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Abstract

Males may increase their fitness by providing care to offspring or to unrelated
infants of female “friends” to maximise future mating. The potential for paternal
care depends on paternity certainty, particularly in multi-male, multi-female groups
with polygynandrous mating. In crested macaques (Macaca nigra), there seems to
be high potential for paternity certainty and need for paternal protection. However,
male-mother affiliation (or “friendships”), not paternity, predicts male-infant affilia-
tion, questioning whether males can identify their offspring reliably. Using a Bayes-
ian approach, we investigated male responses to infant screams (N=2,637) emitted
during agonistic interactions with males being the friend of the infant, the friend of
the infants’ mother, and/or the father of the infant. Overall, male responses to infant
screams were low. Bayesian estimates showed considerable uncertainty; hence,
results should be interpreted cautiously. However, males were slightly more likely
to react if the infant or its mother was a friend of the male or if the infant was his
offspring. Additionally, higher-ranking males were slightly more likely to respond
than lower-ranking ones, and screams from infants of lower-ranking females were
more likely to be responded to. This might indicate that males assess paternity based
on their rank and that they assess the need to intervene. Given the limitations of our
study and the uncertainty surrounding our results, future studies are needed before
we can draw solid conclusions for crested macaques. Overall, our results are in line
with other studies suggesting that male primates provide care to related and unre-
lated infants.
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Introduction

Among social mammals, males can improve their direct fitness by increasing the
chances of survival of existing offspring and by producing more future offspring
through enhanced mating success. However, there is huge variation within the ani-
mal kingdom to which extent males provide care for their offspring depending on
the degree to which males benefit from such a strategy (Clutton-Brock, 1991; Fer-
nandez-Duque et al., 2009; van Schaik & Paul, 1996).

In primates, as in other mammals, mothers invest far more in offspring than
fathers do, due to pregnancy and lactation, making it easy for males to elude paren-
tal care. For primates, it seems that paternal care, defined as any behaviour a father
directs to his offspring that improves the fitness of the offspring (Trivers, 1972), is
manifested only in a few distantly related species (reviewed in Fernandez-Duque et
al., 2009; see also Storey & Ziegler, 2016). Reasons for limited paternal care are
most likely the associated costs in terms of time and energy allocation, including
potentially missed opportunities to mate with a receptive female (Trivers, 1972).
Furthermore, in the vast majority of primate species, especially those living in
multi-male, multi-female groups, females mate with more than one male, which is
hypothesized to confuse paternity (van Noordwijk & van Schaik, 2000). Thus, pater-
nal care is generally less expected in polygynandrous species, unless males have
reliable information on paternity: for example, via post-birth recognition by pheno-
type matching (reviewed in Widdig, 2007).

Nevertheless, empirical evidence shows that in some primate species, males do
provide some form of care to infants or juveniles, although with varying degrees of
investment. For example, paternal care has been demonstrated in yellow baboons
(Papio cynocephalus) where sires systematically support their offspring during
agonistic encounters against unrelated juveniles (Buchan er al., 2003). In rhesus
macaques (Macaca mulatta), fathers are more likely to affiliate (approach, groom,
and show other friendly behaviour) with their offspring than nonsires with unrelated
juveniles (Langos et al., 2013). In chimpanzees (Pan troglodytes), fathers groom
and play more often with their offspring than with unrelated infants (Murray et al.,
2016). Furthermore, in chacma baboons (Papio ursinus), males associate more with
their own offspring than with other juveniles, enabling the former to access richer
food resources (Huchard et al., 2013). Males have even been observed to risk their
own health for their offspring. In Hanuman langurs (Semnopithecus entellus), for
example, males protect their offspring from infanticidal males (Borries et al., 1999).

Interestingly, in several primates, males seem not necessarily to focus their care
to their own offspring only. Care for unrelated offspring (hereafter termed male
care) has been observed in Barbary macaques (Macaca sylvanus) (Kub&nova et
al., 2019; Ménard et al., 2001; Paul et al., 1996), chacma baboons (Moscovice et
al., 2009, 2010), and mountain gorillas (Gorilla beringei beringei) (Rosenbaum et
al., 2015). Although it is possible that care for unrelated offspring may result from
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misjudgement of paternity, it also has been suggested that such kind of care serves a
function in increasing male fitness. The “mating effort hypothesis” (Smuts & Guber-
nick, 1992), also called the care-then-mate strategy (Ménard et al., 2001), postu-
lates that males providing infant care achieve more frequent future mating oppor-
tunities with the infant’s mother compared with other males. To do so, these males
often form long-term and strong social relationships with mothers, sometimes called
“friendships”. Those friendships have been observed in baboons and macaques
(Smuts, 1985; Moscovice et al., 2009, 2010; Ostner et al., 2013; but see Silk, 2002
for using the term friendship in nonhuman primates), with male friends not nec-
essarily having sired the infant, but providing care for it. Surprisingly, in chacma
baboons, those males still take high risks by protecting infants of their female
friends from infanticide (Palombit ez al., 2000), suggesting a potentially high pay-off
in terms of reproductive benefits for the male. However, to date, there is little sup-
port for the mating effort hypothesis, and the existing evidence is partially contradic-
tory depending on whether the male or female perspective is considered (Kubénova
et al., 2019). In particular, it remains unclear whether males that support unrelated
infants just misjudge their kin relationship with the infant. More studies are needed
to understand under which conditions males provide care for infants and whether
the presence of male care (i.e., absence of paternal care) indicates that males cannot
discriminate own from unrelated offspring.

