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Elevated risk of disease transmission is considered a major cost of sociality,
although empirical evidence supporting this idea remains scant. Variation in
spatial cohesion and the occurrence of social interactions may have profound
implications for patterns of interindividual parasite transmission. We used a
social network approach to shed light on the importance of different aspects
of group-living (i.e. within-group associations versus physical contact) on
patterns of parasitism in a neotropical primate, the brown spider monkey
(Ateles hybridus), which exhibits a high degree of fission—fusion subgroup-
ing. We used daily subgroup composition records to create a ‘proximity”
network, and built a separate ‘contact” network using social interactions
involving physical contact. In the proximity network, connectivity between
individuals was homogeneous, whereas the contact network highlighted
high between-individual variation in the extent to which animals had phys-
ical contact with others, which correlated with an individual’s age and sex.
The gastrointestinal parasite species richness of highly connected individ-
uals was greater than that of less connected individuals in the contact
network, but not in the proximity network. Our findings suggest that
among brown spider monkeys, physical contact impacts the spread of sev-
eral common parasites and supports the idea that pathogen transmission
is one cost associated with social contact.

1. Introduction

Social behaviour is ubiquitous in nature—even solitary species must encounter
conspecifics to mate and many provide parental care for their offspring. However,
degree of social contact is highly variable among species, and this has important
implications for the transmission of pathogens and parasites. In contrast to soli-
tary species, adults of group-living species permanently associate with other
adult conspecifics. Elevated risk of disease transmission is considered a major
cost of group-living [1-3]. Support for this hypothesis comes from studies exam-
ining how patterns of parasitism relate to interspecific differences in social
organization (i.e. group-living versus solitary lifestyle). Parasite prevalence and
richness are often higher in gregarious mammals and colonial birds than in soli-
tary species [4—-6]. Additional evidence in support of this hypothesis is provided
by studies of free-ranging primates, where group-living gorillas appear more sus-
ceptible to infections with Ebola than solitary males [7], and where the risk of
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infection with malaria parasites increases with group size in
neotropical primates [8].

Parasite and pathogen transmission can be either direct
(i.e. between host individuals) or indirect (i.e. encountered
in the environment or passed through intermediate hosts
or vectors). Social interactions that involve close proximity or
physical contact between group members (e.g. grooming, hud-
dling, mating, biting) can be used by parasites and pathogens
as direct transmission pathways to spread through host popu-
lations [9-12] (reviewed in [1,2,13]). Therefore, generally, it has
been predicted that higher levels of social interaction are associ-
ated with higher levels of transmission for directly transmitted
parasites and pathogens, (e.g. sexually transmitted diseases,
tuberculosis, rabies), whereas this should not be true for species
with indirect transmission pathways [2]. However, empirical
evidence shows that gastrointestinal parasites, which usually
have indirect transmission pathways, can also be transmitted
through social interactions (e.g. during grooming, when infec-
tious stages are ingested by the grooming actor from the fur of
the grooming recipient [9,11]).

Recently, social network analysis has been identified as a
valuable tool to improve our understanding of the importance
of social interactions in the transmission of parasites [14-23].
Social network tools can detect key social interactions of
humans [24-26] and wildlife species [9,10,12,17,27-33] that
may facilitate parasite transmission from one host individual to
another (e.g. sexual encounters, grooming, biting). Such knowl-
edge can be employed to predict which individuals or groups
of individuals (e.g. specific age or sex classes) are likely to play
pivotal roles in the transmission of infectious agents [20,31,34—
39]. For example, social network analyses have demonstrated
that in a variety of vertebrates—ranging from reptiles (sleepy
lizards, Tiliqua rugosa [18,32]; tuatara, Sphenodon punctatus [40])
to mammals (giraffes, Giraffa camelopardalis [20]; brushtail
possums, Trichosurus vulpecula [27])—highly connected individ-
uals within a social network are also more likely to be infected
with both ectoparasites [18,40] and bacteria (Escherchia coli [20],
Salmonella enterica [32], Mycobacterium bovis [27]) than their con-
specifics. Moreover, individuals that engage in certain types of
behaviour (e.g. physical contact, grooming) or that are connected
to infected individuals are also at greater risk of becoming
infected themselves [9,10,12,33].

