergroup Encounters

We defined IGEs as events in which two fully habituated groups were in proximity
(<100 m) (Brown, 2011; Fashing, 2001). We recorded the start of an encounter as
soon as individuals of different groups were within 100 m or as soon as we detected a
closer proximity. IGEs ended once groups moved> 100 m apart for at least one hour
(Lawes & Henzit, 1995). At times, one to two subadult or adult males of one group
continued following the other group after the rest of their original group had moved
away > 100 m. We also considered IGEs to have ended then, because we considered
these as attempted migrations rather than intergroup encounters (Marty et al., 2017).

For each encounter, we recorded start and end times, start location (using Garmin
GPSMAP 64 and 62 Handheld Navigator, Garmin Ltd., US), the maximum level of
aggression reached in the encounter (no aggression, noncontact aggression, or contact
aggression), and whether there was male and female participation in intergroup aggression
and within-group herding. We recorded these categorical data regardless of whether
aggression was uni-or bi-directional (e.g., in an IGE categorised as involving “contact
aggression,” such aggression could be displayed by one of the two opposing groups or
both groups). We recorded “contact aggression” when we observed biting, slapping,
pushing, hitting and/or pulling between two or more individuals of different groups. We
recorded a “‘non-contact’” aggression level when we observed charges and chases between
any two or more individuals of different groups but no contact aggression.

We considered a group to be the winner of an encounter if it stayed in the encounter
area and the other group moved away>100 m. If both groups travelled after the
encounter, the group that maintained the travelling direction they had before the
encounter was considered the winner (i.e., the angle formed between the direction of
the travelling route 10 min before and 10 min after the encounter differed by less than
10°). If both groups retreated or followed the same direction they travelled to before
encountering each other, we deemed the encounter to end in a draw (i.e., undecided).
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Home Range Use

We recorded the travelling routes of the macaque groups between October 2015 and
July 2016 as tracklogs using handheld GPS Garmin (GPSMAP 64 and 62 Handheld
Navigator, Garmin Ltd., US), collecting, on average, 1 location every 70 s. We used
tracklogs to calculate each group’s home ranges and core areas 30 days before each
IGE. We chose 30 days because monthly home ranges are reliable predictors of IGE
outcomes in other species (Koch et al., 2016a; Roth & Cords, 2016). In addition,
crested macaques are highly frugivorous (O’Brien & Kinnaird, 1997), and monthly
home ranges better reflect the turnover of fruit resources and their use than larger
time scales. We calculated the home range employing Brownian Bridge Movement
Models (BBMM, Bullard, 1998) (R1=222 tracklogs (299,182 points); R2=201
tracklogs (221,924 points); PB1 =247 tracklogs (303,167 points),~11.9 h/track).
BBMMs calculate the most likely route between each consecutive pair of reloca-
tions, considering the time lag between them. By doing so, BBMMs estimate the
relative time spent in an area during the time interval between relocations (Horne
et al., 2007). BBMMs calculate the utilisation distribution, which is the probability
of finding the study group in a particular area. Thus, the method provides a measure
of the intensity of use of each location within the home range.

We calculated the BBMMs in R 4.2.2 (R Core Team, 2022) using the brownian.
bridge function from the BBMM v.3.0 R package (Nielson et al., 2013) (Online Resou
rce 1). We set the location error to 15 m, which gives a 95% accuracy (Garmin Ltd,
2017). We set the cell size to 190 m, the smallest size that was coarse enough to
account for differences between observers in the recording of the starting location
of an encounter. We allowed a maximum time lag of 15 min between consecutive
locations. We used the rasterFromXYZ function from the raster v.3.6-14 R package
(Hijmans, 2023) to write the calculated home ranges into a raster format. Then, we
used the extract function to extract the intensity of using the IGE starting location.
We extracted one value for each group involved in the IGE, using the home range
calculated with the tracklogs collected for each group in the 30 days before the IGE.
We also extracted the distance between the IGE location and the edge of the closest
core area calculated with the tracklogs of the 30 days before the IGE. Core areas were
areas where the probability of finding the focal group was 50% in the corresponding
BBMM (Koch et al., 2016a; Scarry, 2012). We created the 50% isopleth of each
corresponding BBMM with the bbmm function. We used the contour function of
the BBMM package to extract the contour from the raster with the rasterToContour
function of the same package. Then, we calculated the distance between the IGE
starting location and the edge of the closest core area using the st_distance function
of the sf v.1.0.9 R package (Pebesma, 2018) (Online Resource 1).

