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Abstract
1. Increased risk of infectious disease transmission has been proposed as one major

cost of group living. While factors corresponding to transmission via exposure to
infectious stages and susceptibility to contracting infections upon contact are

relatively well understood, both aspects are rarely investigated simultaneously.

. Here, we assessed the influence of exposure and susceptibility measures on stron-

gyle nematode reinfection after experimental deworming of Barbary macaques
(Macaca sylvanus) (n = 57). We investigated impacts of behaviour (social bonds,
grooming and ground use) and physiology (faecal glucocorticoids, urinary C-
Peptides, urinary neopterin, gastrointestinal [GI] helminth coinfection) on the like-
lihood of reinfection, using patch occupancy modelling and information theoretic

model selection to determine the best models predicting reinfection patterns.

. Coinfection was the most consistent risk factor, spending time on presumably

contaminated soil, interacting with many partners and forming strong same-sex
bonds also tended to increase infection risk. In contrast, strong social bonds with

opposite-sex partners had a consistently protective effect.

. Our results indicate that coinfections could serve as an integrative measure of

individual disease susceptibility. Furthermore, we show that social contact con-
tributes to both exposure and susceptibility to environmentally transmitted para-

sites, with the outcome depending on specific interaction patterns.
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1 | INTRODUCTION

Parasitic infections are ubiquitous in wildlife, and increased parasite
transmission has been suggested as a major cost of group living in
social animals (Altizer et al., 2003; Freeland, 1976). Disease trans-
mission depends on two distinct processes: exposure to infectious

agents and host susceptibility, that is the host's likelihood to become

*These authors contributed equally as senior authors.

anthelmintic treatment, exposure, gastrointestinal parasites, non-human primate, reinfection,

social relationships, susceptibility

infected upon exposure (Hawley, Etienne, Ezenwa, & Jolles, 2011).
Both aspects of transmission vary within and between individuals
and with individual characteristics such as sex, age and dominance
rank (Habig & Archie, 2015; Hawley et al., 2011). Individual differ-
ences in behaviour, susceptibility and capacity to transmit infec-
tious diseases shape infection dynamics within populations (Drewe,
2009; Ezenwa, Etienne, Luikart, Beja-Pereira, & Jolles, 2010), with
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certain individuals contributing disproportionately to disease trans-
mission (Hawley & Altizer, 2011; Lloyd-Smith, Schreiber, Kopp, &
Getz, 2005). Comprehensive studies incorporating both susceptibil-
ity and exposure and their potential interactions are rare (Hawley et
al., 2011), yet crucial for understanding the proximate mechanisms
underlying disease transmission and the subsequent impact on indi-
vidual health and fitness.

Sociality is linked to both, exposure and susceptibility to infec-
tious diseases. While for directly transmitted diseases, direct physi-
cal contact carries infection risks (Drewe, 2009; Hamede, Mccallum,
& Jones, 2008), spatial association patterns predict transmission of
environmentally transmitted parasites (Altizer et al., 2003; Nunn,
Jordan, McCabe, Verdolin, & Fewell, 2015). In primates, for example,
being socially central and directly interacting with many partners in-
creases the risk of gastrointestinal (Gl) parasite infections (Maclntosh
et al., 2012; Wren, Remis, Camp, & Gillespie, 2016), suggesting a so-
cial component of transmission. While direct and indirect transmis-
sion via contact or shared space are often studied in combination
(Friant, Ziegler, & Goldberg, 2016; Rimbach et al., 2015), the role of
environmental contamination is more difficult to measure and con-
sequently assessed less frequently.

Social behaviour not only affects parasite transmission via mod-
ulating exposure to infections, but also by affecting susceptibility.
Social interactions influence individual physiology and immune
function (Hawkley et al., 2013; Snyder-Mackler et al., 2016), and
by extension alter the propensity to acquire and survive infections
(Capitanio, Mendoza, Lerche, & Mason, 1998; Cohen, Tyrrell, &
Smith, 1991). One mechanism is social modulation of the hypotha-
lamic-pituitary-adrenal axis: Socio-positive interactions like groom-
ing and agonistic support are frequently linked to decreased stress
hormone, that is glucocorticoid (GC) levels (Shutt, MacLarnon,
Heistermann, & Semple, 2007; Young, Majolo, Heistermann,
Schiilke, & Ostner, 2014), while socio-negative interactions and
group-level social instability can increase GC levels (Abbott et al.,
2003; Sapolsky, 2005). GCs are essential for energy metabolism
and immune regulation (Hart, 1988; Konsman, Parnet, & Dantzer,
2002), with immunostimulatory effects of short-term and immuno-
suppressive effects of long-term and high GC level elevations (Cain
& Cidlowski, 2017). Higher GC levels have thus frequently been
linked to increased infection risk (reviewed in Glaser & Kiecolt-
Glaser, 2005), also with Gl nematodes (Friant et al., ; Pedersen &
Greives, 2008). GC levels and Gl nematode prevalence are often,
but not always, correlated (Fleming, 1997; Maclntosh et al., 2012),
but since experimental studies are rare, both the directionality of
the link and whether sociality impacts infection risk via GC levels
remains largely unclear.