Social network tools have also proven useful to study the
huge variation in spatio-temporal cohesion of group-living
animals [41-43]. Variation in spatial cohesion of group mem-
bers is a less studied, but probably also important, factor
impacting the transmission of parasites and pathogens [2].
For example, the level of group stability (closed groups
versus fluid or open groups) has been shown to affect the
relationship between group size and prevalence of intestinal
parasites in 11 African bovid species [4]. Similarly, the for-
mation of seasonally stable subpopulations inhibits the
spread of pneumonia among bighorn lambs (Oviscanadensis)
belonging to different subpopulations [44]. Substructuring
into social units (subpopulations or subgroups) probably
impacts rates of social behaviour and therefore, potentially,
parasite transmission through a population as well [45].

Typically, empirical studies investigating parasite trans-
mission pathways build social networks by means of data on
either social interactions [9,10,12] or spatial proximity (e.g.
refuge sharing, home-range overlap) [17,18,20,30,35,36,40].
However, few studies have examined how different scales of
spatial proximity affect parasite transmission, e.g. association

patterns and home-range overlap [20], or subgroup member-
ship and close physical contact [37]. To date, information is
scant concerning the relative importance of social interactions
and spatial cohesion of group members for the transmission
of parasites. Species that manifest a high degree of fission—
fusion dynamics—i.e. those where subgroups vary in size
and composition over short time intervals [43]—represent a
notable opportunity to study the relative influence of these
factors on patterns of parasite transmission.

In this study, we aim to shed light on the relative impor-
tance of different levels of social interaction and spatial
proximity for the transmission of gastrointestinal parasites.
We collected data on a group-living primate species, the
brown spider monkey (Atfeles hybridus), which exhibits a high
degree of fission—fusion dynamics. Using a social network
approach, we combine information on social interactions
between group members and spatial proximity (i.e. subgroup
membership) with data on parasite infections. To investigate
how spatial proximity in the same subgroup versus close phys-
ical contact differentially influence patterns of parasitism, we
compared results using a “proximity” network based on sub-
group composition records and a ‘contact’ network based on
social interactions involving physical contact (e.g. groom-
ing, mating). We examined several common gastrointestinal
parasites (Strongyloides, Entamoeba, Necator, Trichostrongylus,
Trypanoxyuris) of A. hybridus to evaluate the relative impor-
tance of social interactions and spatial proximity on parasite
transmission. Strongyloides, Trichostrongylus and Necator are
environmentally borne nematodes [46]. Similarly, cysts of the
protozoa Entamoeba survive outside the host in water and soil
[47]. In contrast, Trypanoxyuris is a faecal—orally transmitted
pinworm, which adheres its eggs on the perianal skin [48,49].
Empirical evidence suggests that all of these parasites can be
transmitted through interactions involving physical contact.
For example, grooming has been shown to facilitate the trans-
mission of nematode species in mice (Mus musculus) [11] and
Japanese macaques (Macaca fuscata yakui) [9].

Simultaneously investigating these dynamics allows us
to determine the relative importance of social (through phys-
ical contact) versus environmental (though space sharing
while in the same subgroup) transmission for gastrointestinal
parasites. If physical contact between host individuals repre-
sents an important transmission pathway for these parasites,
we expect that certain parameters of the contact network
(i.e. node degree, centrality indices, indegree and outdegree)
will correlate with patterns of parasitism in the study group,
and that highly connected individuals will have greater para-
site diversity than less connected individuals, whereas if
environmental transmission is the more common transmission
mode, we predict finding a stronger association between these
network parameters and the patterns of parasitism in the
proximity network.