Crested macaques (Macaca nigra) are an interesting species in this regard. They
live in polygynandrous multi-male, multi-female groups with male dispersal and
female philopatry (Duboscq et al., 2013). Males compete fiercely over dominance,
resulting in a short alpha male tenure (mean of 12 months; Marty et al., 2017). Male
dominance status has a strong impact on male reproductive output; high-ranking
males sire more offspring than other males (Engelhardt et al., 2017; Higham et al.,
2021; Neumann et al., 2022). Furthermore, a genetic study of three groups for more
than 3 years revealed a high male reproductive skew: mean alpha paternity of 65%
per year (Engelhardt et al., 2017; Neumann et al., 2022). The observed range in
alpha paternity of 29-100%, however, suggests that factors other than dominance
may determine male reproductive success. Those factors remain unknown, but one
possibility is that males use the care-then-mate strategy.

Nevertheless, there are reasons to assume that paternal care is important in
crested macaques, because infant mortality is quite high; nearly 20% of infants die
or disappear within their first year of life (Engelhardt & Perwitasari-Farajallah,
2008). Recent takeovers of the alpha-male position by an immigrant male negatively
affected infant survival (Kerhoas et al., 2014), hinting at the occurrence of male
infanticide in this species. Given the vulnerability of infants and the fact that pater-
nity is to a large extent determined by male dominance, this produces a high poten-
tial for paternity certainty and a need for paternal protection in crested macaques.
Hence, we might expect that males can assess paternity and provide paternal care.
Interestingly, a study investigating male-infant relationships in crested macaques
found that affiliative dyads do not seem to occur at random; therefore, they were
labelled as “specific male-infant dyads” (Kerhoas et al., 2016). In such dyads,
infants initiated more affiliation towards males (63.5%) than vice versa, most infants
(86%) had one male friend only, and infants had a five times higher probability of
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sitting near a male when their mother was absent. Moreover, the same study found
that whereas males initiated affiliation more when the infant’s mother was around,
infants initiated affiliation with males more often in the absence of their mothers.
Hence, these data suggest that infants form relationships with males independent
from the mother. Different from what we expected, however, mother-male affiliation,
not paternity, explained the occurrence of male-infant affiliation. In other words,
males affiliating with infants were friends of the infant’s mother but not necessarily
the father of the offspring (Kerhoas et al., 2016). This is interesting given that high-
ranking males were more likely to be involved in male-infant affiliation (Kerhoas et
al., 2016), but although high-ranking males sire more offspring (Engelhardt et al.,
2017), male-infant affiliation was not explained by paternity (Kerhoas et al., 2016).
This raises the question of whether male crested macaques cannot discriminate their
own offspring reliably or whether males affiliate with infants to increase their future
mating opportunities with the mother.

The purpose of this study was to further investigate male investment in infants.
While we previously limited our study to understand affiliation and shared spatial
proximity in male-infant dyads, this study focuses on male-infant relationships
in situations in which male support for the infant might be urgent and at the same
time not necessarily risk-free for the male. Such a situation occurs, for example, if
an infant screams during conflict with a third party. Such agonistic screams are com-
mon in many animals, including primates, e.g., spider monkeys (Ateles geoffroyi)
(Ordonez-Goémez et al., 2015), vervet monkeys (Chlorocebus pygerythrus) (Mercier
et al., 2019), various macaques (Macaca spec.) (Gouzoules & Gouzoules, 2000),
and eastern chimpanzees (Fedurek ef al., 2015). One function of such screams is
to recruit help from bystanders ("recruitment screams," Gouzoules et al., 1984).
Whether bystanders will intervene in those agonistic encounters might depend on
a cost—benefit calculation (Mercier et al., 2019). The response of males to infant
screams has rarely been investigated, but males respond to infant screams reported in
vervet monkeys (Hauser, 1986) and chacma baboons (Moscovice et al., 2009). Here,
we explored which males responded to infant screams produced during agonistic
interactions within the group. We investigated three sets of males and tested whether
the responding male was: the father of the screaming infant; the friend of the infant’s
mother; and/or was part of a specific male-infant dyad with the screaming infant, as
defined by Kerhoas ef al. (2016). We predicted that if male crested macaques were
able to identify their offspring, males would be more likely to respond to screaming
infants who are their genetic offspring. We also predicted that males would be more
likely to respond to screaming infants of their female friends, independent of being
the father, should males follow the care-then-mate strategy. Furthermore, we pre-
dicted that males would be more likely to respond to their infant friends (regardless
of the relationship between the male and the mother of this infant) if they can nei-
ther identify their own offspring nor try to increase mating opportunities with female
friends. Moreover, we investigated the effect of three other variables on the likeli-
hood of male response: male dominance rank; maternal rank; and mother presence.
Specifically, given the vulnerability of infants, for example in infanticidal attacks,
infants would benefit from male protection (Kerhoas et al., 2014, 2016). Therefore,
we predicted that high-ranking males are more likely to react to screaming infants
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than low-ranking males, as high-ranking males more likely have fathered (Engel-
hardt et al., 2017; Higham et al., 2021) and/or form affiliative bonds with infants
(Kerhoas et al., 2016). Furthermore, infants of lower-ranking mothers are more
likely to suffer higher vulnerability in agonistic interactions as they are less com-
petitive and are therefore more in need of help than infants of higher-ranking moth-
ers (Kerhoas et al., 2014). Consequently, we predicted that males are more likely to
respond to infants of lower-ranking than higher-ranking mothers. Finally, if males
follow the care-then-mate strategy, it is assumed that males provide care to infants to
increase their future mating with the infant’s mother (Ménard et al., 2001). Accord-
ingly, we predicted that mother presence will increase the likelihood of males to
respond to the scream of infants.