Statistical Analysis
We ran a series of binomial generalised linear mixed models (GLMM) in R 4.2.2

(R Core Team, 2022) to investigate the factors affecting IGE outcome (two mod-
els: decided vs. undecided; win vs. loss), IGE intensity (two models: no aggression
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vs. aggression; noncontact aggression vs. contact-aggression), female participation
(presence vs. absence of female intergroup aggression) and male participation (pres-
ence vs. absence of male intergroup aggression). We used LMM to investigate the
factors affecting IGE duration. IGE duration was log-transformed to correct skew-
ness. We used the glmmTMB function of the package glmmTMB v.1.1.5. (Brooks
et al., 2017). We set the family to binomial (link="logit") for the binomial models
and to gaussian for the linear model.

In the models for outcome and intensity of IGE, we aimed to express test variables
(Table I) with two fixed effects each: as differences between groups (e.g., number of
adults in group 1 — number of adults in group 2) and percentages of relative differ-
ences (e.g., [(number of adults in group 1 — number of adults in group 2)/[( number
of adults in group 1+ number of adults in group 2)]/2]*100). We used absolute values
of the differences between groups (i.e., the number without the sign) in all analyses
except winning probability. We expected the winning probability to depend on the
sign of the difference between groups and the magnitude of the difference (e.g., the
group with the bigger size wins; Majolo et al., 2020). Accordingly, we used real val-
ues (i.e., indicating whether the difference was positive or negative) for winner-loser
analyses. We randomly assigned an analytical focal group per dyad, which we used
as such for all the encounters of that dyad, as in Roth and Cords (2016). By analytical
focal, we mean the group we chose to take as a reference to subtract the values from
the other group. For example, if group A had 15 adults and group B had 20 adults,
taking group A as the analytical focal, we would obtain—5 as the real value of the dif-
ference between groups. If, instead, we took B as the analytical focal, the real value of
the difference would be 5. In both cases, the absolute value of the difference would be
5 and the percentage of the relative difference would be 28.57%.

Whenever there was a correlation greater than 0.85 between the two fixed fac-
tors for the same variable in a model (i.e., the difference between groups and the
percentage of the relative difference between groups), we excluded the percentage
of the relative difference to avoid multicollinearity.

Whenever we encountered convergence issues during the model fitting process,
we re-fitted the model with all the independent variables centred (i.e. we subtracted
the mean and divided it by the standard deviation of the variable) and included only
that last version in the model selection process (i.e., the model with the centred vari-
ables). We included the number of observers (range, 1-4) as a control fixed effect for
all models and log-transformed IGE duration as an offset in all binomial models. In
addition, we included the total number of females in the encounter as a control fixed
effect in the model exploring female participation of intergroup aggression (Table II).
We included the total number of males in the encounter as a control fixed effect in the
models exploring male participation of intergroup aggression (Table II).

We included dyad as a random factor with random intercepts to account for varia-
tion between dyads in all models. The random factor often caused a singular fit since
it tended to have zero variance. As such, it could have been eliminated since it had
no mathematical effect on the significance of fixed factors (Pasch et al., 2013). We
kept it to maintain the repeated-measure structure of the models.

We assessed collinearity by calculating the generalised variance-inflation
factors (vif) with the function vif of the R package car v.3.1.1. (Fox & Weisberg,
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2019). We accepted values lower than 4 as indicating a non-problematic level of
collinearity (Zuur et al., 2009). We used the functions in the DHARMa v.0.4.6 R
package (Hartig, 2022) for post-model-fitting diagnostics, including the Moran’s I
test for distance-based autocorrelation and the Durbin-Watson test for time-based
autocorrelation. The only models showing signs of spatial autocorrelation were the
female and male-based models exploring the probability of winning an encounter.
Consequently, we re-fitted these models, including the autoregressive order-1
(arl) variance—covariance matrix. AR1 assumes that the correlation between two
observations decreases exponentially as the distance between them increases. We
used these last versions in the model comparison and discarded the female and male
models without the arl variance—covariance matrix. We did not interpret the results
of the control fixed effects.