2. Methods
(a) Study site and study subjects

We collected data on brown spider monkeys (A. hybridus) living in
a forest fragment located within the private cattle ranch ‘Hacienda
San Juan de Carare’ (06°43' N, 74°09’ W; 150-200 m.a.s.l.) in
Colombia. The fragment comprises 65 ha of seasonally flooded tro-
pical rainforest and is located between the central and eastern
cordilleras of the Andes in the middle Magdalena River Valley.

0LLOYLOZ :0LE § 05 Y "subif “Jiyd  bio"buiysijgndAraposjedorgiss H



The area has bimodal rainy seasons, with peak rains occurring
from March to May and from September to November [50]. The
area receives an annual median rainfall of approximately
3500 mm and has a mean temperature of 27.9°C [51]. Brown
spider monkeys are endemic to Colombia and Venezuela, and
they are listed as critically endangered by the IUCN [52]. For this
study, we collected data on one study group (SJ-1), which during
the study period consisted of three to four adult males, five adult
females, one subadult female, one to three subadult males, zero
to two juvenile males, three to four juvenile females, one infant
male and one infant female (total = 14—16). The forest fragment
was occupied by a second group of brown spider monkeys, but
intergroup encounters between these two groups were rare [53],
however, and almost never included physical contact. Thus, we
assumed that between-group parasite transmission rates were
very low or non-existent. Although the study group ranges in a
small forest fragment, patterns (e.g. directionality) and rates of
social interactions resemble those seen in other studies of Ateles
in less disturbed habitat (see [54]). Therefore, we are confident
that the results concerning the social interactions are representative
for the study taxon.

(b) Faecal sample collection and analysis

We collected a total of 166 faecal samples from the study group
between August 2010 and August 2012. On average, we collected
19 faecal samples per adult female (s.d. = 1.5), 15.6 (s.d. = 3.2) per
adult male and 7.6 (s.d. = 5.8) per subadult individual. Only one
faecal sample was collected from a juvenile individual. We
placed approximately 1 g of fresh faeces into a 15 ml polypropy-
lene tube pre-filled with 10% buffered formalin solution and
shook the tube manually until the sample was suspended in the
solvent. Each tube was sealed with parafilm and labelled with
the animal’s ID and the collection date. We stored the tubes at
ambient temperatures (approx. 25°C) and transported them to
the University of Los Andes, Bogota every two months, where
we stored them at —20°C until shipment to Emory University,
Atlanta for the analysis of gastrointestinal parasites.

We examined each faecal sample for helminth eggs and larvae
and protozoan cysts using concentration by sodium nitrate flo-
tation and faecal sedimentation [55]. We counted eggs and cysts,
and used egg or cyst colour, shape, contents and size to identify
parasites. Iodine was used to facilitate protozoan identification.
Parasites were identified to the family level and if possible to the
genus level.

(c) Behavioural sampling

We collected behavioural data on all adult individuals from July
2010 to June 2012 using all-day focal animal sampling (total of
1554 h). We collected, on average, 173 h (s.d. =29.6) of focal
animal data on each adult female and 156 h (s.d. = 33.6) on each
adult male. All individuals could reliably be identified, and we
attempted to balance the sampling effort between individuals.
We recorded subgroup composition upon encountering a sub-
group, and thereafter every 15 min, for the entire length of the
focal animal sample. Changes in subgroup composition were
recorded whenever one or more individuals joined (‘fused’) or
left (‘fissioned”) the subgroup containing the focal animal. We con-
sidered individuals as belonging to the same subgroup when they
were at a distance of less than or equal to 50 m from at least one
other subgroup member following a chain rule [53,56]. On a
daily basis, multiple observers (2—5) followed one focal individual
each, thereby increasing the probability of noting ‘fission” and
‘fusion” events. For cases in which several observers followed indi-
viduals that ranged together in the same subgroup during a focal
animal follow, we used only data on the subgroup composition
collected by one observer (the longest one focal animal sampling)
to prevent pseudo-replication.

During focal animal follows, we also recorded all social inter-
actions that involved physical contact (grooming, resting in
contact, embracing, mating and social play) using all-occurrence
sampling. We recorded the duration of each interaction (except
for ‘embraces’ because they are brief events) and identified the
actor and recipient whenever possible.