Methods
Study Population

The study took place in the Tangkoko Nature Reserve in North Sulawesi, Indone-
sia (1°31'00.1"N, 125°10'59.9"E) characterized by primary and secondary (second-
growth) lowland rain forest. We collected the behavioural data on three habituated
groups of wild, crested macaques (R1, R2, and PB) that are regularly monitored by
the Macaca Nigra Project (https://www.macaca-nigra.org/en/). Crested macaques
are a Critically Endangered species (IUCN, 2020) endemic to the island of Sulawesi.
Group sizes varied from 50 to 80 individuals during the study period (October 2008
to September 2010) with 13 to 25 reproducing females and four to 11 adult males in
each group (see details Kerhoas et al., 2016). We recognized all adults and infants
individually using physical characteristics.

Data Collection

DK and four field assistants collected 30-min, focal animal samples (Altmann,
1974), with good interobserver reliability (Cohen’s kappa=0.67-0.80, significant
correlation coefficients between behavioural variables=0.74-0.96, all P<0.05)
(Kaufman & Rosenthal, 2009). We observed 35 infants (21 males, 14 females) in
the three groups from birth to age 1 year (approximate weaning age; Kerhoas et al.,
2014), in addition to five infants born before the start of data collection (i.e., already
1 to 6 months old). We collected behavioural data evenly throughout the day, from
dawn to dusk, sometimes with several focal samples per day per infant. Thirty of 35
infants born survived the first year of their life (19 males, 11 females), and we col-
lected 3,611 h of focal observations in total, with a mean of 100.63 h+23.87 (SD)
per infant surviving to 1 year of age. Observation effort was consistent across all
infants, with similar number of focal samples for each infant per month.

During each focal sample, we recorded the frequency of agonistic and affili-
ative interaction. For agonistic behaviour, we collected data on half open mouth
threat, lunge, chase, and other agonistic interactions as described in Thierry et
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al. (2000). For affiliative behaviour, we noted 1) sociopositive approaches (i.e.,
an approach of at most 2.5 m for a minimum of 5 s that was not followed by
immediate agonistic behaviour), 2) social grooming, and 3) friendly behaviour,
such as lip smacks, silent bared teeth face, follows (i.e., an individual consistently
walks after a moving partner) and peaceful interventions (i.e., intervening in con-
flict by directing affiliative behaviour towards one of the opponent) (all detailed
in Kerhoas et al., 2016; and based on the ethogram described in Thierry et al.,
2000). In total, we observed 24,082 male-infant affiliations in 3,611 observation
hours, i.e., 6.67 affiliations per hour,>90% of which were friendly approaches.
The strength of male-infant association varied between dyads and infants initi-
ated these affiliations twice as often as males (mean rate + SD, infant affiliations
towards males =0.043 +0.054, male affiliations towards infants=0.019+0.016
(Kerhoas et al., 2016).

We also recorded all screams uttered by the focal infants when involved in
intragroup conflicts during focal animal samples. These screams happened after
the focal infant was involved in an agonistic interaction with another infant or
juvenile (11.99%), an adult female (45.77%), or an adult male (42.24%) from the
same group. In addition, we collected data on whether resident adult males reacted
to a given infant scream or not. We defined a male response as 1) any friendly
approach towards a screaming infant within 5 adult body lengths (or in 2.5-m
radius) for a minimum of 5 s after an infant started screaming, and 2) any peace-
ful intervention by a male in an agonistic interaction between the focal infant and
a third party by directing affiliative behaviour towards one of the opponents (as
defined above). We did not include events in which males close to or approaching
the infant close to a given scream showed agonistic behaviours towards the focal
infant, given that we were only interested in males intervening or responding in
an affiliative way to the screaming infant. Furthermore, we observed agonistic
behaviors towards the screaming infant very rarely (fewer than 10 times across
the study). To include only male responses caused by the respective scream under
consideration, but also to allow a given male to approach from a distance, we
counted male reactions within 3 min after onset of a scream. Following previ-
ous studies (Buchan et al., 2003), we assumed that all group members could hear
infant screams, independent of their current distance between a given group male
and an infant in need. In some screaming events, we observed that more than one
male reacted which was considered in our analysis (see Results).

In addition, we recorded the frequency of all affiliative behaviour observed
between the mother and an adult male when both were within 2.5 m of the focal
infant as part of focal animal sampling. Furthermore, we recorded spatial prox-
imity of the mother and adult males within a 2.5-m radius of the focal infant
using scan sampling with 1-min intervals (Altmann, 1974). Finally, we collected
ad libitum data (Altmann, 1974) on male migrations, displacement, or aggres-
sive interactions to calculate group membership and male dominance hierarchies,
respectively. To record data, we used Ptab software (Ptab Spreadsheet v.3.0;
ZA4Soft) on Hewlett Packard IPAQ Personal Digital Assistants (model 114) and
Psion Workabout Pro M handhelds.
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Variables Tested

We used most variables tested here already in our previous study, including male-
infant friendship (or a male being an infants’ friend) (Kerhoas et al., 2016). In our
previous study, we investigated factors that influenced male-infant affiliations and
asked whether male-infants had specific bonds (or “specific male-infant bonds”),
i.e., whether male-infant dyads displayed more affiliative interactions than expected
at random. We performed permutation tests (Whitehead, 2008) on contingency
tables containing the frequency of affiliative interactions (as defined above) initi-
ated by infants towards males and vice versa, per study group. We permuted the
identities of all the initiator of the interactions across the identities of the interactant.
Furthermore, we used a chi-square test and applied 10,000 permutations, including
the original data as one permutation. We determined the two-tailed P values as the
proportion of chi-square values being at least as large as that of the original data.
The results suggested that overall adult male-infant dyads did not affiliate at ran-
dom, regardless of the group considered and whether infants or adult males initi-
ated the interaction (Kerhoas et al., 2016). We scored dyads that had significantly
higher observed frequencies of affiliation than the expected frequencies based on
a binomial test as “specific male-infant dyads”. We chose a permutation approach
because male-infant affiliation was not frequently observed, accepting that the per-
mutation test cannot quantify the strength of the bond. Using this approach, we had
found that 39 of all 187 possible dyads fall into the category of specific male-infant
dyads. Infants maintained many of these specific dyads (48.7%, N=19), whereas
males maintained 15.4% (N =6), with males and infants together maintaining 35.9%
(N=14). From the male perspective, 47% of males initiated bonds with only one
infant, while 53% of males initiated bonds with two to four infants.

