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Despite increasing conflict at human-wildlife interfaces, there exists little research on how the
attributes and behavior of individual wild animals may influence human-wildlife interactions.
Adopting a comparative approach, we examined the impact of animals’ life-history and social
attributes on interactions between humans and (peri)urban macaques in Asia. For 10 groups of rhesus,
long-tailed, and bonnet macaques, we collected social behavior, spatial data, and human-interaction
data for 11-20 months on pre-identified individuals. Mixed-model analysis revealed that, across

all species, males and spatially peripheral individuals interacted with humans the most, and that
high-ranking individuals initiated more interactions with humans than low-rankers. Among bonnet
macaques, but not rhesus or long-tailed macaques, individuals who were more well-connected in their
grooming network interacted more frequently with humans than less well-connected individuals.
From an evolutionary perspective, our results suggest that individuals incurring lower costs related

to their life-history (males) and resource-access (high rank; strong social connections within a socially
tolerant macaque species), but also higher costs on account of compromising the advantages of

being in the core of their group (spatial periphery), are the most likely to take risks by interacting

with humans in anthropogenic environments. From a conservation perspective, evaluating individual
behavior will better inform efforts to minimize conflict-related costs and zoonotic-risk.

Understanding the factors that influence interactions between humans and wildlife in a shared environment
has been a long-standing goal for researchers. The global expansion of human populations and its associated
environmental changes mean that wildlife populations are increasingly living in anthropogenically modified
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landscapes'~. As a result, increasing contact rates and interactions frequently result in conflict, the mitigation
of which remains one of the most pressing challenges of the current Anthropocene era®~. To date, most of our
knowledge of human-wildlife interactions is limited to visible aspects of such interactions, and to their effects
on wildlife systems: human activities such as provisioning animals, habitat fragmentation, and trapping/culling/
relocation of animals may affect wildlife population demographics and species decline®*®, as well as wildlife
behaviors related to their foraging and movement, space-use, and social interactions’. In comparison, we know
less about whether, how and to what extent differences in the attributes and behavior of individual wild animals
influence their tendencies to engage in interactions with humans and anthropogenic factors>'®!!,

Anthropogenic factors present relatively recent, spatiotemporally dynamic environments to wildlife, such
that animals have to continuously adjust their strategies and behavior to cope. Thus, the navigation of these envi-
ronments almost always involve risk-taking behaviors for wildlife, such as entering or moving through anthro-
pogenic landscapes such as agricultural fields and urban settlements, approaching humans, and engaging in
antagonistic interactions with humans®'>!?. Such behaviors naturally present costs to both wildlife and humans,
such as increased risk of injury', negative impacts on wildlife physiology** and human mental health', increased
transactional and opportunity costs to humans'®, and/or vulnerability to cross-species zoonosis (wildlife) and
emerging infectious disease (humans)'®!”. However, such costs may be offset by potential or perceived benefits,
such as procurement of high-energy human foods by wild animals'® and avoidance of natural predators', and
human socioeconomic upliftment through activities like ecotourism®"°.

Thus, assessing individual-level variation among wild animals in the context of their interactions with humans
is important for multiple reasons. From an evolutionary perspective, assessing inter-individual differences in how
animals realize the afore-mentioned costs-benefits tradeofs, including the frequency and nature of human-wild-
life interactions, the behaviors they constitute, and their causal factors, greatly expand our current understanding
of animals’ adaptive responses to changing environments®**'. From a conservation and public health perspective,
understanding whether some individuals (more so than others) are prone to initiate interactions with humans,
engage in prolonged interactions, and resort to costly behaviors such as aggression towards humans, will help
better inform interventions aimed at conflict mitigation'® and/or disease control*>. From a conflict management
perspective, it is especially important to conduct such research in (peri)urban environments, where direct and
frequent interactions between wildlife and humans and their associated costs may be especially high (e.g., black
bears, Ursus americanus'’; rodents, order Rodentia?*; moose, Alces alces®; nonhuman primates, order Primate®*-%)
(reviewed in%’).

Wildlife behavior in anthropogenic landscapes may be influenced by both intrinsic characteristics of indi-
vidual wild animals, and extrinsic socioecological factors. With regard to individual wild animals, some intrinsic
sociodemographic traits related to an individuals life-history, specifically age and sex, may influence their ten-
dency to interact with humans!»'**#??_ This is because life-history traits are closely inter-linked with energetic
demands placed on individuals, which may cause some animals to engage in risk-taking behaviors more than
others'"*. In most wildlife species, males are more prone to taking risks, as evidenced by their greater explora-
tory behavior and boldness in personality which are in turn linked to male life-history strategies®>*!. To increase
their competitive ability and thereby their access to females and greater reproductive success, males face high
energetic demands in the long-term that are related to retaining characteristics such as larger body sizes and
other physical features (e.g., horns, tusks, canines) that afford competitive advantages®>**. For these reasons, male
animals may be more prone to taking risks to procure high-energy human foods to meet their energetic demands
compared to females'®*. Indeed, previous studies of wildlife in anthropogenic environments have revealed that
males show (1) greater tendencies to forage in agricultural fields (African elephants, Loxodonta africana'®) and
urban waste (black bears!?), (2) have greater access to anthropogenic food (macaques, Macaca spp.**; Chacma
baboons, Papio ursinus®), and (3) engage in more frequent and antagonistic interactions with people (long-
tailed macaques, Macaca fascicularis; Formosan macaques, M. cyclopis®®?). In comparison, females tend to be
less prone to engaging with humans, although this might be offset during specific periods of their life-history
such as offspring rearing, during which time they may show greater aggression towards humans to protect their
offspring, and/or an increased dependence on anthropogenic food to compensate for the high energetic demands
of rearing offspring (e.g., rhesus macaques (M. mulatta) and captive barbary macaques (M. sylvanus):*").

In group-living animals, aspects of an individuals’ social environment may also influence, or be influenced by,
their behavior in anthropogenic landscapes. Studies in a variety of taxa have revealed how anthropogenic factors
may influence animal social behavior, by, for example, increasing rates of within-group aggression (e.g., cichlid
fish, Neolamprologus pulcher®®; Cuban rock iguanas, Cyclura nubila®; bonnet macaques, M. radiata®®) and stress-
coping affiliative interactions (e.g., Barbary macaques*!), and decreasing social grooming (e.g., rhesus macaques*’
long-tailed macaques®; bonnet macaques**), and connectedness of their social networks (e.g., spotted hyenas,
Crocuta crocuta®; bottlenose dolphins, Tursiops aduncus*®; moor macaques, M. maura'!). In comparison, little
research has investigated the inverse effect, namely how the social characteristics of individual wild animals
influence human-wildlife interactions.

In group-living animals such as nonhuman primates, individuals’ social characteristics like their dominance
rank and connectedness in their social network may influence the way they navigate their environment*’~%,
their access to resources**°2 and their tendencies to take risks'>*!. Stemming from this, a handful of studies
on nonhuman primates impacted by anthropogenic factors have revealed that individuals’ social characteris-
tics may influence their behavior towards humans. These have revealed somewhat contrasting findings. For
instance, high-ranking individuals have been shown to spend more time in human-provisioned areas (e.g.
Japanese macaques, M. fuscata®), and have more access to human foods (urban macaques:**), but have also
been shown to be less prone to engaging in risky physical interactions with humans (Barbary macaques:*?), than
low-ranking individuals. The impact of social network connectedness is even less clear. In tourist-provisioned
Barbary macaques, eigenvector centrality (i.e. the number and strength of both their direct and secondary
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connections to other group members:**>°) was unrelated to macaque presence near tourists, and yet positively

correlated with rates of macaque-tourist interactions®?. In wild but provisioned moor macaques, on the other
hand, eigenvector centrality was negatively (rather than positively) correlated to animals’ presence near roads'*.
Such contrasting findings suggest that there may be location- and/or species-dependent differences in whether
high-ranking and/or well-connected individuals are more prone to taking risks to engage in interactions with
humans'?, versus engage less on account of the increased time- or energetic demands of maintaining their rank
and/or social ties®>. Moreover, such effects may also be influenced by an individual’s spatial position within its
group, given that peripheral animals looking to migrate may be more exploratory and therefore, more prone
to overlapping with humans and anthropogenic environments'”. Despite this, spatial position has to date been
ignored in studies evaluating the effect(s) of animals’ connectedness or centrality within social networks on
human-wildlife interactions'*%.