(d) Social network parameters

We used daily subgroup composition records to build a proximity
network, and we used data on social interactions involving phys-
ical contact to build two contact networks (one including all types
of social interactions and a second one only using data on groom-
ing interactions). We used weighted networks, which take into
account the frequency of social interactions in the contact network
and interindividual association indices in the proximity network.
In the contact networks, the weight used for the links represents
the amount of time (minutes) that a pair of individuals was in
physical contact. The amount of time any given pair spent in con-
tact was corrected for the time these individuals spent together in
the same subgroup. Similarly, weight was applied to the grooming
network by dividing the amount of time of ‘received” and ‘given’
grooming by the amount of time spent in the same subgroup.
Links in the proximity network were weighted using the associ-
ation index of each dyad. The association index between pairs
was calculated using the half-weight index (HWI) [57], according
to the following formula

Mgp

Map + mo + (M, + mb)l/2 ’

HWI =

where m,;, represents the time during which individual 4 and indi-
vidual b were seen together in a subgroup; mj represents focal
samplings during which the two animals were not in observed
subgroups; m, and m;, represent periods in which only one of the
two individuals, either a or b, was observed in a subgroup [58].
The HWI ranges from zero (i.e. for dyads that were never seen
together) to one (i.e. for dyads that were always seen together).

In all networks, each node represents an individual, and
the link connecting two nodes represents either subgroup co-
membership or a physical contact event between the two
individuals (e.g. grooming, mating and embracing) in the proxi-
mity network or contact networks, respectively. We also made
distinctions between sex and age of individuals. In addition,
we created a distinct network including parasite infection to high-
light how structure and frequency of contacts could have
modulated the patterns of parasitism seen in the surveyed spider
monkey group. In this parasite network, nodes are represented
by pie charts showing the infection pool of each individual, and
the width of each link is proportional to frequency of interactions
between connected nodes.

In order to describe the topology of the proximity and con-
tact networks, for each individual we calculated five network
parameters that are presumed to be relevant for parasite trans-
mission [29]. Three of these parameters (node strength,
closeness centrality and betweenness centrality) were weight,
the link weight for the contact network and the proximity net-
work were frequency of social interactions (time) and HWI,
respectively. (i) Node strength: the sum of link weights of a
given individual [59]. Centrality is a general measure of the
importance of an individual in the network; the more central
an individual is in the network, the greater is its potential role
in pathogen transmission. Insights into the heterogeneity of a
network can thus be gained from indices of centrality, and we
determined two such indices—namely closeness centrality and
betweenness centrality. (ii) Closeness centrality: the shortest path
(number of links) needed to reach all individuals in the network
from a given individual. This index represents how easily infec-
tious stages can spread from one individual to all others in the
network [27]. A high closeness value represents a network in
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which one central individual is connected to all others, whereas
all other individuals are not connected. A low closeness value
indicates a homogeneous network in which all individuals are
equally connected to one another. (iii) Betweenness centrality:
the number of paths that pass through an individual if the short-
est paths between all other pairs of individuals are traced.
The flow of parasites and pathogen through the network can
be measured using this index. In contrast to closeness, individ-
uals with a high betweenness value do not necessarily have a
high number of links with other individuals, but can play an
important bridging role in terms of transmission. When between-
ness is at its maximum, a single individual is the ‘hub’ that
connects all other individuals; when betweenness is at its
minimum, all individuals are equally connected. Further, we cal-
culated two unweight parameters for the contact network
representing grooming interactions: (iv) indegree: the number of
links directed towards a given animal, i.e. the number of social
interactions it receives; and (v) outdegree: the number of links
originating from a given individual, i.e. the number of social
interactions it initiates.