In the current analysis, we used the same specific male-infant dyads, but from
the male perspective given that we were interested in male response. To align the
different types of friendship used, we avoided the term “specific male-infant dyads”
(Kerhoas et al., 2016) and named these dyads male-infant friends (or the male being
the infants’ friend). In the analysis, we coded this variable for each male-infant dyad
as a binary variable.

We assessed male-mother friendship (or a male being friend with the infants’
mother) by calculating the frequency of all affiliative behaviours (as defined above)
exchanged between the mother and an adult male when both were within 2.5 m
of an infant during the infant’s focal sample as in Kerhoas et al. (2016), control-
ling for observation time. Most affiliative behaviours collected were discrete (e.g.,
lip smacks); each event was counted and weighted the same. We counted a new
grooming bout if there was a pause of more than 5 s. We used one male friend
per female, which was the male with the highest frequency in affiliation towards
a given female (hereafter “top friend”’). We choose the top friend as the frequen-
cies of male—female affiliations were highly skewed towards a single male, sepa-
rating the most prominent male partner per female from other males (mean+SD
overall=0.026 +0.038; top partner=0.089 +0.063; second partner =0.046 +0.026;
third partner =0.03 +0.018). This approach has the advantage of higher comparabil-
ity between the male-infant and male-mother friendship variable, as both focused
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only on few dyads. Based on the observed differences in partner preference, it seems
justifiable to select only the prominent partner. In the analysis, we coded this vari-
able for each male as a binary variable based on whether he was the top friend of the
infant’s mother or not.

We established male paternity (or a male being the infants’ father) based on
genetic analysis (see below). Like the two previous predictors, we coded this as a
binary variable for each male based on whether he was the father of a given infant
or not.

We assessed male and female dominance separately via Elo ratings (Albers & de
Vries, 2001; Neumann et al., 2011) based on same-sex displacements and aggres-
sive dyadic interactions observed ad libitum (Altmann, 1974) as calculated in Ker-
hoas et al. (2016). In particular, for adult males, who are the dispersing sex (i.e.,
emigrating from and immigrating into groups), we used 6,784 interactions (agonis-
tic encounters and displacements) between two males to establish dominance across
the study period. We collected 3,721 interactions for adult females. We did not use
a burn-in period to establish female and male dominance ranks, given that this spe-
cies has regular dominance-related interactions, and we observed the groups almost
every day during the study (Newton-Fisher, 2017). We gave each adult male and
female a score of 1,000 (K value) at the start of data collection if they were present
in the groups (or whenever a male immigrated in our study groups). This yielded an
individual Elo rating score for each observational day for each adults, which accu-
rately depicts dominance ranks in this species (Neumann et al., 2011). For analysis,
we standardized these Elo scores to a range from 0 to 1 to obtain comparable ratings
across the study. Because infants are expected to occupy a rank directly below their
mother (Datta, 1988), we used maternal rank as a proxy of infant rank.

Finally, the variable mother presence in our current analysis reflects whether the
mother was within five, adult, body lengths or 2.5 m during a given scream event of
her infant. Again, we coded this variable as a binary variable.

Paternity Analysis

We collected noninvasive faecal samples from all focal infants (N =30), their moth-
ers (N=30), and all potential sires (N=41). We classified all adult males encoun-
tered in the study group before or during our study period as potential sires of all
study infants. We excluded 11 natal subadult males as potential sires, because they
reached adulthood sometimes after the infant was born. Because male age was
unknown, we classified males with fully descended testes and fully erupted canines
as adults (Kerhoas et al., 2014). We used a two-step method to store the samples
after collection (Nsubuga et al., 2004). Specifically, we kept approximately 1 g of
fresh faeces in 90% ethanol for 24 h, then moved it to a tube filled with 15 ml of sil-
ica until DNA extraction. After transfer to the laboratory, we extracted the samples
with QIAamp DNA Stool Mini Kits (Qiagen) or GEN-IAL All-Tissue DNA Kits
(GEN-IAL GmbH). In general, we genotyped a minimum of two independent fae-
cal samples for all individuals (except for one infant with only one sample) to guard
against sample mix-up and animal misidentification. We genotyped samples for 12
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highly variable microsatellite markers (Engelhardt ez al., 2017) and analysed prod-
ucts by using an ABI PRISM3100 automated sequencer and the ABI peak scanner
software. We used a combination of the multiple tube approach (Taberlet & Luikart,
1999; Taberlet et al., 1996) and the two-step multiplex PCR (Arandjelovic et al.,
2009) to increase the accuracy of the results (for PCR and genetic analysis details,
see Kerhoas et al., 2016). We genotyped each individual at a minimum of eight loci,
with a mean of 11.92 markers+0.31 (SD) genotyped per individual. For all infants
studied, we genetically confirmed maternity derived from field observations and
used this information subsequently in the paternity analysis.