We produced model selection tables with the aictab function from AICcmodavg
v.2.3.1 package (Mazerolle, 2020), which included corrected Akaike Information Crite-
ria (AICc) (Hurvich & Tsai, 1989). AICc is recommended to evaluate GLMMs run with
small sample sizes (i.e., n/k <40; n=sample size, k=number of fitted parameters in the
most complex model) (Symonds & Moussalli, 2011). The smaller the AICc, the better
the model fits the data. We also used evidence ratios between models to evaluate their
suitability. Additionally, we calculated the marginal R> GLMM, the variance explained
by fixed factors (Nakagawa & Schielzeth, 2013), and the conditional R? GLMM, the vari-
ance explained by both fixed and random factors (Nakagawa & Schielzeth, 2013), with
the 7.squaredGLMM function of MuMIn v.1.47.1 R package (Barton, 2022).

We created a control model for each response variable to test the effectiveness of
the test fixed effects in explaining the response variables. The control models con-
tained the control fixed factor(s), the random factor, the offset, and, when needed,
the variance—covariance matrix specification to control for spatial autocorrelation.

The sample sizes of the binary GLMM are in Table III. For the LMM investigat-
ing the factors influencing IGE duration, we included 117 encounters (PB1-R1: 76
(168 +241 min); PB1-R2:1 (31 min), R1-R2: 40 (129 4+ 150 min)). The descriptive sta-
tistics of the test fixed effects per dyad are available in Table S1 (Online Resource 4).

Ethical Note The project underwent an ethical review at the University of Lincoln
(UK) before the onset of the data collection. The research was conducted in
accordance with the Animal Behaviour Society’s guidelines for the treatment of
animals in behavioural research and teaching and code of best practices for field
primatology (IPS and ASP 2014). The project adhered to all relevant regulations of
Indonesia and the United Kingdom. Permission to conduct the study in the Tangkoko
Nature Reserve was granted by the Indonesian State Ministry of Research and
Technology (RISTEK, permit 229/FRP/SM/VIII/2015), the Directorate General of
Forest Protection and Nature Conservation (Direktorat Jenderal Perlindungan Hutan
dan Konservasi Alam, PHKA) in Jakarta and the Department for the Conservation
of Natural Resources (Balai Konservasi Sumber Daya Alam, BKSDA) in Manado.
We collected the data for this manuscript as a part of a larger project to investigate
intergroup interactions in crested macaques. Consequently, some data presented in
this manuscript have been used elsewhere (Martinez—iﬁigo, 2018; Martinez—iﬁigo
et al., 2021; Rismayanti et al., this issue).
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Table Ill Number of intergroup encounters (sample size) included in each binary model by level and
dyad recorded between November 2015 and July 2016 in three habituated groups of crested macaques
(Macaca nigra) living at the Macaca Nigra Project field site in Tangkoko Reserve, North Sulawesi, Indo-
nesia

Probability of: Level Dyad
PB1-R1 R1-R2 PB1-R2
Decided IGE Yes 60 34 0
No 16 6 1
Winning! PB1 wins 23 N/A 0
R1 wins 37 10 N/A
R2 wins N/A 24 0
Aggressive IGE Yes 63 35 12
No 13 5 0
Contact aggression Yes 19 12 0
No 42 23 1
Female intergroup aggression Yes 31 19 0
No 28 12 0
Male intergroup aggression Yes 44 25 0
No 15 6 0

I'The response variable was binary, indicating whether the analytical focal group won or not. We repre-
sented it here as which of the two groups won to facilitate understanding. *In this encounter intergroup
aggression was carried out exclusively by subadults males, reason why there is no (adult) female and
(adult) male aggression for this encounter in the corresponding columns

Data Availability The code for the BBMM calculation (Online Resource 1), the
models (Online Resource 2), data (Online Resource 3), and supplementary tables
(Online Resource 4) are available in Figshare.

Results

We recorded 158 dyadic encounters between the three study groups over 9 months.
Most encounters were decided (80%) and aggressive (76% of IGEs with either
non-contact or contact aggression). We observed contact aggression in 27% of
encounters. We observed male intergroup aggression in 68% of encounters, and
we recorded female intergroup aggression in 46%. We observed male intragroup
aggression against females (i.e., herding) in 65% of encounters.