Fission—fusion grouping patterns, as exhibited by spider
monkeys, can have a great impact on social interactions between
individuals. Subgroup formation is dynamic, and subgroups
may last for as little as a few minutes to a few hours, or for
longer periods like several days. We created a dynamic network
to visualize the fluidity of fission—fusion events in the study
group. The changes in the dynamic network are presented in a
video (see electronic supplementary material, video S1). However,
the dynamic network was used for visual inspection of the fission—
fusion dynamics only; no statistical analyses were conducted using
this video. Links in the network presented in the electronic sup-
plementary material, video S1 represent the co-presence of
individuals in a subgroup during a focal observation.

(e) Statistical analyses

A Shapiro—-Wilk test was used to determine whether distribution
of node strength for contact network and proximity network
followed a normal distribution. The data did not follow a
normal distribution (Shapiro-Wilk test, W=0.94, p <0.01),
thus non-parametric procedures were used. We used Wilcoxon
sign-rank tests to test for differences in social interactions invol-
ving physical contact between animals belonging to different
age and sex classes. We used Spearman’s rank correlation tests
to investigate associations between network parameters of
nodes and parasite infection (using Bonferroni corrections of
p-values for multiple comparisons). Differences of HWI average
(mean of HWI of node links) between individuals from different
sex and age classes were tested using t-tests. Correlations
between HWI node strength (sum of HWI of node links) and
parasite infection were investigated using Spearman’s rank
correlation tests (with Bonferroni corrections of p-values for
multiple comparisons).

The composition of the spider monkey group changed
slightly during the study period. To investigate if this factor
heavily affected contact and proximity networks, we performed
a Mantel test to compare networks between years. We did not
find any significant differences among the proximity networks
between years (Mantel test, p = 0.34), and therefore combined
the data from the different years.

Given the non-independence of the data (subgroup co-mem-
bership is a prerequisite for social interactions), we tested our
data against a null model generated by randomizations of the
social networks [57,60,61]. For each test, we generated 10 000 ran-
domizations of the social networks. The randomized networks
were created using the algorithm described in Bejder et al. [62],
interchanging individuals between subgroups. All analyses
were conducted in R [63].

111NN

s
N

[] female
O male

Figure 1. Contact and proximity networks. (a) Contact network: width of
links is proportional to contact frequency, calculated as the number of min-
utes spent in contact divided by the number of minutes spent in same
subgroup. (b) Proximity network: this network is a static representation of
interconnections between spider monkeys shown in the dynamic network
presented in the electronic supplementary material, video S1. Individuals
are linked to one another only if they were recorded in the same subgroup
during the study period. The width of links is proportional to the half-weight
index (HWI) of the dyad. Both the contact and proximity network also indi-
cate the age and sex attributes of individuals. The position of nodes in the
networks was calculated with the Kamada—Kawai algorithm based on link
weight. Individual identity of each spider monkey is indicated by a two-
letter code. (Online version in colour.)

¢ adult
@ juvenile

3. Results

(a) Proximity network

Subgroup composition was fluid (electronic supplementary
material, video S1), and visual inspection of the network
video demonstrated no stable subgroups (except for adult
females and their dependent offspring) in the study group.
The number of individuals forming each subgroup varied
from one individual to the entire group (median (MD) = 10,
interquartile range (IQR)=6-13), and all individuals
showed similar association indices (figure 1b). The individual
HWI average of juveniles (mean=0.66, s.d.=0.08) and
adults (mean = 0.69, s.d. = 0.06) was not significantly different
(t-test, t = 5.8, p = 0.22, sample size = 17). Similar results were
found comparing the mean HWI of females (mean = 0.67,
s.d. = 0.05) and males (mean = 0.69, s.d. =0.06; t-test, { =
3.5, p=0.33, sample size =17). Values of closeness and
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Figure 2. Grooming network and topology of contacts between individuals of the study group. (a) Pies of nodes represent the percentage of grooming during which
an individual was grooming other individuals (outgrooming, red) versus receiving grooming (in-grooming, white) from another individual of the group. (b) Social
network showing the proportion of the most common types of social interactions per individual. The size of each pie is proportional to the number of individual

links. In both networks, the link width was set proportional to the grooming frequency and the overall physical contact frequency for the grooming network and for

the overall contact network, respectively. Individual identity of each spider monkey is indicated by a two-letter code. (Online version in colour.)

betweenness for the proximity network were 0.45 (s.d. = 0.03)
and 0.32 (s.d.=0.05), respectively. Similar HWI values
between individuals indicate that no individual was seen
more often in subgroups than others. The process of dynamic
subgroup formation and reassortment observed in the study
group resulted in a well-mixed social environment in which
each individual could potentially come into contact with any
and all other members of its group.