For paternity assignment, we used a combination of exclusion and likelihood
analyses. For 18 infants, we could exclude all potential sires on at least two loci,
except for the assigned sire, who matched the mother—offspring pair at all investi-
gated loci. For eight infants, we could exclude all potential sires on one locus, except
for the assigned sire, who matched the mother—offspring pair. Furthermore, for three
infants genotyped at all 12 loci, all potential sires mismatched the mother—offspring
pair, but only one male had a single mismatch, whereas all other potential sires had
at least two mismatches. We assigned the male with the single mismatch as the most
likely sire. Finally, in one case, we excluded all potential sires on at least two loci,
but two males had no mismatch. However, one of these two males was not in the
group at the time the infant was conceived and immigrated a year later. Given the
lack of evidence for extra-group paternity in our population so far (Engelhardt ez al.,
2017), we assigned the male who was present in the group at the time the infant was
conceived as the most likely sire. We additionally supported all paternity assign-
ments at the 95% confidence level by using the likelihood method calculated in
CERVUS 3.0 (Kalinowski et al., 2007). The majority of fathers (86.7%) were still
present when the offspring completed their first year of life (Kerhoas et al., 2016).

Statistical Analyses

To investigate whether infant screams elicit behavioural reactions from adult males,
we used Bayesian Regression Models (BRM) with a Bernoulli response distribution
and “logit link” function (Biirkner, 2017). For each infant scream, we extracted data
for all adult males being resident in the infant’s group on the day that we observed
the scream (N=2,637 screams), i.e., who could potentially respond to a given infant
scream. This resulted in 17,799 data points. As response, we used a variable con-
taining per combination of scream and male either a zero (for those males who did
not respond to the scream) or a one (for those males who approached and/or showed
affiliation towards the screaming infant and/or intervened peacefully in the conflict).
Our analysis considered single and multiple male responses to infant screams.

We included as fixed effects 1) whether the male was the friend of the infant
(infants’ friend), 2) whether the male was a friend of the infant’s mother (moth-
ers’ friend), and 3) whether the male was the father of the infant. Furthermore, we
included 4) male rank, 5) maternal rank, and 6) maternal presence as additional test
predictors in our analysis. Before running the model, we z-transformed the continu-
ous covariates to a mean of zero and a standard deviation of one to enable direct
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comparisons between estimates (Schielzeth, 2010). Furthermore, we included a one-
dimensional spline for the day number (days since the study began) to account for
temporal autocorrelation in the data using the function “s” in the R package “brms”
(Biirkner, 2017). As random effects, we included the identity of the male and the
infant, the dyad ID, and the scream ID. We tried to include group and year as ran-
dom effects, but the model did not converge. We also incorporated random slopes,
including the correlation parameter between random intercept and random slope.
We did this for all three fixed effects within infant and male identity (Barr et al.,
2013; Schielzeth & Forstmeier, 2009).

We fitted the models in R (R Core Team, 2017) using the function “brm” in the
R-package “brms” (version 2.5.0). This package runs 2,000 iterations by default over
four MCMC chains, with a “warm-up” period of 1,000 iterations per chain, result-
ing in 8,000 usable, posterior samples (Biirkner, 2017). On visual inspection, the
MCMC showed stationarity and convergence to a common target. All Rhat values
were < 1.01, suggesting that different chains came to the same conclusion and there
were no divergent transitions after warm-up (Gelman et al., 2014). Because we had
no previous information, we used wide priors with a normal distribution, a mean of
0 and a standard deviation of 10 for the predictor variables. We checked for collin-
earity running a GLM with the function “VIF” from the package “car” but found no
issues with VIF (no value > 1.3).

Ethical Note Field research and sample permits were provided by the Ministry of
Research and Technology of the Republic of Indonesia (RISTEK), the Indonesian
Ministry of Forestry and the Department for the Conservation of Natural Resources
(BKSDA) of North Sulawesi. We followed the International Primatological Society
code of best practices for field primatology (MacKinnon et al., 2014).

Data Availability The data set used to run the statistical analysis and an overview of
males responding or not are provided in Supplements 1 and 2, respectively.

Results

Our data suggest that males generally responded to infant screams at low rates,
with 355 male responses to 314 infant screams (11.91% of the 2,637 infant screams
observed) (supplement 2 for a detailed overview). In 275 cases, one male responded
to the screaming infant; in 37 cases, two males responded. In two further cases, three
males responded to the screaming infant.

Overall, the results of our model showed considerable uncertainty in our parame-
ter estimates (Figs. 1 and 2). Still, the model revealed that the probability of respond-
ing to an infant scream among our test predictors may show some patterns. First,
males that were the friend of an infant showed a slightly higher probability of react-
ing to infant screams than nonfriends (Fig. 1, Estimate for the overall effect (mean
of the posterior distribution) =0.435, SE (standard error) =0.410, CI (95% credible
interval) =[—0.372, 1.294], positive posterior support 87.48%). The predicted prob-
ability that a male reacted to an infant scream was 1.8% for males that were not
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Fig. 1 Model estimates for all predictors of male responses to infant screams in crested macaques at
Tangkoko Nature Reserve (Sulawesi) between 2008 and 2010. Plot shows the estimates (dots; mean of
the posterior distribution) and the 65%, 85%, and 95% credible intervals (green lines) for all six predic-
tors tested. The density of the posterior distribution is shown as curved line above the horizontal cred-
ibility intervals.

friends of the infant and 2.7% for males that were friends of the infant, a 52.8%
increase for friends compared with nonfriends (Fig. 2a, male-infant friends: Esti-
mate=0.027, SE=0.011, CI (95%)=[0.011, 0.062], nonfriends: Estimate=0.018,
SE=0.004, CI (95%)=[0.011, 0.026]).

Second, males who were the top friend of an infant’s mother also showed a
slightly higher probability of responding to an infant’s scream than males who
were not the top friend of the infant’s mother (Fig. 1, Estimate for the overall
effect=0.268, SE=0.292, CI (95%)=[—0.315, 0.802], positive posterior support
83.05%). The predicted probability that a male reacted to an infant scream was 1.8%
for males who were not the top friend of the infant’s mother and 2.4% for males
who were the top friend of the infant’s mother—a 30.5% increase for top friends
compared with non-top friends (Fig. 2b, mother’s top friends: Estimate=0.024,
SE=0.008, CI (95%)=[0.011, 0.044], mother’s non-top friends: Estimate=0.018,
SE=0.004, CI (95%)=[0.011, 0.027]).