Comparative assessments across different locations and/or wildlife species may generate a better under-
standing of inter-individual variation in human-wildlife interactions. Indeed, the lack of comparative studies
is a major gap in human-wildlife interface research in general>**. While potentially providing a more holistic
understanding of wildlife behavior from evolutionary and conflict-mitigation perspectives, conducting compara-
tive research is nonetheless challenging given the spatiotemporally variant nature of wildlife (and not to mention
human) attributes and behaviors*>'*'>, In other words, such research would require a careful consideration of
those aspects of wildlife (and humans) that may be similar, versus different, across locations>”.

Here we implement a comparative approach to examine the impact of the demographic attributes and social
characteristics of individual wild animals, on interactions between humans and wild macaques living in (peri)
urban environments in India and Malaysia. To this end, we examine data collected by our research team on ten
macaque groups representing three species—rhesus macaques in Northern India, bonnet macaques in Southern
India, and long-tailed macaques in Malaysia. All three species generally tend to live in multimale-multifemale
social groups (but see® for an exception), and yet show marked inter- and intra-specific variation in aspects of
their social behavior and social structure®-%°. Rhesus and long-tailed macaques (both, Fascicularis lineage) are
more closely related to each other than either is to bonnet macaques (Sinica lineage)**%', and have occupied wider
geographic ranges and a more diverse range of anthropogenic landscapes than bonnet macaques®**2-%%. Such
similarities and differences in their ecologies and evolutionary histories make these three species well-suited
model systems for conducting cross-species comparative assessments of human-wildlife interactions.

For our ten groups of macaques, we examined the impact of inter-individual differences in macaques’
sex, dominance rank, spatial position, and social network eigenvector centrality, on multiple aspects of
human-macaque interactions. From a demographic or life-history perspective, we predicted that male macaques,
compared to females, engage in more frequent and behaviorally diverse interactions with humans, engage in
interactions that involve more exchanges of behaviors within events, show greater frequencies of aggression
towards humans, and initiate more interactions with humans, than females. From a social perspective, we
expected that dominance rank would be positively correlated to the above aspects of human-macaque interac-
tions, since high-ranking individuals would also be more prone to accessing and monopolizing anthropogenic
food resources®. Given our previous findings that social grooming among these urban macaques was subject
to time-constraints imposed by their interactions with humans*~*, we expected that spatial position and social
network connectedness would negatively impact the aforementioned aspects of human-macaque interactions.
In particular, eigenvector centrality, through its evaluation of individuals’ direct and secondary network con-
nectedness, is an apt measure to determine whether social connectedness leads to a decrease in aspects of
human-macaque interactions on account of animals’ spending more time socializing (as we predict here),
versus to an increase in such interactions on account of individuals with greater social connectedness or ties of
support being more prone to taking risks (alternative hypothesis). Thus, we predicted that spatially peripheral
individuals, and/or individuals that possessed the least number and strength of social connections within their
grooming network (eigenvector centrality), will engage in more frequent, behaviorally diverse interactions,
engage in greater behavioral exchanges within events, greater frequencies of aggression towards humans, and
initiate more interactions with humans, compared to more central individuals. Adopting a comparative approach,
we also examined whether, and the extent to which, the above predicted patterns were similar versus different
across three macaque species.

Methods

Study site and subjects. We observed adult individuals in each of ten groups of urban/peri-urban
macaques ranging from temperate areas in Northern India, to tropical environments in Southern India and
Malaysia. In the Northern Indian city of Shimla (31.05 N, 77.1 E), we observed four groups of rhesus macaques
from July 2016 to February 2018, three groups at a temple and surrounding forested area and one group near
the city mall area (for more details on the study site see*>®). In Malaysia, we observed four groups of long-tailed
macaques in Kuala Lumpur (3.3 N, 101 E), from September 2016 until February 2018. Two were observed at
a large Hindu temple frequented by tourists, and the other two in a recreational park on the outskirts of the
city (for more details on the study site see®®). From July 2017 until May 2018, we studied two groups of bonnet
macaques in the Thenmala Dam and Ecotourism Recreational Area (8.90 N, 77.10 E) located at the outskirts of
the small town of Thenmala within the state of Kerala in Southern India (for more details on this study site see**).
More details related to the group sizes and compositions for all ten groups may be found in*.

Data collection. Data collection followed a standardized protocol that was implemented across all field
sites (see® for details). Specifically, we collected data on pre-identified adult individuals of each macaque group
for 2-3 days per week, using 10 min focal animal sampling sessions®. These sessions were conducted between
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Figure 1. Definitions and estimation of macaques’ spatial position with respect to their group. Figure was
created using Microsoft PowerPoint (Version 16.42).

0900 and 1700 h. Individual macaques were observed in a predetermined, randomized sequence. In each focal
session, we recorded all human-macaque interactions, and macaque-macaque agonistic and affiliative groom-
ing interactions in a continuous manner. We defined a human-macaque interaction as any behavior initiated
by the focal animal towards humans, or by a human towards a focal animal with a subsequent reaction from
the initial recipient (for a complete ethogram of macaque and human behaviors, see®®). An agonistic interaction
was defined as dyadic aggression which elicited a submissive response from the recipient, or a dyadic submissive
displacement event in a non-aggressive context (for a full list and definitions of macaque-macaque aggressive
and submissive behaviors, see®). For social grooming, i.e. the cleaning or manipulation of the fur of another
individual, we recorded both the instance as well as the start and end times of each grooming bout to record its
duration (details in®).

In addition to collecting continuous data on interactive behaviors, we conducted instantaneous sampling
once every two minutes within our 10-min focal session resulting in five samples per session. During these,
we recorded the focal animal’s spatial position relative to the center of the group. Specifically, we recorded the
individual’s position as ‘central’ when other individuals were around it on at least two sides within 20 m. If an
individual had the majority of the group (>50% of the individuals) only on one side but within no more than
20 m, we recorded its position as ‘edge’ If the majority of the group was visible but at least 20 m away from the
individual, its position was recorded as ‘peripheral’ If the majority of the group was not visible but few other
group conspecifics were around the individual, its position was recorded as ‘outside with others’ If no other group
conspecifics were visible around the individual, we recorded its position as ‘alone’ (see Fig. 1).

All data were entered directly into Samsung Galaxy Tablets using customized data forms created in HanDBase’
application (DDH software). From these they were exported and tabulated into MS Excel and MS Access data-
bases on a daily basis. All observers within and across sites passed inter-observer reliably tests using Cohen’s
kappa, and were deemed reliable when Cohen’s kappa was > 0.85%.

Computation of human-macaque interactions and social factors. Data from individuals with less
than 300 min of observation time were excluded from the analyses. The choice of 300 min was based on a clear
break the distribution of total observation times across individuals, which showed that the majority of animals
(319 out of 342, or 93%) were observed for 300 or more minutes. A minority of individuals which either died
or dispersed from the study group(s) soon after the commencement of observations on them (23 out of 342, or
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7%) were removed from the analyses. Thus, we analyzed data from 319 individuals distributed across the ten
macaque groups**. Details of group compositions, sizes, and sex ratios for all ten groups are provided in**.

For each focal individual macaque, we calculated various aspects of their interactions with humans. Specifi-
cally, we calculated (i) frequency of human-macaque (HM) interactions*=**, and (ii) the diversity of HM interac-
tions defined as the number of unique behaviors shown by the focal towards humans relative to the total number
of unique behaviors by all focal animals across the entire observation®. Thus, a focal animal that primarily
showed aggression towards humans would have a lower diversity score than an animal in its same group that
avoided humans, engaged in begging humans for food, and showed aggression towards humans. We also calcu-
lated (iii) the complexity of human-macaque interactions as the average number of individual behaviors exchanged
by the two participants (macaque and human) across all their interaction events. The simplest human-macaque
interactions only consisted of two behaviors, an action and a corresponding reaction, for example an approach
from the initiator and a subsequent avoid from the recipient. The complexity would therefore increase when
humans or macaques engage in more interactive behaviors within an event (i.e. a continuous exchange of inter-
actions between two participants). We further calculated (iv) macaque-to-human aggression as the frequency of
aggression given by the focal towards humans, and (v) macaque initiation of human-macaque interactions as the
proportion of their total HM interaction events that were initiated by focal animals.