(b) Contact network

The median number of edges of each individual in the contact
network (figure 1) was equal to 9 (IQR: 4-12). Adults had a sig-
nificantly higher frequency of social interactions involving
physical contact (MD = 0.57, IQR: 0.35-0.67) than juveniles
(MD = 0.32; IQR: 0.23-0.45; Wilcoxon test, W= 8.2, p < 0.01,
sample size = 17; figure 1a). Females had significantly more
social interactions involving physical contact (MD = 0.62;
IQR: 0.41-0.76) than males (MD = 0.43; IQR: 0.32-0.61;
Wilcoxon test, W= 15.3, p < 0.01, sample size = 17). Groom-
ing was the most common form of physical contact, followed
by mating and playing (figure 2b). During the entire study
period, females groomed other individuals (outgrooming)
more often than males (Wilcoxon test, W=8.3, p <0.01,
sample size = 17; figure 3). Juveniles groomed and received
grooming from fewer individuals than adults (Wilcoxon test,
W=12.1, p <0.01, sample size = 17; figure 2a). The contact
network structure did not differ between study years (Mantel
test, p = 0.24).

(0) Parasitism

Among the 12 spider monkeys examined, 10 had parasites
(83.3%) and nine (75%) of them showed a simultaneous infec-
tion with two to four parasites (figure 3). Strongyloides sp. was
reported in all parasitized animals (1 = 10). Four individuals
(33.3%) were infected with Entamoeba, three with Necator
(25%), three with Trichostrongylus and two with Trypanoxyuris
(16.7%). Single infections with Acanthocephala, Neobalantidium
and Trichuris were found. Moreover, different individual
spider monkeys were co-infected with different combinations

: ‘::."'.3; ! S
7 P S

Acant. / Trypan. P negative
B.coli —_ — Trichuris

' positive
E. coli —~ “— Trichost.

Necator — N— Strongyl. @ ot sampled

Figure 3. Spider monkey contact network and level of parasite infection of each
individual. The network represents the network of social interactions with phys-
ical contact among individuals in the study group. The width of each link is
proportional to the frequency of interactions between connected nodes.
Nodes are represented by pie charts showing the infection pool of the individual.
The size of each pie is proportional to the number of other individuals connected
to a given individual (i.e. its node degree). Individual identity of each spider
monkey is indicated by a two-letter code. (Online version in colour.)

of parasites. Strongyloides associated with Entamoeba was the
most frequent type of co-infection (33.3%; figure 3).

(d) Network metrics and parasitism
Correlations between parameters of the contact network
and patterns of parasitism in the study group are reported in
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Table 1. Correlations between parasite infection and parasite species richness with node attributes of the contact network. Spearman’s rank correlation n
coefficients (p) are reported. Statistically significant correlations (after Bonferroni correction) are highlighted in italics. Sample size = 12 animals.

parasite species node strength® betweenness® closeness® indegree® outdegree®
Entamoeba 0.16 0.24 0.21 0.25 0.07
Necator ' 04 0.12 0.11 0.01 053
Strongyloides 0.57* 0.61* 0.42 0.35 0.75*
Trichostrongylus 0.54% 0.54* 0.66** S oom 0.54*
Trichuris 0.21 0.15 0.19 —0.20 0.48
Trypanoxyuris —0.09 0.02 0.09 —0.12 —0.13
parasite species richness 0.67%* 0.58* 0.87% 0.12 0.72%*

*p < 0.05.

**p < 0.01.

®This measure was calculated as frequency of direct contact with other individuals from the full contact network in figure 1.

bCalculated as frequency of received grooming interactions during the study period.
“Calculated as frequency of initiated grooming interactions during the study period.