In addition, we found that sires were slightly more likely to react to infant
screams than non-sires (Fig. 1, Estimate for the overall effect=0.408, SE=0.410,
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Fig.2 Probability of male affiliative responses towards infant screams in crested macaques at Tangkoko p
Nature Reserve (Sulawesi) between 2008 and 2010 as a function of six predictors: a) Friend of infant, b)
Friend of mother, c) Sire, d) Male rank, e) Mother rank, and f) Mother presence. Coloured areas depict
the 65%, 85%, and 95% credibility intervals of the mean predicted posterior distribution (horizontal line
in Fig. 2a, b, ¢, f, and dashed line in Fig. 2d and e, respectively) for the probability of reaction. In plot
2a-c and 2f, each dot represents the mean probability of a given male; the dashed lines indicate the same
male, in either of the categories shown. Overlapping data points are reflected by darker dots and lines. In
plots 2d and 2e, the size of the circles indicates the sample size per value of the predictor. A rank of 0
indicates the lowest, a rank of 1 the highest rank per sex class.

CI (95%) =[—0.385, 1.248], positive posterior support 86.18%). The predicted prob-
ability that a male reacted to an infant scream was 1.6% for non-sires compared
with 2.4% for sires, representing a 48.1% increase for sires compared to non-sires
(Fig. 2c, sires: Estimate=0.024, SE=0.010, CI (95%)=[0.010, 0.056], non-sires:
Estimate =0.016, SE=0.004, CI (95%)=[0.010, 0.025]).

The social status of males affected the likelihood of responding to an infant
scream such that higher-ranking males were slightly more likely to respond than
lower-ranking males (Fig. 1; Estimate=0.121, SE=0.144, CI (95%)=[-0.163,
0.396], positive posterior support 80.04%). The predicted probability that a male
reacted to an infant scream was 1.5% for the lowest-ranking males compared
with 2.1% for the highest-ranking males—a 41.8% increase from the lowest to
the highest male rank (Fig. 2d, lowest male rank: Estimate=0.015, SE=0.005,
CI (95%)=1[0.007, 0.027], highest male rank: Estimate=0.021, SE=0.006, CI
(95%)=10.011, 0.036]).

Males were more likely to respond to screams of infants of lower-ranking moth-
ers than screams of infants of higher-ranking mothers (Fig. 1; Estimate=—0.177,
SE=0.113, CI (95%)=[-0.394, 0.048], negative posterior support 94.30%). The
predicted probability that a male reacted to a scream of an infant of the highest-
ranking females was 1.0% compared with 2.2% for the lowest-ranking females, an
increase of more than twice (113.4%) from the highest to the lowest female rank
(Fig. 2e, lowest female ranks: Estimate=0.022, SE=0.006, CI (95%)=[0.011,
0.037], highest female rank: Estimate=0.010, SE=0.004, CI (95%)=1[0.005,
0.020]).

Finally, the presence of the mother at the conflict when the infant screamed did
not have any notable effect on male responses (Fig. 1; Estimate =0.082, SE=0.167,
CI (95%) =[—0.249, 0.406], positive posterior support 69.45%). The predicted prob-
ability that a male reacted to a scream of an infant suggested no difference if the
infant’s mother was present compared to if the infant’s mother was absent (Fig. 2f,
mother present: Estimate=0.016, SE=0.004, CI (95%)=[0.009, 0.026], mother
absent: Estimate=0.015, SE=0.003, CI (95%)=1[0.009, 0.023]).

Discussion
Overall, our results show that male crested macaques respond rarely (11%) to

screams of infants involved in agonistic interaction. Bayesian estimates showed con-
siderable uncertainty, so our results should be interpreted cautiously. However, there
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may be some differences in responses between friends versus nonfriends and sires
versus non-sires. In more detail, our data may suggest that males who were friends
with the infant were slightly more likely to respond to infant screams than males that
were not a friend of the infant. We also found that males who were the top friend of
the infant’s mother were slightly more likely to respond to an infant’s scream than
males who were not the top friends of the mother. Furthermore, the probabilities of
male responses were slightly higher for fathers than nonfathers. These results add to
our previous observations (Kerhoas et al., 2016) that male crested macaques either
cannot assess paternity reliably or that paternal care is less important than would
be expected in this species. Furthermore, higher-ranking males were slightly more
likely to respond than lower-ranking ones, suggesting that males may base paternity
assessment on their rank. Males also were more likely to support infants of lower-
ranking females, i.e., more vulnerable infants, suggesting that males assess the
need for an intervention. Finally, the presence of the mother at the conflict did not
affect the likelihood of male response. Considering the Bayesian way of interpret-
ing results by including the entire distribution rather than a point estimate, we over-
all conclude that the positive posterior support of 86% for fathers, 87% for infant
friends, and 83% for mother’s top friend suggests a positive effect of paternity and
friendship, respectively, on male responses to infant screams. However, given our
parameter estimates, there is still a considerable chance for a negative relationship.
In crested macaques, paternity may have some effect on male response to infant
screams suggesting some, although highly restricted, degree of paternal care in
this species. This would corroborate findings of other studies focusing on paternal
care in multi-male, multi-female polygynandrous species, showing that males affili-
ate with offspring or tolerate them at feeding sites, but rarely protect their offspring
(Buchan et al., 2003; Huchard et al., 2013; Langos et al., 2013; MacKinnon et al.,
2014; Minge et al., 2016; Murray et al., 2016). One study on infant protection by
males stands out here, as male baboons selectively support their offspring when
involved in agonistic disputes with other juveniles (Buchan er al., 2003) implying
low-risk and low-cost investment by fathers (Geary, 2000; Langos et al., 2015). In
rhesus macaques, males affiliate more with their offspring than males with unrelated
juveniles (Langos et al., 2013), but males hardly ever intervene in favour of their
offspring when they are involved in agonistic interactions (Kulik et al., 2012). Inter-
estingly, in our previous study on male-infant affiliations in crested macaques, we
found no effect of paternity on the occurrence of male-infant affiliations (Kerhoas
et al., 2016). This might mean that any form of paternal care, if confirmed in this
species, is subtle and constrained to certain situations, but expected to have evolved
given the high degree of infant mortality in crested macaques (Engelhardt & Per-
witasari-Farajallah, 2008). Our current analysis may suggest that crested macaque
males potentially have some cues available to assess which infants they have sired.
Still, males seem to invest in their offspring very rarely and only under certain cir-
cumstances. For example, our data revealed that infants screaming for help were
involved in agonistic interactions mainly with adult males (42%) or females (46%)
from the same group. Hence, males may have assessed their risk of intervening to
avoid potential conflicts with male rivals. It might not be surprising that paternity
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shows a positive, although very limited, effect on offspring support when they are
in need, but not when looking at male-infant affiliation only (Kerhoas et al., 2016).