While susceptibility assessment using GC levels is common, more
comprehensive approaches, incorporating health correlates like im-
mune function, are still rare outside laboratory settings. Recent ad-
vances in the field of wildlife endocrinology now allow quantification
of non-invasively assessed immune markers (Behringer & Deschner,
2017). Gl nematodes usually evoke Th2 responses of the immune
system (Carvalho et al., 2009), with failure to mount efficient Th2

response leading to chronic rather than transient infections with Gl
nematodes in laboratory studies (Finkelman et al., 1997). Stronger
Th1 immune function, indicative of suppressed Th2 response (Long
& Nanthakumar, 2004), has been linked with higher Gl nematode
infection risk in experimental studies on wild buffaloes (Ezenwa et
al., 2010). Thus, urinary neopterin (UNEQ), a marker of Th1 immune
activation (Murr, Widner, Wirleitner, & Fuchs, 2002), can serve
not only as a non-invasive marker of acute microparasite infection
(Behringer, Stevens, Leendertz, Hohmann, & Deschner, 2017), but
potentially of individual immune status and, indirectly, susceptibility
to Gl nematodes.

As immune responses are energetically costly (Colditz, 2008;
Derting & Compton, 2003), individuals in worse physical condition
or nutritional status are considered at higher risk of contracting
infections (Coop & Kyriazakis, 1999). This pattern holds true for
infection with Gl parasites in various taxa (Diaz & Alonso, 2003;
Ezenwa, 2004), including humans (Stephenson, Latham, & Ottesen,
2000). As a valid marker of energy balance and nutritional status
in non-human primates, urinary C-Peptide (uCP) (Emery Thompson
& Knott, 2008; Girard-Buttoz et al., 2011) can be employed as a
marker to investigate links between individual physiology and
susceptibility.

Coinfections with multiple parasites, commonly observed
across the animal kingdom (Rynkiewicz, Pedersen, & Fenton, 2015)
but less frequently incorporated in wildlife health studies, may also
predict susceptibility to infections (Ezenwa, 2016; Graham, 2008).
While infections can be the result of individual immune physiol-
ogy (Ezenwa et al., 2010; Vaumourin, Vourc'h, Gasqui, & Vayssier-
Taussat, 2015), Gl nematode infections can increase susceptibility
to micro- and macroparasites via immunosuppressive effects or be
protective against infections with other GI nematode taxa due to
cross-immunity or competition among the pathogens (Cox, 2001;
Vaumourin et al., 2015).

Faeco-orally transmitted Gl nematodes are an excellent sys-
tem to study transmission and address several of the above issues
in wildlife. Utilizing experimental deworming and tracking rein-
fection by dense repeated sampling from known individuals, we
aimed to comprehensively assess predictors of reinfection with
strongyle nematodes in semi-free ranging Barbary macaques
(Macaca sylvanus). More specifically, we considered possible ef-
fects of environmental (ground use and time spent in areas pre-
sumably contaminated with infective strongyle stages) and social
exposure (number of grooming partners and overall grooming
duration). Given the beneficial health effects of social bonds
(Cohen et al., 1991; Holt-Lunstad, Smith, & Layton, 2010), we
included measures of social bond strength to test for beneficial
effects of social interactions on health via reduced Gl parasite
infection risk. We included three physiological markers, faecal
glucocorticoid metabolites (FGCM), uNEO and uCP levels, and
coinfection with other Gl nematodes as possible predictors of
individual susceptibility. To account for uncertainty in parasite
detection, we used patch occupancy modelling (MacKenzie et al.,
2002) in combination with information theoretic model selection
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(Garamszegi, 2011) to assess the effects of the measured predic-

tors on reinfection.

2 | MATERIALS AND METHODS

2.1 | Study site and anthelmintic treatment

The study was conducted at Affenberg Salem, a 20 ha forested
outdoor enclosure in Germany (de Turckheim & Merz, 1984), on all
adult individuals of two groups of semi-free ranging Barbary ma-
caques during two field seasons (June to December 2014, group
C, n=36; June to November 2015, group H, n = 41, see Supporting
Information Table S1 for detailed information on group composition).
Anthelmintic treatment was administered orally by distributing food
items containing ivermectin (approximately 0.4 mg/kg body weight).
All individuals of group C received treatment on 5 August 2014; 21
individuals of group H were treated on 17 August 2015, 20 individu-
als served as an untreated control group for other studies (Mdller,
Heistermann, Strube, Schiilke, & Ostner, 2017; Miller-Klein et al.,
2018). Control individuals were included for construction of social

variables, but excluded from reinfection analysis.