Draws

The best-fitting model was the group size-location model (Table S2 in Online
Resource 4). The chances of decided encounter increased the more different the
groups were in both the number of adults and relative intensity of use of IGE
location (Fig. 2). The other test fixed effects were not statistically significant
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Fig.2 Predicted probability of decided encounter as a function of (a) the absolute between-group dif-
ference in the number of adults and (b) the relative difference in the intensity of use of the IGE starting
location (Group size-location model in Tables S2 and S3 in Online Resource 4); N=117. Data points
represent encounters between three habituated groups of crested macaques (Macaca nigra) living at the
Macaca Nigra Project field site in Tangkoko Reserve, North Sulawesi, Indonesia. The encounters took place
between November 2015 and July 2016. We jittered the data points to prevent overplotting. We centred the
data (i.e., subtracted the mean and divided it by the standard deviation) to attain model convergence.

(Table S2 in Online Resource 4). The best-fitting model differed significantly
from the control model (N=117, degree of freedom [df]=35, X2= 18.39,
p=0.01); it was separated from the next best-fitting model, the male strategies
model, by a 4.68 evidence ratio and had a conditional AR%g;\p of 0.26
(Table S3 in Online Resource 4).

Win-Loss

The best-fitting model was the control model accounting for spatial autocorrelation
(Tables S4 and S5 in Online Resource 4). It was separated from the next best-fitting
model by a 252.52 evidence ratio. We could not calculate the AR?; yq; due to the
variance—covariance matrix in the model.

Presence of Aggression
The best-fitting model was the control model (Tables S6 and S7 in Online Resource 4).
According to the evidence ratio, it was 13.39 times more likely than the next best-fitting

model. The fixed and random effects of the best-fitting model explained almost no variance
(the conditional AR’ g Was 0.02).

Contact Aggression

The best-fitting model was the control model (Tables S8 and S9 in Online Resource 4).
According to the evidence ratio, it was 20.26 times more likely than the next best-fitting
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model, and its fixed and random effects explained almost no variance (conditional
AR’y =4%107.

IGE Duration

The best-fitting model was the control model (Tables S10 and S11 in Online Resource
4). It was 72.29 times more likely than the next best-fitting model, and its predictors
contribute to explaining 15% of the variance (conditional AR,y =0.15).

Female and Male Aggression During IGEs

The best-fitting model for female aggression was the control model, which was 69.22 times
more likely than the model with test fixed effects. Its effects explained 9% of the variance
(conditional AR?G;\p=0.09) (Tables S12 and SI3 in Online Resource 4). The model
with test fixed effects was not significantly different from the control model (N=90, df=9,
X2= 13.84, P=0.13). The addition of the test fixed effects explained 34% of the variance
(conditional AR?; \p=0.34). The only statistically significant test fixed effect was male
participation in intergroup aggression (N=90, df=1, X2=8.11, P<0.01). Females were
more likely to participate in intergroup aggression when males did.

The best-fitting model for male aggression was the control model, but the evidence
ratio that separated it from the direct mate-access defence model was 1.69 and AAICc
of 1.05 (Tables S14 and S15 in Online Resource 4). Consequently, both fitted the data
similarly well (N=90, df=4, X2=8.26, P=0.08) (Symonds & Moussalli, 2011). In
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Fig.3 Predicted probability of male participation in intergroup aggression as a function of female par-
ticipation in intergroup aggression. Data points represent encounters between three habituated groups
of crested macaques (Macaca nigra) living at the Macaca Nigra Project field site in Tangkoko Reserve,
North Sulawesi, Indonesia. The encounters took place between November 2015 and July 2016. We jit-
tered the data points to avoid overplotting.
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contrast, the indirect mate-access defence model was 21.17 less likely than the control
model. The predictors within the control model explained almost no variance (condi-
tional AR?’GLMM =4*10"), whereas the direct mate-access defence model explained
a 13% (conditional AR?’GLMM =0.13). Such a model only had one statistically sig-
nificant test fixed effect, female participation in intergroup aggression (N=90, df=1,
X2=5.54, P=0.02; Fig. 3). Males were more likely to participate in intergroup aggres-
sion when females did.