There might be other reasons for why paternal care is not pronounced in crested
macaques, and why we found no clear father-offspring affiliation (Kerhoas et al.,
2016), but rare peaceful interventions in favour of their offspring (this study). The
simplest explanation may be that crested macaque infants do not benefit from mere
affiliation with their father (and vice versa) so that neither fathers nor infants invest
into such relationships on a day-to-day basis. This possibility is supported by our
previous study (Kerhoas et al., 2016), which found no influence of paternity on
male-infant affiliation. However, both studies looked at infants up to 12 months only.
A second alternative explanation might be that, although it would be potentially
beneficial, fathers may not have the time to associate frequently with their offspring.
Although there is quite some variation between years and groups with regard to male
reproductive skew (i.e., the degree to which paternity is skewed towards a single or
a few males), it is relatively high in crested macaques in general (Engelhardt et al.,
2017). In one group during our study, the alpha male sired 100% of infants in 1 year
(i.e., 15 infants in this study). However, only seven mothers and four infants were
friends with this alpha male. Similarly, among all groups, nine of 30 infants and
15 of 30 females had an alpha male as friend. Thus, the pronounced skew is likely
to prevent sires from staying close to all of their offspring. Another factor limiting
male time to interact with offspring is the short alpha tenure in crested macaques.
With a mean alpha tenure of 12 months (Marty et al., 2017), males should invest
all this time in mating with a maximum number of fertile females. Indeed, with
low synchrony in female fertile phases, dominant, male, crested macaques monop-
olize a high proportion of mating, resulting in a high paternity skew (Higham et
al., 2021). Our data therefore may support the idea that males do not have time to
invest in building affiliative bonds with their offspring, as males restrict their care
to some affiliative support when infants are involved in agonistic interactions. Still,
such support would critically affect infant survival and hence impact male fitness.
Hence, it makes sense for fathers to focus their care to situations in which their sup-
port is urgent and localisation of offspring may be relatively easy through infant
vocalisation.

A third reason that males may not interact very frequently with their offspring
might derive from the fact that infanticide may occur in crested macaques. We pre-
viously showed that infant survival was impaired most after recent takeovers of the
alpha-male position by an immigrant male (Kerhoas et al., 2014), with immigrants
likely benefiting from infanticidal attacks in groups where they have not yet mated
with any females. In our studies of male-infant relationships and in this study, we
focussed on infants below the age of 1 year, i.e., those still dependent on their moth-
ers and usually targeted by infanticidal males (Palombit ef al., 2000). It therefore
should be in the interest of both mothers and fathers to prevent their offspring from
being killed; hence, our observations that fathers were slightly more likely than non-
fathers to respond to screams of infants during their first year of life make sense.
The active involvement of fathers in the prevention of infanticide has rarely been
studied in primates but has been observed in Hanuman langurs (Borries et al., 1999)
and chacma baboons (Palombit et al., 2000). However, infanticides are rare events
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among primates and therefore are difficult to observe in the wild (Dixson, 2013),
making infanticide prevention difficult to study systematically. An alternative pre-
vention of infanticide that females are hypothesized to employ strategically is mat-
ing with many males to confuse paternity, because males should refrain from killing
potential offspring (Borries et al., 1999). Paternity certainty or confusion, however,
may not be straight forward, but rather a question of probability (van Schaik, 2000).
Males may assess the likelihood of paternity based on available cues, such as how
often they have mated with a female at which state of her reproductive cycle or via
post-birth recognition by phenotype matching (Widdig, 2007). Different males thus
may have different assessments of the paternity of a given infant, some being correct
while others are not. Hence, fathers may refrain from indicating their paternity in
day-to-day affiliation with their offspring, but do so when supporting offspring on
the few occasions when help is potentially more urgent or less risky to themselves.