For each macaque, we also computed its social characteristics, specifically its dominance rank, overall spa-
tial position in the group, and connectedness or eigenvector centrality in the social grooming network. First,
we determined dominance rank from dyadic dominance interactions with clear winner/loser outcomes using
the package ‘Perc’ in R (R Development Core Team®)®. We calculated individual ranks based on hierarchies
reconstructed separately for males and females. We further standardized ordinal ranks to account for group
size and created a rank index ranging between zero and one, indicating the top- and bottom-ranking macaque,
respectively. For the data on spatial location, we assigned an ordinal scale ranging from 0 (for ‘alon€’) to 5 (for
‘central’) and calculated a mean ordinal position for every individual from across all its spatial position values.
From the data on dyadic grooming interactions, we reconstructed weighted, undirected social networks for
each macaque group. In these, nodes were individual macaques, and edge-weights were proportions of time
spent grooming (given plus received) between each pair of individuals. The latter were calculated taking into
consideration the observation times of each pair of interactants during the course of their overlapping tenure
in the group. From these, we calculated rescaled values of grooming eigenvector centrality, i.e. the number and
strength of both their direct and secondary grooming connections®**, using the ‘Statnet’ package in R7. All
macaque social networks were visualized using Cytoscape v3.7.2.7%.

Data analyses. We used Generalized Linear Mixed Models (GLMMs) to test our predictions, with various
aspects of human-macaque interactions described above being set as outcome variables. In these, we treated
total number or frequency of HM interactions (i), the diversity of interactions (ii), and frequency of macaque-to-
human aggression (iv) as count data, and included the total observation time of each individual as an offset vari-
able in the corresponding models. We also treated the number of HM interactions initiated by macaques (v) as a
count, but included the total number of HM interactions (rather than observation time) as an offset variable in
these models in order to gauge effects on the proportions of macaque-initiated HM interactions. Models related
to the frequency of HM interactions (i), macaque-to-human aggression (iv), and the proportion of macaque-
initiated HM interactions (v) were all over-dispersed. Thus, we ran negative binomial models in these cases. On
the other hand, diversity (ii) was not over-dispersed, so we used a Poisson link function. Finally, since complex-
ity (iii) of HM interactions (calculated as a mean value for each macaque from across all its HM interactions)
followed a normal distribution, we used a Gaussian error distribution for these models.

For each outcome variable, we ran six GLMM:s (Supplementary Table S1). In every model, we included ‘Group
ID’ as a random factor in order to account for between-group, within-site differences in macaque behavior and
overall exposure to human activity. Where relevant, we included observation time or the frequency of HM
interactions as offset variables (see previous paragraph). The first was a ‘null’ model which included just the
random factor and (if relevant) an offset variable. In a second model we included ‘Species’ as well as our primary
predictor variables (i.e. sex, dominance rank, spatial position, and social network centrality) as main-effects.
To investigate cross-species differences in the effects of these predictors on our outcome variables, we ran four
additional models containing interactions between species and each of our four primary predictor variables.

Within each set of six models, we used AICc scores to choose the ‘best-fit' model’>”*. Specifically, we com-
pared models with just main-effects terms with the corresponding ‘null’ model. Since models that included
interactions with species were essentially more complex, or less parsimonious versions of the model with just
main-effects, we compared their AICc scores to the latter rather than to the ‘null’ models’. In the results, we
report both the ‘best-fit model from each set that had the lowest AICc score’>”>,

For all best-fit models, we checked various diagnostics of model validity and stability (Cook’s distance, DFBe-
tas, DFFits, and Variance Inflation Factors; distribution of residuals, residuals plotted against fitted values). None
of these tests indicated obvious influential cases, strong collinearity among our predictor variables, or obvious
deviations from the assumptions of normality and homogeneity of residuals”. All significance levels were set to
two-tailed p values <0.05. We analyzed the data in R using the Ime4”7 and ‘glmmADMB’”” packages.

Ethics declaration and approval for animal experiments. The protocols used in the study were
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of California, Davis
(protocol # 20593). The research was performed strictly in accordance with the guidelines and regulations
drafted in this protocol. Observers did not engage in any contact or non-contact interactions with the animals
while recording their natural behavior. No biological samples were collected. Since exclusively observational
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Model equation: glmer.nb(FI~Sp +S+RI+SP +SC+Sp:SC + (1|G) + offset(log(OT)))

Predictor B StdEr |z P
(Intercept) -5.39 |048 -11.20 <0.01%*
Species (Sp) (long-tailed vs bonnet) 350 |0.50 6.94 <0.01**
Species (Sp) (rhesus vs bonnet) 2.15 |0.50 4.26 <0.01%*
Species (Sp) (long-tailed vs rhesus) 1.35 |0.39 3.43 <0.01**
Sex (males vs females) 0.23 |0.08 2.99 <0.01%*
Dominance Rank Index (RI) -0.07 |0.11 -0.62 0.54
Spatial Position (SP) 0.32 |0.15 2.17 0.03*
Species : Social Connectedness (Sp:SC) (bonnet SC) 14.26 | 4.92 2.90 <0.01**
Species : Social Connectedness (Sp:SC) (rhesus SC) 2.68 |1.63 1.64 0.10
Species : Social Connectedness (Sp:SC) (long-tailed SC) -0.79 |1.06 -0.75 0.45

Table 1. Best-fit GLMM examining the impact of macaque attributes on the frequency of human-macaque
interactions (FI). Group (G) was a random effect, and observation time (OT) was an offset variable. **p <0.01;
*.

p<0.05.
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Figure 2. Effect of sex, species, and spatial position on the frequency of human-macaque interactions. The
second grouping in the scatterplot represents individuals from two longtailed macaque groups included in the
study that were observed at Batu Caves, where they experienced an exceptionally high frequency of human-
macaque interactions (Y-axis)*’. Figure was created using R (Version 3.6.1: https://www.r-project.org/).

data were collected on both the monkeys and humans, with no identifying information collected on the humans
and no interactions between the experimenters and the humans, no human subjects were enrolled to directly
participate in this study. This protocol, along with the guidelines and regulations, was designed in consultation
with the Himachal Pradesh Forest Department and the Indian Institute of Science Education and Research
Thiruvananthapuram in India, and Universiti Putra Malaysia and Universiti Sains Malaysia in Malaysia. They
complied with the legal requirements of India and Malaysia.

Results

For all five aspects of human-macaque interactions, we identified a single best-fit model. This was either the
model with just main effects which was significantly better-fit (i.e. AAICc <2) than the corresponding ‘null’
model, or a model that included an interaction term with ‘species’ that was significantly better-fit than the
model with just main effects (Supplementary Table S1). For frequency of HM interactions (i) and complexity
(iii), the best-fit model was one that included an interaction between species and social network connectedness
(Supplementary Table S1). For diversity (ii), macaque-to-human aggression (iv), and % interactions initiated by
macaques (v), the best-fit model was the one that included just the main effects (Supplementary Table S1).We
summarize the main findings from these best-fit models below:

Frequency of HM interactions. The best-fit model showed significant effects of sex and spatial position,
and a significant interaction between social network centrality and species, on the frequency of human-macaque
interactions (Table 1; Figs. 2, 3). Specifically, males initiated more interactions than females, and spatially periph-
eral individuals more so than spatially central individuals (Fig. 2). The effect of social network centrality was
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Figure 3. Grooming social networks of each of two bonnet macaque groups showing the effect of eigenvector
centrality on the frequency of human-macaque interactions. Nodes indicate individual macaques, and are sized
by grooming eigenvector centrality (larger nodes indicate higher values). Node color indicates frequencies of
human-macaque interactions (darker colors indicate higher frequencies). Figure was created using Cytoscape
(Version 3.7.2: https://cytoscape.org/).

contingent on species. Bonnet macaques showed a positive (rather than a negative, as wed expected) relation-
ship: central or well-connected individuals in the grooming network were engaged in more frequent interactions
with humans than socially peripheral or less connected individuals (Fig. 3). On the other hand, social network
centrality had no impact on frequency of interactions among either rhesus macaques or long-tailed macaques.
Dominance rank showed no effect on frequency of interactions.

Diversity of HM interactions. The best-fit model revealed a significant effect of sex on diversity; males
showed significantly more diverse behaviors towards humans than females (Table 2; Fig. 4). On the other hand,
dominance rank, spatial position within the group, and social network centrality had no effect on diversity. We
also detected significant inter-species differences in diversity: long-tailed macaques showed the most diverse
behaviors, followed by rhesus macaques, and finally bonnet macaques.

Complexity of HM interactions. The best-fit model showed that both sex and spatial position signifi-
cantly predicted the complexity of HM interactions (Table 3; Fig. 5). Males, compared to females, were involved
in more complex behaviors towards humans. Moreover, individuals in the periphery of their group engaged in
more complex behaviors towards humans than those in the center. Dominance rank had no effect on complex-
ity, nor was there any significant interaction between species and social network centrality on species (Table 3).