Discussion

Intergroup encounters in crested macaques typically ended with a clear winner and
were aggressive, although contact aggression was not frequent. Both sexes engaged
in intergroup aggression, but males were more likely to do so. We observed herd-
ing in most encounters. Draws were more likely when encountering groups were
more similar in size. When groups encountered in an area infrequently used by both
of them, a draw was less likely, although still highly probable. The likelihood of
winning an intergroup encounter was dependent on the encounter location. No test
model predicted encounter intensity better than the control models, and all explained
minimal variance. Female and male intergroup aggression were more likely when
the other sex was aggressive.

We anticipated that models depicting male reproductive strategies would be supe-
rior to group size-location models and female food defence models in predicting
the outcome and intensity of intergroup encounters. Specifically, we hypothesised
that within the male reproductive strategies models, factors related to direct mate
defence, such as the number of females per male and the number of sexually recep-
tive females per male, would have greater explanatory power than those related to
indirect mate-access defence. However, our results showed that the control models,
which contained only the number of observers as a fixed effect and the IGE duration
as an offset, were the best among each set of models, except for the set examining
the probability of a decided encounter.

Despite lacking support for our hypotheses, we identified several intriguing pat-
terns in crested macaque intergroup encounters. For instance, we found that the
chances of a draw increased as the number of adults became more balanced, but
draws were still possible when numerical disparities were sizeable. Furthermore,
similarity in RHP was more important than RV in determining the chances of a
decided encounter. This is consistent with findings in blue monkeys, where similar
numerical odds lead to greater chances of an intergroup draw, but location-based
payoffs have little effect (Roth & Cords, 2016). Similarly, in savannah baboons
(Papio cynocephalus ursinus), draws are more likely when the number of males is
similar across groups (Kitchen et al., 2004).

Maximum RHP was a poor predictor of who won an encounter, regardless of
whether the proxy accounted for the number of adults, females, or males. R1 consist-
ently had maximum RHP advantage in all three measurements and still frequently
lost encounters against its smaller neighbours. In fact, R2 won against R1 more
often than the other way around. Such lack of power of the imbalance in group size
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to predict encounter winner contrasts with findings in most primates (Majolo et al.,
2020). Smaller groups may win over larger groups when encounters occur in areas
highly valued by the smaller group (Crofoot et al., 2008; Koch et al., 2016a; Strong
et al., 2018). In our study, location played a role in explaining the pattern of winners
and losers. However, outcome spatial association was poorly related to the intensity
of use of the IGE starting location and its distance to the closest core area, contrast-
ing with our expectations and other studies (Gareta-Garcfa et al., 2022; Koch et al.,
2016a). Instead, the spatial distribution of intergroup encounter outcomes (Fig. 4)
suggests that the home range centre, a potential measure for residence effect, might
be a better predictor of the winner. The group closer to its home range center might
have higher chances of winning.

Contrary to what other studies found (Cooper et al., 2004; Harris, 2005; Kitchen
et al.,, 2004; Roth & Cords, 2016; Scarry, 2012), we observed that escalation
in crested macaque intergroup encounters occurred even when maximum RHP
symmetry was absent and regardless of differences in RV. All encounters that lasted
more than 87 min were aggressive. All encounters over 306 min involved male IGE
aggression, and females engaged in intergroup aggression in all IGEs over 381 min.
Probability of contact aggression, however, seemed to be little affected by IGE
duration. Conflict theory predicts that larger differences in RHP should lead to shorter
conflicts (Riechert, 1998). For example, in blue monkeys and green woodhoopoes
(Phoeniculus purpureus), encounters tend to be longer when groups are more similar
in size (Radford & Du Plessis, 2004; Roth & Cords, 2016). While we observed such a
tendency in our models, the effect of group size had little explanatory power.

Our data revealed that noncontact aggression was a common feature of most intergroup
encounters, perhaps reflecting a general strategy of indiscriminate aggression designed
to achieve intergroup dominance and its associated fitness advantages (Cowlishaw, 1995;
Crofoot, 2007; Crofoot & Wrangham, 2010). Nevertheless, aggression also could be
present in most encounters because the resource of interest is omnipresent. In crested
macaques, reproductive success is highly skewed towards the alpha male (Higham et al.,
2021). Migrant males, rather than ingroup mates, usually displace alpha males (Marty
et al., 2017). The fact that intergroup aggression is common, independently of resource
distribution, the proportion of females, and their reproductive status, is consistent with
the use of intergroup encounters by males to assess their chances of taking over an alpha
position.