“The number of parasite species found in one host.

table 1. The degree of parasitism (parasite richness) showed by
each spider monkey was related to the social connectivity of
individuals (table 1). The strength and the centrality index
‘betweenness” were both correlated with infections with
Strongyloides sp. and Trichostrongylus. The number of grooming
interactions initiated by a given individual was also positively
associated with both these parasites. Additionally, ‘closeness’
in the contact network was also significantly correlated with
infections with Trichostrongylus. Parasite species richness was
positively correlated with the time spent together in a sub-
group, betweenness, closeness and frequency of initiated
grooming interactions. In contrast, the frequency of received
grooming interactions correlated neither with parasite infection
nor with parasite species richness. In contrast to the correlations
between network parameters and parasite infection in the con-
tact network (table 1), no correlations were found between
parasite infection and node association index/betweenness/
closeness in the proximity network (table 2).

4. Discussion

Our results suggest that the two aspects of group-living we exam-
ined—association in the same subgroup (or “proximity’) versus
physical contact—differ concerning their impact on the spread
of gastrointestinal parasites between brown spider monkeys.
Further, our results demonstrate that patterns of social inter-
actions seemingly affect gastrointestinal parasite transmission
in the study species. The results concerning the two types of
social network contrasted strongly: while the proximity network
showed a homogeneous connectivity among all individuals and
no correlation between parasite infection and network par-
ameters, the contact network showed high between-individual
heterogeneity and correlations between parasite infection and
several network parameters. Specifically, infection with two
common parasites of brown spider monkeys—Strongyloides
sp. and Trichostrongylus—correlated with individuals’ partici-
pation in grooming interactions. An individual’s parasite
species richness was also correlated with its position in the con-
tact network, further emphasizing the importance of social
interactions for parasite transmission.

Table 2. Correlations between parasite infection and parasite species richness
with node attributes of the proximity network. Spearman’s rank correlation
coefficients (p) are reported. Sample size = 12 animals.

parasite node

species strength® betweenness® closeness®
Entamoeba 0.23 0.14 0.01
Necator 0.02 0.13 —0.10
Strongyloides 03 01 032
Trichostrongylus 0.13 —0.12 0.07
Trichuris —01 0.22 0.18
Trypanoxyuris 0.10 0.02 0.23
parasite species 0.21 0.32 —0.01

richness®

This measure was calculated as the sum of all association indices (HWI) of
each individual.
®The number of parasite species found in one host.

The relationship between an individual’s position in the
social network on the one hand and parasite infection on the
other suggests that social interactions involving physical con-
tact can play a role in gastrointestinal parasite transmission.
This link between social interactions and parasite or pathogen
transmission has also been reported among other primates (e.g.
in female Japanese macaques [9]) and other social mammals
(e.g. giraffes [20], meerkats (Suricata suricatta [12]). Interest-
ingly, these studies included parasites and pathogens with
different transmission modes, e.g. with direct transmission
like M. bovis [12] but also with environmental transmis-
sion like Oesophagostomum aculeatum [9] and E. coli [20],
demonstrating that the documented link between social
interactions and parasite/pathogen transmission is more
common than previously thought and also applies to species
with an indirect transmission mode, as further confirmed by
our study. Collectively, these results provide support for the
hypothesis that increased risk of disease transmission is a
cost of higher diversity and number of social contacts [1-3]
(reviewed in [64]).
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Our results suggest that the directionality of social interactions
may also be an important factor influencing the risk of infection
with gastrointestinal parasites and emphasize that this factor
must be considered when investigating parasite transmission
in social animals. In our study, indegree (initiated grooming
interactions) was positively associated with an individual’s
infection with Strongyloides sp. and Trichostrongylus and with
parasite species richness. By contrast, outdegree (grooming
received) was correlated with neither parasite infection nor
with parasite species richness. Gastrointestinal parasites can
be transmitted if the grooming actor ingests infectious stages
while grooming another individual. Infectious stages may be
ingested in various ways: (i) during ano-genital grooming
as some parasites deposit their eggs on the perianal skin
(e.g. Trypanoxyuris [48,49]—although the absence of corre-
lations between network parameters and infection with this
parasite indicates that this might not be a common transmission
pathway in our study group), or (ii) during grooming of other
body parts, where larvae are attached to the fur of their hosts
(e.g. trichostrongyloid nematodes [40]).