Frequency of macaque-to-human aggression. As with complexity, both sex and spatial position sig-
nificantly influenced the frequency of macaque-to-human aggression (Table 4; Fig. 6). Males were more aggres-
sive than females towards humans. More spatially peripheral individuals showed significantly more aggression
towards humans than more spatially central individuals (Table 4). Neither dominance rank nor social network
centrality significantly impacted macaque-to-human aggression. As with overall frequency and diversity of HM
interactions, there were interspecies differences in macaque-to-human aggression: long-tailed macaques showed
the highest rates, followed by rhesus macaques, and finally bonnet macaques.
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Model equation: glmer(D ~Sp+S+RI+SP+SC+ (1|G) +offset(log(OT)),
family ="poisson")

Predictor B StdEr |t P
(Intercept) -6.34 032 -20.10 <0.01**
Species (Sp) (long-tailed vs bonnet) 1.652 | 0.32 5.14 <0.01**
Species (Sp) (rhesus vs bonnet) 1.04 |0.32 3.23 <0.01**
Species (Sp) (long-tailed vs rhesus) 0.61 |0.25 2.47 0.01*
Sex (male vs female) 0.18 | 0.05 3.32 <0.01%*
Dominance Rank Index (RI) -0.02 |0.09 -0.21 0.83
Spatial Position (SP) 0.16 |0.11 1.51 0.13
Social Connectedness (SC) 0.36 |0.59 0.60 0.55

Table 2. Best-fit GLMM examining the impact of macaque attributes on the diversity (D) of human-macaque
interactions. Group (G) was a random effect, and observation time (OT) was an offset variable. **p<0.01.
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Figure 4. Effect of sex and species on the diversity of human-macaque interactions. As with Fig. 2, the second
grouping in the scatterplot represents individuals from the long-tailed macaque groups from Batu Caves®.
Figure was created using R (Version 3.6.1: https://www.r-project.org/).

Model equation: Imer(C ~Sp +S+RI+SP+SC+SC:Sp + (1|G))

Predictor B StdEr |t P
(Intercept) 1.66 |0.22 7.72 <0.01**
Species (Sp) (long-tailed vs bonnet) 0.46 |0.17 2.77 0.01*
Species (Sp) (rhesus vs bonnet) 0.23 |0.17 1.34 0.20
Species (Sp) (long-tailed vs rhesus) 0.24 | 0.12 2.03 0.07(*)
Sex (males vs females) 0.13 | 0.06 242 0.02%
Dominance Rank Index (RI) 0.08 | 0.08 1.01 0.32
Spatial Position (SP) 0.23 |0.10 2.30 0.02*
Species : Social Connectedness (Sp:SC) (bonnet SC) 2,62 |3.09 0.85 0.40
Species : Social Connectedness (Sp:SC) (rhesus SC) 0.85 | 1.24 0.68 0.50
Species : Social Connectedness (Sp:SC) (long-tailed SC) -0.88 | 0.82 -1.08 0.28

Table 3. Best-fit GLMM examining the impact of macaque attributes on the complexity (C) of human-
macaque interactions. Group (G) was a random effect. **p <0.01; *p <0.05; (*)0.05<p<0.1.

Proportion of macaque-initiated HM interactions. The best-fit model showed significant effects
of sex, spatial position, and additionally dominance rank, on the proportion of macaque-initiations (Table 5;
Fig. 7). Specifically, males initiated more interactions than females, and spatially peripheral individuals more so
than spatially central individuals. As predicted, dominance rank showed a positive relationship with macaque

(2020) 10:21991 | https://doi.org/10.1038/s41598-020-78881-3 nature research

Scientific Reports |


https://www.r-project.org/

www.nature.com/scientificreports/

a Bonnet Longtailed Rhesus b
2
s 2.7 2.7
S
o
[ .
E
Z
T 24 24
G
2
x
i
g
s 21 2.1
O

.0
Females Males Fem'ales Ma'les Females Males 1.5 2:0 25
Sex Spatial position (Central -> Peripheral)

Figure 5. Effect of sex, species and spatial position on the complexity of human-macaque interactions. Figure
was created using R (Version 3.6.1: https://www.r-project.org/).

(Intercept) -8.88 |0.55 —-16.01 <0.01**
Species (Sp) (long-tailed vs bonnet) 1.79 |0.50 3.56 <0.01**
Species (Sp) (rhesus vs bonnet) 0.93 |0.51 1.83 0.07(*)
Species (Sp) (long-tailed vs rhesus) 0.86 |0.37 2.35 0.02*
Sex (males vs females) 0.60 |0.11 5.53 <0.01**
Dominance Rank Index (RI) 0.27 |0.19 143 0.15
Spatial Position (SP) 0.57 |0.22 2.61 0.01*
Social Connectedness (SC) -0.23 |1.37 -0.16 0.87

Table 4. Best-fit GLMM examining the impact of macaque attributes on the frequency of macaque-to-human
aggression. Group (G) was a random effect, and observation time (OT) was an offset variable. **p <0.01;
*p<0.05; (*) 0.05<p<0.1.
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Figure 6. Effect of sex, species and spatial position on the frequency of macaque-to-human aggression. As with
Fig. 2, the second grouping in the scatterplot represents individuals from the long-tailed macaque groups from
Batu Caves*. Figure was created using R (Version 3.6.1: https://www.r-project.org/).
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Model equation: glmer.

nb(PMI ~Sp +S+RI+SP+SC+SC:Sp + (1|G) + offset(log(FI)))

Predictor B StdEr |Z P
(Intercept) -2.30 |0.33 - 6.98 <0.01**
Species (Sp) (long-tailed vs bonnet) 0.51 |0.33 1.55 0.12
Species (Sp) (rhesus vs bonnet) 0.50 |0.33 1.52 0.13
Species (Sp) (long-tailed vs rhesus) 0.01 |024 0.04 0.97
Sex (males vs females) 0.22 |0.06 3.64 <0.01**
Dominance Rank Index (RI) 0.22 ]0.10 2.27 0.02*
Spatial Position (SP) 0.27 ]0.12 2.30 0.02*
Social Connectedness (SC) 0.32 |0.70 0.46 0.64

Table 5. Best-fit GLMM examining the impact of macaque attributes on the proportion of macaque-initiated
human-macaque interactions (PMI). Group (G) was a random effect, and the frequency of human-macaque
interactions (FI) was an offset variable. **p<0.01; *p <0.05.
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Figure 7. Effect of sex, species, spatial position, and dominance rank on the proportion of human-macaque
interactions initiated by macaques. Figure was created using R (Version 3.6.1: https://www.r-project.org/).

initiations, with high-ranking individuals initiating more interactions with humans than low-ranking individu-
als. Social network centrality had no impact on macaque initiations.
In Table 6, we summarize the main results from each best-fit model.
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Outcome Social network

(distribution) Sex Dominance RANK | Spatial centrality centrality Species

Fyequgn cy (negative Males >Females | No significant effect | Negative correlation Posntlve correlation | Long-tailed > rhe-

binomial) in bonnet sus >bonnet

Diversity (Poisson) Males >Females | No significant effect | No significant effect No significant effect Long-tailed> rhe-
sus >bonnet

Complexity (Gaussian) | Males > Females | No significant effect | Negative correlation | No significant effect :zg%)_;:ii‘ti> thesus

Aggression (negative Males >Females | No significant effect | Negative correlation | No significant effect Long-tailed > rhe-

binomial) sus>bonnet

A? Imtlg tions (negative Males > Females | Positive correlation | Negative correlation | No significant effect No significant differ

binomial) ences

Table 6. Summary of results from the best-fit GLMMs for each aspect of human-macaque interactions.
Entries in bold font indicate significant effects (p <0.05).