Despite some indications that male crested macaques may have the ability to
assess paternity likelihood, we also observed that being a friend of the infant or
the infant’s mother slightly increased the likelihood of males to respond to infant
screams compared to nonfriends. It might be that males responded to these infant
screams merely because they falsely assumed they were the father. However, if this
was not the case, our result may be some indication that male crested macaques
follow the care-then-mate strategy. So far, little evidence supports this hypothesis.
Male—female affiliation often has been seen as a female counterstrategy to infanti-
cide (Palombit, 2009) by increasing the likelihood of male protection to the female
(Lemasson et al., 2008) and possibly her infant (Nguyen er al., 2009). Whether
infant care by unrelated males is indeed an active male strategy or a result of male
misjudgement of paternity is still unclear. Because we do not have any mating data
for when the infants were conceived, we are not able to assess this either. It may
be that male friends had increased access to the mother during conception, because
male friends are generally of high dominance rank in crested macaques (Kerhoas et
al., 2016); however, high-ranking males may not always have fertilized their female
friends, given that other factors than dominance sometimes determine paternity
success (Engelhardt et al., 2017). In chacma baboons, where male friends protect
females and their infants, females form friendships most often, but not always, with
the father of their offspring (Moscovice et al., 2010). If the father is not present at
the time of parturition, females form those bonds with other high-ranking males,
who still hold a high likelihood of paternity (ibid). In both chacma baboons and
crested macaques, males may perform infant care and protection as a form of pater-
nal care based on imperfect assessment of paternity rather than as an opportunity to
increase future mating opportunities.

A potential hint in this direction is probably given by one of our additional test
variables: mother’s presence. When infants screamed during agonistic conflicts, the
mother’s presence did not predict whether a male responded to an infant’s scream.
However, to “impress” female friends and make them more likely to mate with
male friends in the future, male friends should show infant care when the mother is
around (similar to male friends affiliating more with infant when mothers are pre-
sent, reported in Kerhoas et al., 2016). The fact that we did not find an effect of
mother presence may show that it was more important for the male to support the
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infants, regardless of whether the mother was present. From our current data, we do
not know whether males were aware of the mothers’ presence when they responded
to the screaming infant. In contrast, fathers would be expected to help their own oft-
spring regardless of the presence of mothers (similar to patterns of father-offspring
affiliation, reported in Langos et al., 2013).

Finally, two other test variables seem to indicate that male crested macaques
intend to carry out paternal care rather than increase their future mating chance.
First, higher-ranking males, thus more likely fathers, were slightly more likely to
respond to infant screams than lower-ranking ones. At the same time, in a species
with high male-male competition, such as the crested macaques, those males could
be expected to have less need to impress a female to increase their future reproduc-
tive opportunities. We would expect low-ranking males to invest more in affiliative
bonds with mothers or in infant protection, but their risk of intervening when other
males are involved in the agonistic interaction with the infant is probably high. An
alternative explanation for males reacting and approaching towards conflicts involv-
ing a screaming infants could be policing behaviour. Macaque males, especially
high-ranking males, are known for their policing (defined as impartial interventions
functioning to control conflicts or to increase group stability; Beisner & McCowan,
2013; Flack et al., 2005; Petit & Thierry, 1994), as opposed to males supporting
their offspring, their infant friend, or the infant of their female friend. Regardless
of the driving force, the outcome in all cases would be the protection of infants.
Second, our analysis suggested an effect of maternal rank; infants of lower-ranking
females were more likely to receive male responses after a scream than those of
higher-ranking females. Usually, higher-ranking females are expected to be the more
attractive reproductive partners (Keddy-Hector, 1992). Therefore, one would expect
males to try to bond with these females more often than with lower-ranking females.
However, infants of lower-ranking females may be more vulnerable (Cheney & Sey-
farth, 1987; Kerhoas et al., 2014; Pusey et al., 1997), so may need male support
more urgently than other infants. Thus, males who are the most likely father of the
infant should support them.

Our study design included several limitations. First, we lack a control for the
opportunity for the male to react; hence, we cannot rule out the possibility that spa-
tial patterns could explain our results. We collected data similar to those in Buchan
et al. (2003), who investigated male interventions in agonistic disputes among
juvenile baboons. Likewise, we collected data under the assumption that all group
males, no matter whether peripheral or central to the core group (Neumann et al.,
2013), could hear the infant screams and had the choice of responding or not. If
this assumption is incorrect, we have likely inflated the number of coding 0 (no
response) in cases in which some peripheral males may not have hear the infant
screaming. However, the number of males per group in our study only varied from
four to 11, so the potential bias may be limited. In some cases, more than one male
responded to a given scream, and we controlled for this in our analysis to allow dis-
tant males to approach to the conflict. Future studies should collect focal data from
the male (not infant) perspective and report who is around when the infant screamed
and who responded to the scream.
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Second, our data on male—female affiliation were collected as part of the infant
focal sample; hence, we recorded male—female affiliation only when they were near
the infant. This is because we collected our data primarily to study male-infant asso-
ciations (Kerhoas et al., 2016) and used these data as a follow-up study to exam-
ine whether males respond to infants when they are potentially in need. Although
these data are not ideal, they still revealed a five times higher probability of an infant
being near to a male in the absence of its mother and a six times higher probabil-
ity of the infant being with its mother and without the male, which stresses that
infants can form relationships with males independent from the mother (Kerhoas
et al., 2016). Finally, to reduce complexity in infant-male and male—female affilia-
tions, respectively, we used the top male friend only, as male-mother affiliation was
highly skewed towards one top partner. This choice was in line with the fact that
there is only one father per infant and one infant friend for most males. Together,
these decisions might have influenced the outcome of our model. Hence collecting
extended data without these limitations would be needed before we can draw solid
conclusions about whether male crested macaques can correctly assess paternity
and why other males may invest in unrelated infants, for example because males
misjudge paternity. Specifically, more studies are needed of male—female reproduc-
tive interactions before an infant is born, and after it has been weaned, to clarify
whether male—female affiliations are a male strategy to increase male future repro-
ductive opportunities in crested macaques. Future research on this topic may involve
acoustic playback experiments to disentangle the effects of paternity and friendship
in more detail. Such an experimental setup could control for the potential of male
time constraints by presenting infant screams 1) when fathers and/or male friends
are present to react to infant screams or not, 2) when males may have time conflict to
react to infant screams or not, and 3) when mothers are present or not.
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