While our analysis did not provide conclusive evidence that male direct mate-
access defence influences the outcome and intensity of intergroup encounters in
crested macaques, our results suggest that males engage in intergroup aggression
more frequently when females also participate. This finding is consistent with
the hypothesis that male crested macaques use direct mate-access defence as a
strategy to prevent matings between ingroup females and outgroup males dur-
ing intergroup encounters. Our observations of herding behaviour during these
encounters further support this idea.

We believe that the lack of support for our hypotheses may be partially attributable
to the particularities of our sample. First, our sample did not contain situations where
maximum RHP was balanced. We predicted that a balanced maximum RHP would
lead to draws and escalation. Secondly, almost all encounters in our sample involved
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one group (R1) against one of its two habituated neighbours (PB1 and R2). Such a
limited number of dyads means that potential behavioural variability due to ecological
conditions may be underrepresented in our data.

The lack of support for our hypotheses may also stem from using response variables
that do not account accurately for the phenomena we aimed to measure. For instance, our
response variable for intergroup aggression was binary, indicating the absence or presence
of aggression. As a result, we may have faced a ceiling effect that prevented us from
gaining a deeper understanding of factors that increase intergroup encounter intensity.
For example, in a study on chacma baboons, Kitchen and colleagues (2004) found that
the presence of oestrous females increased the number of males who joined aggressive
displays and the duration of such displays. However, aggression was common in virtually
all encounters. If their analysis had been conducted accounting for the presence-absence
of aggression and contact aggression, the difference in intensity would have been
disregarded.

Finally, missing or imprecise predictors might be involved in the lack of support
for our hypotheses. For example, whereas the proportion of infants and sexually
receptive females may have an effect on male participation in intergroup aggression,
this is likely to be mediated by their rank, which in crested macaques is a strong
predictor of mating success and paternity (Higham et al., 2021). Thus, more infants
and sexually receptive females may increase the participation of males likely to
benefit from protecting them, but not in others. Also, whereas infant carrying often
decreases female participation in intergroup aggression (Arseneau-Robar et al.,
2017; Cheney & Seyfarth, 1987; Koch et al., 2016b), during the data collection,
we observed females going to the front line of intergroup encounters regularly the
days after giving birth, even if they were not often seen there previously, resembling
patterns seen in Verreaux’s sifaka (Propithecus verreauxi) (Lewis et al., 2020).
Moreover, males often concentrate their herding efforts on cycling females (Henzi
et al.,, 1998; Kitchen & Beehner, 2007). However, we observed males herding
females with infants and even forming coalitions to attack them and drive them
away from the front lines. Such indiscriminate aggression against females could
be part of a sexual intimidation strategy by males (Baniel et al., 2017; Smit et al.,
2022). Moreover, some infant deaths might be a byproduct of males herding females
carrying infants, which could contribute to the high infant mortality in crested
macaques (Kerhoas et al., 2014; Thierry, 2005).

Conclusions

Contrary to our predictions, factors related to male direct mate access defence did
not explain better IGE outcome and intensity in crested macaques compared to
models focused on group size-location and female food defence. Instead, draws
seemed to reflect symmetries in group sizes and relative intensity of the use of
intergroup encounter location. Groups tended to win in particular areas of their
home range independently of how often they used them or how far they were
from their core areas. Male and female participation was more likely when the
other sex was involved in intergroup aggression. Male direct mate access defence
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was evident through herding in most encounters. Our factors of interest did not
explain IGE intensity, which could be due to the binomial structure of the tests
(e.g., presence vs. absence of aggression) and the permanent presence of incen-
tives for intergroup aggression, such as the conflict between alpha males and
aspirant immigrant males. Most of our models explained a low percentage of
variance, which indicates that factors we did not consider might play a prominent
role in determining IGE outcome and intensity in crested macaques. Such a situ-
ation might have arisen if individuals differ in their interests and thus threshold
RV triggering participation, leading to group and sex-wise maximum RHP to be
weakly correlated to realised RHP. Future studies should consider the number
of active participants and explore alternative measurements of RV. Research on
individual participation could serve as an orientation for which factors might be
more relevant.
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