Discussion

We adopted a comparative approach to reveal that key life-history (sex) and social traits (dominance rank, spatial
position, and social network connectedness) of individuals impacted aspects of interactions between wildlife
and humans in (peri)urban environments. To our knowledge, this is the first empirical assessment of individual
behavior in human-wildlife interactions across locations and species. Across 10 groups of three macaque spe-
cies, we found that males (compared to females) and spatially peripheral (compared to more central) individuals
showed the highest indicators of tendencies to interact with humans. Across groups and species, high-ranking
macaques were more likely to initiate interactions with humans. In bonnet macaques, but not in rhesus and long-
tailed macaques, we found that individuals that were well-connected or central in their social grooming network
showed a greater frequency of interactions with humans than less well-connected individuals. For wild primates
living in anthropogenic environments, it is generally agreed that the majority of interactions with humans, if not
directly involving human provisioning or primate foraging on human foods, may occur around the context of
human defense of food resources and/or primates’ intentions to procure anthropogenic foods**7%. In this light,
we discuss these findings (summarized in Table 6) in the order of the extent of impact of each life-history/social
variable on aspects of human-macaque interactions, and their implications for understanding human-wildlife
interfaces from evolutionary and conservation perspectives.We found that male macaques were more likely to
interact with humans than females, a finding that is consistent with previous studies on other primate popula-
tions/species?®* and other wildlife species'®!” in anthropogenic environments. Across macaque species, males
showed more frequent interactions and diverse behaviors towards humans, engaged in more complex interactions
(i.e. exchanged more behaviors on average) with humans, and showed both greater aggression and tendencies
to initiate interactions towards humans, than females. These findings lend support to our prediction that male
exploratory behavior and life-history strategies may entail greater risk-taking. One of the primary motiva-
tions behind wildlife risk-taking in anthropogenic environments is increased access to anthropogenic foods'®*.
Although wildlife in (peri)urban landscapes may rely on environmental sources of anthropogenic food, such
sources may be limited in their availability or monopolizability, particularly for group-living animals such as
primates®. It is therefore conceivable that for males, risk-taking strategies, particularly engaging in prolonged
interactions, using aggression, and initiating interactions with humans, culminates in gaining benefits related
to access/monopoly of high-energy anthropogenic foods (as has already been established in our study popula-
tions:**). For males, the benefits of procuring such foods, manifested through the maintenance of physical fea-
tures that are key to their competitive ability and reproductive success, may out-weigh costs such as receiving
aggression from humans and the energy spent in gaining access to these foods. In comparison to females, where
competitive ability and its associated fitness benefits are largely dependent on kinship”®, male competitive ability
and fitness are more dependent on physical features, such as, in the case of macaques, their body size/weight®.
Thus, increased access to anthropogenic food may directly lead to increased reproductive success in males, an
effect that might be especially pronounced in wildlife species like macaques where male-male competition and
male reproductive skew are both high®.

Compared to males, females may rely more on environmental sources of anthropogenic and natural food,
or may be the favored targets of human-to-macaque provisioning either because of human attraction to infants
or lower perceived risk of aggression from females?**. Any of these scenarios would involve lower risk-taking
and energetic costs and may hence explain the lower frequency and diversity of interactions with humans,
complexity of human-macaque interactions, aggression towards humans, and initiations of interactions with
humans, among females. To better understand female strategies in anthropogenic environments in response to
their energetic demands and life-history, comparing their interactions with humans during periods of relatively
higher (pregnancy, lactation) versus lower (post-weaning) energetic costs would be a logical next step.

Among social factors, we found that individuals” spatial position in the group had the strongest and most
consistent impact on aspects of human-macaque interactions. Across groups and species, individuals that spent
more time in the periphery of their group seemed to engage in more frequent and complex interactions, showed
greater aggression towards humans, and initiated more interactions with humans, than more central individu-
als. Moreover, these effects of spatial position were independent of the effects of individuals’ dominance rank
and social network centrality, neither of which had as strong or as consistent an impact (exceptional results are
discussed below). In group-living animals that show non-random social structure, individuals” spatial position
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within the group may be correlated to their dominance status (high-ranking individuals are often at the core of
the group:*#?) and/or may influence their connectedness or interactions within a social network (socially well-
connected individuals are also more likely to be in the core of the group:*>*%*). Nonetheless, spatial position
within the group independently evaluated from social interactions has not been accounted for in previous studies
evaluating the effects of dominance rank (Barbary macaques:*?) or social network centrality (moor macaques:'!)
on human-primate interactions. Here we evaluated group spatial position for socially structured groups/species
of wildlife, and, ruling out strong collinearity with rank and social network centrality (see “Methods”), assessed
the relative effects of these three factors on human-wildlife interactions. Our finding that spatial position had a
stronger, more consistent impact on human-macaque interactions than rank and/or social network connected-
ness is of broad relevance. Since spatial position is a fundamental aspect of all group-living animals, we speculate
that our results on macaques may be generalizable to other group-living wildlife. In other words, position within a
group may fundamentally underlie inter-individual variation in human-wildlife interactions across a wide range
of group-living wildlife taxa in anthropogenically impacted environments, irrespective of their social complexity
(e.g., white-tailed deer, Odocoileus virginianus®, elephants'®, primates'?).

There may be multiple, inter-dependent explanations for why peripheral macaques interacted more with
humans. Simply, individuals at the edge of the group may have a greater exposure to humans than those at the
center (herd effect®), which may explain their greater overall frequencies of interactions with humans. Alter-
natively, macaques of specific sociodemographic characteristics may be either forced to stay in the periphery of
their group or make active decisions to stay in the periphery®"*”. In large groups of animals where spatial position
may depend on social status, low-ranking individuals with lower priority of access to natural food sources such
as fruiting trees that are also not widespread or abundant in (peri)urban environments may be forced to stay in
the periphery of the group and to initiate more interactions with humans to procure food. Individuals who are
less attractive social partners, i.e. spend less time engaging in social interactions, may also be forced to stay in
the periphery, which may increase the time available to engage in more complex interactions with humans. This
argument is supported by our detection of a weak but positive correlation between spatial position centrality
and grooming social network centrality (Pearson’s R: n=319, r=0.11, p=0.05), and by our previous work that
revealed an inverse effect of anthropogenic factors leading to a decrease in individuals’ time spent grooming*-44.

Macaques may actively choose to stay in the periphery in order to specifically interact with humans. For
instance, high dominance rank and/or social connectedness may afford individuals spatial benefits in terms of
being able to choose their position, with low-ranking individuals making the best out of the situation (as has been
shown in wild Capuchin monkeys, Cebus capucinus:#"%7). Per this explanation, peripheral macaques may also be
high-ranking individuals, and/or those choosing to compromise on time spent engaging in social interactions,
in order to preferentially engage in interacting with humans. Indeed, a positive correlation between dominance
rank and increased access to anthropogenic food that establishes the value of anthropogenic foods supports this
‘active choice’ argument. Finally, a sub-set of peripheral individuals may constitute younger, more exploratory
males that are actively seeking dispersal opportunities®* and routinely showing increases in hormonal activity
(e.g., testosterone levels”®), both of which may increase rates of aggression towards humans and/or the initiation
of interactions with humans. In summary, determining whether or how animals’ decision-making regarding their
spatial position impacts their behavior in these urban environments requires future analyses that (i) determine
correlations between spatial position and macaques’ sociodemographic characteristics (rank, social connected-
ness, and sex), and (ii) examines their interactive effects on human-macaque interactions.

Compared to spatial position, the impact of dominance rank and social network centrality on aspects of
human-macaque interactions was less consistent. Across species, we found a positive relationship between
dominance rank and macaque initiations of human-macaque interactions: high-ranking individuals initiated
more interactions with humans than low-ranking individuals. This was consistent with our prediction, but
somewhat in contrast to previous findings on tourist-provisioned bonnet macaques that showed no correlation*,
and Barbary macaques that showed a negative (rather than a positive) correlation between rank and rates of
interactions with humans®. Our study focused on macaques in (peri)urban environments for whom being
high-ranking also confers the pay-off of greater access to, and monopoly over, anthropogenic food*. This may
compensate for the energetic costs involved in taking risks to engage with humans to procure such foods. In
contrast, the afore-mentioned studies on bonnet macaques and Barbary macaques focused on wild [rather than
(peri)urban] populations that were occasionally provisioned by tourists. Therefore, these animals may covet,
or rely more on, natural foods than our (peri)urban macaques, making priority of access to tourist-provisioned
food somewhat less relevant.