A differential influence of directionality of grooming inter-
actions has also been found in meerkats, where individuals
who groom others most were more likely to become infected
with tuberculosis (M. bovis) than were individuals who received
most grooming [12]. In contrast, in female Japanese macaques,
exposure to infective stages of gastrointestinal nematodes was
affected by rank-mediated social contact, where high-ranking
individuals showed high levels of infection with parasites and
also occupied central positions in both the outward and
inward grooming networks [9]. Dominance rank influences
grooming relationships in many species [54,65-67] and
can also be a factor affecting parasite transmission [9,68].
During this study, however, we could not detect a dominance
hierarchy among the individuals in the study group. These
findings match those of most other long-term studies on
spider monkeys, which also report a lack of dominance hierar-
chies both among males and among females [69-71].
Hence, dominance relationships are unlikely to affect patterns
of parasite transmission in A. hybridus (and other spider
monkey species).

Social networks have been used as a tool to identify individ-
uals likely to become ‘super-spreaders’—individuals that are
disproportionately responsible for the transmission of a patho-
gen throughout a network [38,72,73]. However, our results
suggest that there is a low potential for the occurrence of
‘super-spreaders’ in our study group. For an individual to act
as a ‘super-spreader’ in this particular group, it would have
to (i) initiate a disproportionately high number of grooming
interactions in order to become infected with the pathogens of
other individuals, and (ii) it would also have to receive a dispro-
portionately high number grooming interactions from others to
spread these pathogens to additional individuals. Although
adult females initiated more grooming interactions than adult
males, none of these females also received disproportionately
high numbers of grooming interactions, decreasing the poten-
tial for the occurrence of ‘super-spreaders’ in this group.
Similar conclusions can be drawn from the fact that the proxi-
mity network was essentially homogeneous; each individual
had a similar number of links, providing no evidence for the
presence of ‘super-spreaders’.

To date, few studies have evaluated the differential influence
of spatial cohesion and social interactions on pathogen trans-
mission within the same study species [20,32], and very little
information is available concerning species that exhibit fluid
grouping patterns [20,37]. Chimpanzees (Pan troglodytes)
and spider monkeys share many aspects of their social
system [74-76]; most notably, both genera exhibit very high
levels of fission—fusion dynamics [75,77,78]. However, in
contrast to our results, a party composition network (compar-
able to our proximity network) and a close-contact network
(less than or equal to 5 m proximity) of chimpanzees both
showed high homogeneity, and most individuals showed
moderate centrality in these networks [37]. In the same
study, higher-ranking individuals were also more central in
both networks and more likely to play an important role in
parasite transmission [37]. These results stand in contrast to
our results and demonstrate that similarly fluid grouping pat-
terns may not necessarily result in similarly structured social
networks. Factors such as presence (or absence) of dominance
hierarchies can modulate social networks and, hence, also
parasite transmission through these networks. To date, infor-
mation on how species with flexible grouping patterns differ
in the transmission of pathogens through their social
networks is scant and warrants further research.

Our results highlight how social interactions—and specifi-
cally the directionality of grooming interactions—can affect
the transmission of common gastrointestinal parasites in
A. hybridus. Our findings add empirical support to the
idea that pathogen transmission can be one cost of social con-
tact, and that fluid subgrouping patterns may promote
(gastrointestinal) parasite transmission when compared
with groups or populations which are substructured, but
where those subgroups or subpopulations are less fluid and
flexible. High fission—fusion dynamics can modulate parasite
transmission by creating opportunities for frequent social
interactions with all other group members.

The datasets supporting this article have been
uploaded as part of the electronic supplementary material.
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