2.2 | Behavioural data collection and
construction of social variables

Behavioural data were collected using continuous focal animal sam-
pling (Martin & Bateson, 2007), recording affiliative and aggressive
behaviours (3,245.6 focal hours; 2014: 48.1 + 4.6 hr/individual; 2015:
36.9 + 1.4 hr/individual), with instantaneous recording of focal animal
substrate use (ground vs. non ground) every minute. Individual domi-
nance rank was constructed from all decided dyadic aggressive interac-
tions recorded during focal protocols and ad libitum. Dyadic sociality
indices (CSI) (Silk, Altmann, & Alberts, 2006) were calculated and sum
of top three partners used as a measure of social bonding as described
in Miller-Klein et al. (2018). As interaction patterns differed markedly
between the sexes, CSls were calculated separately for same- and op-
posite-sex relationships (see Supporting Information Appendix S2 for

detailed information).

2.3 | Assessing environmental exposure (2014 only)

All spatial data were recorded as cardinal direction in 22.5° incre-
ments and distance in metres from 166 individually marked positions
with known GPS location (GPS device: eTrex 10, Garmin, Garching,
Germany) spread approximately every 10 m within the homerange
of study group C. A “risk area” was delineated from the location of
257 defecations prior to anthelminthic treatment as the 33% Kernel
polygon in ArcGIS (version arcmap 10.5.1). We used a search radius
of 15 to obtain the best compromise between smooth edges of the
area and not overestimating the risk area. To estimate individual ex-
posure to contaminated soil, we calculated the proportion of time
each individual was observed on the ground in the risk area from

283 spatially explicit 10-min group scans (Altmann, 1974) prior to

deworming (6,163 data points, mean + SD = 167.25 + 18.41 data
points/individual; Figure 1).

2.4 | Sample collection

Faecal samples were collected immediately after defecation 0-4
times per individual per week for parasite analysis, with separate ali-
quots stored for fGCM analyses if possible as described previously
(Mdller et al., 2017; Miiller-Klein et al., 2018). Over the six weeks
prior to anthelminthic treatment, 2.0 £ 0.8 urine samples were col-
lected opportunistically from 40 of the subjects as described previ-
ously (Mdiller et al., 2017, see Supporting Information Appendix S2).

2.5 | Parasite analysis

We analysed one sample per individual per week if available and
every available sample for the first two weeks after treatment
(n =953, 16.7 + 2.8 samples/individual; n = 338 before treatment,
n = 615 after treatment) using the McMaster method as described
in Mdller et al. (2017). We focussed our statistical analyses on stron-
gyle nematodes successfully cleared by treatment, but include co-
infection with two other parasites not fully cleared by treatment,
Capillaria spp. and Trichuris spp., as predictor of reinfections (Muller
et al., 2017, see Supporting Information Appendix S2).

2.6 | Analyses of physiological markers

For fGCM analysis, faecal samples (n = 267 samples, 4.7 + 1.1 samples/
individual) were analysed as described in Paschek, Mdiller, Heistermann,
Ostner, and Schilke (2018). fGCM levels are expressed in ng/g faecal
dry weight. We measured uNEO levels (n = 82 samples, 2.1 + 0.8 sam-
ples/ individual) and uCP levels (n = 78 samples, 2.0 + 0.8 samples/ in-
dividual) in duplicates as described previously (Miiller et al., 2017, see
Supporting Information Appendix S2). uNEO and uCP concentrations
are expressed as ng/ml corrected for the sample's specific gravity.

2.7 | Patch occupancy modelling and
model selection

The Cox proportional hazards models often used to assess reinfec-
tion (Friant et al., 2016) assume precise information on the time of
reinfection. Microscopic parasite analyses from faeces are inher-
ently prone to imprecisions (Gillespie, 2006), especially false-nega-
tive scores, creating considerable uncertainty in the exact time of
reinfection. To account for this uncertainty, we used a patch oc-
cupancy modelling approach (MacKenzie et al., 2002) utilizing the
unmarked package (Fiske & Chandler, 2011) to assess the influence
of various predictors of individual exposure and susceptibility on re-
infection risk with strongyle nematodes in R, version 3.4.3 (R Core
Team, 2014). Each individual was considered as one patch, and each
week post treatment was considered as one time step. The avail-
ability of several samples per time period (at least for some time
periods) is essential for applying patch occupancy modelling, as the
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FIGURE 1 Area of high faecal
contamination mapped onto ranging data
from study year 2014. The risk area of
presumably high faecal contamination
was defined as the density kernel
including 33% of all faecal samples. Each
dot represents one recorded individual
location, with records on the ground in
the risk area shown in yellow. Individuals
were observed on the ground in the risk
area between 17.7% and 34.8% of all
observations (mean + SD = 27.3 + 4.1%)