We found a conditional effect of social network connectedness on human-macaque interactions. Among
bonnet macaques, but not in rhesus or long-tailed macaques, we found that centrality in the social grooming
network was positively correlated to the overall frequency of interactions with humans. This finding was contrary
to our original prediction of a negative relationship, based on our previous findings that anthropogenic factors
led to a decrease (rather than an increase) in grooming duration and (to a lesser extent) partner diversity in these
bonnet macaques*. The reason for this could be that in those previous studies, we had evaluated grooming effort
by season, whereas here we evaluated individuals’ grooming eigenvector centrality (and not just grooming dura-
tion or diversity) across the entire study period. Eigenvector is a complex, network measure of the strength and
diversity of an individuals’ direct and secondary connections, or long-term ‘social capital**°'. Previous studies
on primates and other group-living animals have shown that increased eigenvector centrality may be associated
with stronger social bonds, greater access to resources, and increased social support during intra-group conflict
(reviewed in®?). Given its clear significance, it is likely that inter-individual variation in macaques’ eigenvec-
tor centrality (i) may be conserved in spite of time-budgets leading to a systematic, group-wide reduction in
grooming effort, and moreover (ii) reduce/negate the potential costs of risky behaviors such as engagement
with humans. Such effects, we speculate, may be especially pronounced among primate groups/species which
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(i) display more tolerant social systems that are characterized by strong, diverse affiliative relationships (bonnet
macaques > rhesus or long-tailed macaques:*®), and/or (ii) have historically experienced relatively lower levels
of anthropogenic impact (bonnet macaques < rhesus or long-tailed macaques:**).

At the species level, we found that long-tailed macaques consistently showed the most frequent indicators of
interactions with humans, followed by rhesus macaques, and finally bonnet macaques. In general, comparative
assessments of human-wildlife interfaces would require a careful consideration of those wildlife and human
components that are similar, versus those that are different®®. Here we focused on three macaque species that
bore systematic similarities and differences in their evolutionary history and ecological flexibility (*%, see “Intro-
duction”). One explanation for such differences might be species-typical variation based on their phylogenetic
distances: long-tailed macaques and rhesus macaques are more closely related to each other, are more geo-
graphically and ecologically widespread, and have experienced a longer history of exposure to anthropogenic
environments, than bonnet macaques (3, see “Introduction”). A more robust test of this explanation awaits the
implementation of phylogenetic comparative methods. Implementing phylogenetic approaches were beyond the
scope of this study, since our data were limited to three species, and given well-established empirical evidence
that such methods are highly susceptible to low sample sizes of the number of species*~%. Our findings should
lead naturally to future assessments if or once comparable behavioral data on other primates and other wildlife
living in human-impacted environments is collected or assembled.

We found that cross-species variation failed to reach significance for macaque-initiations of human-macaque
interactions. This finding suggests that any explanation of species-typical or phylogenetic differences driving
variation in human-macaque interactions is incomplete without a consideration of cross-site differences in
current environmental conditions. In other words, a more complete picture will emerge when we evaluate and
compare intraspecific variation across groups, and the role of anthropogenic environmental factors, on these
human-wildlife interactions. Although we studied (peri)urban primate populations, they nonetheless experi-
enced varying degrees of anthropogenic exposure across locations [Malaysia > Northern India > Southern India:
(McCowan, Unpublished Data)], and even across groups within the same location (e.g. density of humans; access
to anthropogenic food:****). Within Malaysia, for instance, we studied two groups that visited a Hindu temple and
experienced a markedly high frequency of interactions with humans, and two others in a (peri)urban park that
experienced comparatively lower frequencies®’. Here our approach controlled for such cross-group differences
within species, while quantitatively evaluating cross-species differences. A more comprehensive examination
of intraspecific variation, beyond the scope of this study, would require evaluations of inter-group differences
in macaque behavior while also considering aspects of the human system, specifically human demographic
characteristics, attitudes, and behavior, that might influence these interactions.

Findings from this study add to a growing body of research focusing on the characteristics and behavior of
individual wild animals at human-wildlife interfaces. They suggest that the life-history, group-living, and social
behavior of individual wild animals, may all influence their interactions with humans. From an evolution-
ary perspective, our results suggest that among group-living animals in energetically challenging (peri)urban
environments, individuals with (1) more energetically costly strategies, e.g. compromised group-living (spatial
periphery) and greater exploration (males, peripheral individuals), but also with (2) the less costly strategies
related to their life-history (males) and increased access to resources (high rank) and social capital (increased
grooming connectedness within a socially tolerant group), are the most prone to risk-taking by interacting with
humans. From a conservation perspective, our findings inform human-wildlife conflict and disease interven-
tion strategies to focus on specific classes of ‘target’ individuals that may be (1) more prone to conflict-defining
interacting with humans (e.g., males, peripheral animals), and consequently (2) more prone to acquiring and
transmitting zoonotic agents from humans (i.e. ‘superspreader’ primates: e.g. peripheral or migrating macaques at
the human-wildlife interface's; high-ranking or socially central individuals within wildlife social groups®). Such
targeted efforts may reduce both the monetary and health-related costs of conflict to both wildlife and humans.

Data availability
The data used in this study is available with the first/corresponding authors and the last/senior author and will
be provided upon request.

Received: 27 July 2020; Accepted: 1 December 2020
Published online: 15 December 2020

References
1. Dickman, A. ]. & Hazzah, L. Money, myths and man-eaters: Complexities of human-wildlife conflict. In Problematic Wildlife (ed.
Angelici, E M.) 339-356 (Springer, Berlin, 2016). https://doi.org/10.1007/978-3-319-22246-2_16.
. Nyhus, P. J. Human-wildlife conflict and coexistence. Annu. Rev. Environ. Resour. 41, 143-171 (2016).
. Carter, N. H. et al. Coupled human and natural systems approach to wildlife research and conservation. Ecol. Soc. 19, 43 (2014).
. Dirzo, R. et al. Defaunation in the anthropocene. Science (80-) 345, 401-406 (2014).
. Balasubramaniam, K. N. et al. Addressing the challenges of human-wildlife conflict research using coupled natural and human
systems. Biol. Conserv. Rev.
. McDonald, A. M. H., Rea, R. V. & Hesse, G. Perceptions of moose-human conflicts in an urban environment. ALCES 48, 123-130
(2012).
7. Berger-Tal, O. et al. A systematic survey of the integration of animal behavior into conservation. Conserv. Biol. 30, 744-753 (2016).
8. Snijders, L., Blumstein, D. T., Stanley, C. R. & Franks, D. W. Animal social network theory can help wildlife conservation. Trends
Ecol. Evol. 32, 567-577 (2017).
9. Tucker, M. A. et al. Moving in the anthropocene: Global reductions in terrestrial mammalian movements. Science (80-) 359,
466-469 (2018).
10. Lischka, S. A. et al. A conceptual model for the integration of social and ecological information to understand human-wildlife
interactions. Biol. Conserv. 225, 80-87 (2018).

G W N

[=2}

Scientific Reports |

(2020) 10:21991 | https://doi.org/10.1038/s41598-020-78881-3 nature research


https://doi.org/10.1007/978-3-319-22246-2_16

www.nature.com/scientificreports/

11.
12.
13.
14.
15.
16.

17.
18.

19.

20.
21.

22.
23.
24.
25.
. Radhakrishna, S. & Sinha, A. Less than wild? Commensal primates and wildlife conservation. J. Biosci. 36, 749-753 (2011).
27.
28.
29.
30.

31.

32.
. Mitani, J. C., Gros-Louis, J. & Richards, A. F. Sexual dimorphism, the operational sex ratio, and the intensity of male competition

34.
35.
36.

37.
38.

39.
40.
41.
42.
43.
44,
45.

46.
. Jacobs, A., Sueur, C., Deneubourg, J. L. & Petit, O. Social network influences decision making during collective movements in

48.
49.

50.
51.

52.

53.

54.

Morrow, K. S., Glanz, H., Ngakan, P. O. & Riley, E. P. Interactions with humans are jointly influenced by life history stage and social
network factors and reduce group cohesion in moor macaques (Macaca maura). Sci. Rep. 9, 1-12 (2019).

Dickman, A. J. From cheetahs to chimpanzees: A comparative review of the drivers of human-carnivore conflict and human-
primate conflict. Folia Primatol. 83, 377-387 (2013).

Chiyo, P. I, Moss, C. J. & Alberts, S. C. The influence of life history milestones and association networks on crop-raiding behavior
in male african elephants. PLoS One 7, 20 (2012).

Maréchal, L. et al. Impacts of tourism on anxiety and physiological stress levels in wild male Barbary macaques. Biol. Conserv. 144,
2188-2193 (2011).

Barua, M., Bhagwat, S. A. & Jadhav, S. The hidden dimensions of human-wildlife conflict: Health impacts, opportunity and
transaction costs. Biol. Cons. 157, 309-316 (2013).

Devaux, C. A., Mediannikov, O., Medkour, H. & Raoult, D. Infectious disease risk across the growing human-non human primate
interface: A review of the evidence. Front. Public Health 7, 1-22 (2019).

Wolfe, N. D., Dunavan, C. P. & Diamond, J. Origins of major human infectious diseases. Nature 447, 279-283 (2007).

Oro, D., Genovart, M., Tavecchia, G., Fowler, M. S. & Martinez-Abrain, A. Ecological and evolutionary implications of food
subsidies from humans. Ecol. Lett. 16, 1501-1514 (2013).

LaBarge, L. R, Hill, R. A., Berman, C. M., Margulis, S. W. & Allan, A. T. L. Anthropogenic influences on primate antipredator
behavior and implications for research and conservation. Am. J. Primatol. 82, 1-13 (2020).

Wong, B. B. M. & Candolin, U. Behavioral responses to changing environments. Behav. Ecol. 26, 665-673 (2015).

Hockings, K. J., Anderson, J. R. & Matsuzawa, T. Socioecological adaptations by chimpanzees, Pan troglodytes verus, inhabiting
an anthropogenically impacted habitat. Anim. Behav. 83, 801-810 (2012).

Carne, C., Semple, S., MacLarnon, A., Majolo, B. & Maréchal, L. Implications of tourist-macaque interactions for disease transmis-
sion. EcoHealth 14, 704-717 (2017).

Morzillo, A. T., de Beurs, K. M. & Martin-Mikle, C. J. A conceptual framework to evaluate human-wildlife interactions within
coupled human and natural systems. Ecol. Soc. 19, 44 (2014).

Balasubramaniam, K. N. et al. Using a coupled natural and human systems approach to understand the behavioral dimensions of
human-primate interfaces.

Fuentes, A. Ethnoprimatology and the anthropology of the human-primate interface. Annu. Rev. 41, 101-117 (2012).

Soulsbury, C. D. & White, P. C. L. Human-wildlife interactions in urban areas: A review of conflicts, benefits and opportunities.
Wildl. Res. 42, 541 (2015).

Fuentes, A. & Gamerl, S. Disproportionate participation by age/sex classes in aggressive interactions between long-tailed macaques
(Macaca fascicularis) and human tourists at Padangtegal monkey forest, Bali, Indonesia. Am. J. Primatol. 66, 197-204 (2005).
Hsu, M. ], Kao, C. C. & Agoramoorthy, G. Interactions between visitors and formosan macaques (Macaca cyclopis) at Shou-Shan
Nature Park, Taiwan. Am. J. Primatol. 71, 214-222 (2009).

Wolf, M., van Doorn, G. S., Leimar, O. & Weissing, F. J. Life-history trade-offs favour the evolution of animal personalities. Nature
447, 581-584 (2007).

Promislow, D. E. L. & Harvey, P. H. Living fast and dying young: A comparative analysis of life-history variation among mammals.
J. Zool. 220, 417-437 (1990).

Clutton-Brock, T. Reproductive competition and sexual selection. Philos. Trans. R. Soc. B Biol. Sci. 372, 20160310 (2017).

in polygynous primates. Am. Nat. 147, 966-980 (1996).

Marty, P. R. et al. Individuals in urban dwelling primate species face unequal benefits associated with living in an anthropogenic
environment. Rev. (2019).

Fehlmann, G. et al. Extreme behavioural shifts by baboons exploiting risky, resource-rich, human-modified environments. Sci.
Rep. 7,1-8 (2017).

Beisner, B. A. et al. Human-wildlife conflict: Proximate predictors of aggression between humans and rhesus macaques in India.
Am. ]. Phys. Anthropol. 156, 286-294 (2015).

Fa, J. E. Visitor-directed aggression among the Gibraltar macaques. Zoo Biol. 11, 43-52 (1992).

Bruintjes, R. & Radford, A. N. Context-dependent impacts of anthropogenic noise on individual and social behaviour in a coop-
eratively breeding fish. Anim. Behav. 85, 1343-1349 (2013).

Lacy, K. E. & Martins, E. P. The effect of anthropogenic habitat usage on the social behaviour of a vulnerable species, Cyclura nubila.
Anim. Conserv. 6,3-9 (2003).

Ram, S., Venkatachalam, S. & Sinha, A. Changing social strategies of wild female bonnet macaques during natural foraging and
on provisioning. Curr. Sci. 84, 780-790 (2003).

Maréchal, L., MacLarnon, A., Majolo, B. & Semple, S. Primates’ behavioural responses to tourists: Evidence for a trade-off between
potential risks and benefits. Sci. Rep. 6, 1-11 (2016).

Kaburu, S. S. K. et al. Interactions with humans impose time constraints on urban-dwelling rhesus macaques (Macaca mulatta).
Behaviour 156, 1255-1282 (2019).

Marty, P. R. et al. Time constraints imposed by anthropogenic environments alter social behaviour in long-tailed macaques. Anim.
Behav. 150, 157-165 (2019).

Balasubramaniam, K. N. et al. Impact of anthropogenic factors on affiliative behaviors among bonnet macaques. Am. J. Phys.
Anthropol. 171, 704-717 (2020).

Belton, L. E., Cameron, E. Z. & Dalerum, E. Social networks of spotted hyenas in areas of contrasting human activity and infra-
structure. Anim. Behav. 135, 13-23 (2018).

Chilvers, B. L. & Corkeron, P. ]. Trawling and bottlenose dolphins’ social structure. Proc. R. Soc. B 268, 1901-1905 (2001).

Brown lemurs (Eulemur fulvus fulvus). Int. J. Primatol. 32, 721-736 (2011).

Bode, N. W. E, Wood, A. J. & Franks, D. W. The impact of social networks on animal collective motion. Anim. Behav. 82, 29-38
(2011).

Sueur, C., MacIntosh, A. . J., Jacobs, A. T., Watanabe, K. & Petit, O. Predicting leadership using nutrient requirements and domi-
nance rank of group members. Behav. Ecol. Sociobiol. 67, 457-470 (2013).

Schino, G. Grooming, competition and social rank among female primates: A meta-analysis. Anim. Behav. 62, 265-271 (2001).
Balasubramaniam, K. N. & Berman, C. M. Grooming interchange for resource tolerance: Biological markets principles within a
group of free-ranging rhesus macaques. Behaviour 154, 1145-1176 (2017).

Overduin-de Vries, A. M., de Vries, H., Vermande, M. M., Reijntjes, A. H. A. & Sterck, E. H. M. Both aggressive and affiliative
behaviour facilitate resource access in high-ranking female long-tailed macaques (Macaca fascicularis). Behaviour 157, 267-287
(2020).

Kurita, H., Sugiyama, Y., Ohsawa, H., Hamada, Y. & Watanabe, T. Changes in demographic parameters of Macaca fuscata at
Takasakiyama in relation to decrease of provisioned foods. Int. J. Primatol. 29, 1189-1202 (2008).

Bonacich, P. Some unique properties of eigenvector centrality. Soc. Netw. 29, 555-564 (2007).

Scientific Reports |

(2020) 10:21991 | https://doi.org/10.1038/s41598-020-78881-3 nature research



www.nature.com/scientificreports/

55.

56.
57.

58.
59.

60.

Wey, T., Blumstein, D. T., Shen, W. & Jordan, E Social network analysis of animal behaviour: A promising tool for the study of
sociality. Anim. Behav. 75, 333-344 (2008).

Dunbar, R. I. M. Time: A hidden constraint on the behavioural ecology of baboons. Behav. Ecol. Sociobiol. 31, 35-49 (1992).
Sinha, A., Mukhopadhyay, K., Datta-Roy, A. & Ram, S. Ecology proposes, behaviour disposes: Ecological variability in social
organization and male behavioural strategies among wild bonnet macaques. Curr. Sci. 89, 1166-1179 (2005).

Thierry, B. Unity in diversity: Lessons from macaque societies. Evol. Anthropol. 16, 224-238 (2007).

Balasubramaniam, K. N. et al. Hierarchical steepness and phylogenetic models: Phylogenetic signals in Macaca. Anim. Behav. 83,
20 (2012).

van Schaik, C. P. The ecology of social relationships amongst female primates. In Comparative Socioecology (eds Standen, V. &
Foley, R. A.) 195-218 (Blackwell, New York, 1989).

61. Morales, J. C. & Melnick, D. J. Phylogenetic relationships of the macaques (Cercopithecidae: Macaca), as revealed by high resolu-
tion restriction site mapping of mitochondrial ribosomal genes. J. Hum. Evol. 34, 1-23 (1998).

62. Gumert, M. D. A common monkey of Southeast Asia: Longtailed macaque populations, ethnophoresy, and their occurrence in
human environments. In Monkeys on the Edge: Ecology and Management of longTailed Macaques and their Interface with Humans
(eds Gumert, M. D. et al.) 3-43 (Cambridge University Press, Cambridge, 2011).

63. Southwick, C. H. & Siddiqi, M. E. Primate commensalism: The Rhesus Monkey in India. Rev. Ecol. (Terre Vie) 49, 223-231 (1994).

64. Sinha, A. & Mukhopadhyay, K. The monkey in the Towns commons, revisited: An anthropogenic history of the Indian Bonnet
Macaque. In The Macaque Connection: Cooperation and Conflict between Humans and Macaques (eds Radhakrishna, S. et al.)
187-208 (Springer, Berlin, 2013). https://doi.org/10.1007/978-1-4614-3967-7.

65. Kaburu, S. S. K. et al. Rates of human-macaque interactions affect grooming behavior among urban-dwelling rhesus macaques
(Macaca mulatta). Am. J. Phys. Anthropol. 168, 92-103 (2018).

66. Altmann, J. Observational study of behavior: Sampling methods. Behaviour 49, 227-267 (1974).

67. Martin, P. & Bateson, P. Measuring Behaviour (Cambridge University Press, Cambridge, 1993).

68. R Development Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing,
Vienna, 2009).

69. Fujii, K. et al. Perc: Using Percolation and Conductance to Find Information Flow Certainty in a Direct Network. (R Package Version
0.1., 2015).

70. Handcock, M. S., Hunter, D. R, Butts, C. T., Goodreau, S. M. & Morris, M. Package ‘statnet’. R Packag. (2008).

71. Shannon, P. et al. Cytoscape: A software environment for integrated models. Genome Res. 13, 2498-2504 (2003).

72. Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference (Springer, Berlin, 2002).

73. Burnham, K. P,, Anderson, D. R. & Huyvaert, K. P. AIC model selection and multimodel inference in behavioral ecology: Some
background, observations, and comparisons. Behav. Ecol. Sociobiol. 65, 23-35 (2011).

74. Richards, S. A. Testing ecological theory using the information-theoretic approach: Examples and cautionary results. Ecology 86,
2805-2814 (2005).

75. Quinn, G. P. & Keough, M. J. Experimental Designs and Data Analysis for Biologists (Cambridge University Press, Cambridge,
2002).

76. Bates, D., Michler, M., Bolker, B. M. & Walker, S. C. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 20 (2015).

77. Bolker, B., Skaug, H., Magnusson, A. & Nielsen, A. Getting started with the glmmADMB package. R Packag. ver. 2.0-8 12 (2012).

78. Mckinney, T. A classification system for describing anthropogenic influence on nonhuman primate populations. Am. J. Primatol.
77,715-726 (2015).

79. Silk, J. B. Kin selection in primate groups. Int. J. Primatol. 23, 849-875 (2002).

80. Marty, P. R., Hodges, K., Agil, M. & Engelhardt, A. Alpha male replacements and delayed dispersal in crested macaques (Macaca
nigra). Am. J. Primatol. 79, 1-8 (2017).

81. Janson, C. H. Social correlates of individual spatial choice in foraging groups of brown capuchin monkeys, Cebus apella. Anim.
Behav. 40, 910-921 (1990).

82. Hemelrijk, C. K. Towards the integration of social dominance and spatial structure. Anim. Behav. 59, 1035-1048 (2000).

83. VanderWaal, K. L., Atwill, E. R, Isbell, L. A. & McCowan, B. Linking social and pathogen transmission networks using microbial
genetics in giraffe (Giraffa camelopardalis). J. Anim. Ecol. 83, 406-414 (2014).

84. Lusseau, D. ef al. Quantifying the influence of sociality on population structure in bottlenose dolphins. J. Anim. Ecol. 75, 14-24
(2006).

85. Pfeiffer, M. B., Iglay, R. B., Seamans, T. W, Blackwell, B. F. & DeVault, T. L. Deciphering interactions between white-tailed deer
and approaching vehicles. Transp. Res. Part D 79, 102251 (2020).

86. Hamilton, W. D. Geometry for the selfish herd. J. Theor. Biol. 31, 295-311 (1971).

87. Hall, C. L. & Fedigan, L. M. Spatial benefits afforded by high rank in white-faced capuchins. Anim. Behav. 53, 1069-1082 (1997).

88. Johnson, M. L. Exploratory behavior and dispersal: A graphical model. Can. J. Zool. 67, 2325-2328 (1989).

89. Marty, P. R. Dispersal and immigration strategies in primate males. Malayan Nat. J. 69, 353-356 (2017).

90. Marty, P. R., Hodges, K., Heistermann, M., Agil, M. & Engelhardt, A. Is social dispersal stressful? A study in male crested macaques
(Macaca nigra). Horm. Behav. 87, 62-68 (2017).

91. Brent, L.J. N,, Semple, S., Dubuc, C., Heistermann, M. & MacLarnon, A. Social capital and physiological stress levels in free-ranging
adult female rhesus macaques. Physiol. Behav. 102, 76-83 (2011).

92. Brent, L. J. N. Friends of friends: Are indirect connections in social networks important to animal behaviour?. Anim. Behav. 103,
211-222 (2015).

93. Blomberg, S. P,, Garland, T. & Ives, A. R. Testing for phylogenetic signal in comparative data: Behavioral traits are more labile.
Evolution (N. Y.) 57, 717-745 (2003).

94. Garamszegi, L. Z. & Moller, A. P. Effects of sample size and intraspecific variation in phylogenetic comparative studies: A meta-
analytic review. Biol. Rev. 85,797-805 (2010).

95. Balasubramaniam, K. N. et al. The influence of phylogeny, social style, and sociodemographic factors on macaque social network
structure. Am. J. Primatol. 80, 20 (2018).

96. Balasubramaniam, K. N. ef al. Affiliation and disease risk: Social networks mediate gut microbial transmission among rhesus
macaques. Anim. Behav. 151, 131-143 (2019).

Acknowledgements

We wish to thank the following organizations—the Himachal Pradesh Forest Department (HPFD), Economic
Planning Unit Malaysia, the Forestry Department of Peninsular Malaysia, the Department of Wildlife and
National Parks Peninsular Malaysia, Tourism Selangor, and the Kerala Forest and Wildlife Department—for
giving permission to conduct research in India and Malaysia. We thank Camille Luccisano, Eduardo Saczek,
Silvia La Gala, Nur Atiqua Tahir, Rachael Hume, Kawaljit Kaur, Bidisha Chakraborty, Benjamin Sipes, Nalina
Aiempichitkijkarn, Pooja Dongre, and Menno van Berkel for their assistance with data collection and storage

Scientific Reports|  (2020) 10:21991 | https://doi.org/10.1038/s41598-020-78881-3 natureresearch


https://doi.org/10.1007/978-1-4614-3967-7

www.nature.com/scientificreports/

in the field. The authors were supported by the U.S. National Science Foundation (Grant no. 1518555) awarded
to PI McCowan.

Author contributions

K.N.B and PR.M,, as co-first authors, and under the supervision of B.M., took the lead in all aspects of the study,
i.e. in the study design, supervision of data collection, and the conductance of data analysis and manuscript
writing. B.A.B. and E.B.M. were involved in the study design and manuscript writing. S.S.K. and M.A. helped
design the study, supervised data collection, and participated in manuscript writing. S.S., A.S., T.G., M.I., and
R.S. were all involved in field data collection, data preparation and analysis, and manuscript writing. Finally,
N.R, AL, S.AM.S,, L.M,, S.R., and UK. all helped formulate and implement data collection protocols in India
and Malaysia, as well as participated in manuscript writing as co-authors. B.M. supervised the entire study.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-78881-3.

Correspondence and requests for materials should be addressed to K.N.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:21991 | https://doi.org/10.1038/s41598-020-78881-3 nature research


https://doi.org/10.1038/s41598-020-78881-3
https://doi.org/10.1038/s41598-020-78881-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impact of individual demographic and social factors on human–wildlife interactions: a comparative study of three macaque species
	Methods
	Study site and subjects. 
	Data collection. 
	Computation of human–macaque interactions and social factors. 
	Data analyses. 
	Ethics declaration and approval for animal experiments. 

	Results
	Frequency of HM interactions. 
	Diversity of HM interactions. 
	Complexity of HM interactions. 
	Frequency of macaque-to-human aggression. 
	Proportion of macaque-initiated HM interactions. 

	Discussion
	References
	Acknowledgements