probability of false negatives is estimated from multiple samples,
also enabling the estimation of reinfection probabilities. In contrast
to a Cox model, patch occupancy models do not assume that a nega-
tive sample is a true negative. Instead, the model simultaneously es-
timates whether reinfection occurred and whether an infection was
also detected. Based on available samples, we included a maximum
of four samples (i.e. observation events) available per time step, cod-
ing the presence/absence of strongyle eggs and assigned NAs to
missing observations. Six positive samples collected within 2 days
of treatment were excluded from analyses, as individuals remained
coproscopically negative for at least 3 weeks after treatment after-
wards, indicating ongoing gut passage of eggs after successful treat-
ment (Mdller-Klein et al., 2018).

For all analyses, we estimated the following set of parameters:
(a) a constant probability of detecting true positives, (b) a constant
probability of initial infection (which corresponds to the probabil-
ity that deworming was not successful) and (c) a constant probabil-

ity of “extinction” (i.e. natural parasite clearance by the host). For

9150

47°4530"N

9150°E

modelling “colonization”—that is parasite reinfection—we used a
set of predictors, employing information theoretic model selection
based on Akaike's information criterion (AIC) (Garamszegi, 2011) to
assess which factors are included in the model best predicting rein-
fection. The predictors included were environmental (proportion of
time spent on ground and proportion of time spent in the risk area)
and social (number of grooming partners and grooming duration) ex-
posure factors and physiological (fGCM, uCP and uNeo, coinfection
with Capillaria and Trichuris) and social (same- and opposite-sex CSI)
predictors of susceptibility (Table 1).

As social contact patterns and space use cannot be assessed
on a day-to-day basis, but require large amounts of data, and im-
precise information on the exact time of reinfection prohibited
time-matching for other predictors, we used the pre-treatment
phase to quantify individual differences in all predictors of rein-
fection. Grooming data were included as summarized data over
the entire pre-treatment phase, physiological marker levels as

average values over all samples from the pre-treatment phase.
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TABLE 1 Overview of the predictors considered for model selection assessing the best predictors of reinfection. For all predictors except

CSl, we considered data before anthelmintic treatment

Exposure
Measure Ground use Contaminated soil use Grooming partner number Grooming duration
Abbreviation Proportion on ground (proportion in) risk area NA NA
Expected effect on Positive Positive Positive Positive
reinfection
Mechanism Environmental Environmental Social transmission Social transmission
transmission transmission
Physiology
Faecal glucocorticoid
Measure metabolites Urinary neopterin Urinary C-Peptide Coinfection
Abbreviation fGCM uNEO uCP NA
Expected effect on Positive Positive Negative positive or negative
reinfection
Mechanism Immunomodulation Immune function Physical condition/energy Parasite community
availability effects
Social bonds
Measure Sum top 3 CSI, same-sex partners Sum top 3 CSI, opposite-sex partners
Abbreviation Same sex CSI Opposite-sex CSI

Expected effect on reinfection Negative

Mechanism

All variables were rather stable over the entire study period as
indicated by high correlations between values before treatment
and for the entire study period (Pearson correlation, p < 0.001,
R > 0.58, see Table 1).

We further included sex, age and rank of each animal as con-
trol variables. We considered the potential for group differences
in temporal effects on reinfection and accordingly included week
after treatment, study year and their interaction in all models (week
treated as a continuous predictor). A nonlinear (quadratic) fit of
study week improved AICs for the full dataset only and could not be
included in the exposure dataset due to indications of problems with
model fitting. The overall results were highly similar between linear
and nonlinear fit of week, so we report the linear model fit here
for consistency, providing the results for nonlinear fit of week as
Supporting Information (https://doi.org/10.5061/dryad.rr379bp).
Linear predictors except week were z-transformed prior to analy-
ses. Sex and rank as well as grooming partner number and grooming
duration showed signs of collinearity (variance inflation factors > 6).
Therefore, all models were restricted to include either sex or rank
and either grooming partner number or duration. Including an inter-
action between sex and CSI measures to account for sex-specific
effects of social bond strength did not improve AIC values of the
models and was thus not retained for the final analyses.

As data for all predictors were available for only 19 individuals
and patch occupancy models did not allow for NAs in predictors, we

Social buffering

Negative

Social buffering

used three different datasets to the best compromise between sam-
ple size and predictor inclusion: (a) the “full dataset,” which included
all treated individuals (n = 57), but lacked measurements of time in
risk area, uNEO and uCP; (b) the “susceptibility dataset”, which in-
cluded all individuals for which urine samples were available (n = 40),
with all predictors except time in risk area; and (c) the “exposure
dataset,” which included only data from 2014 (n = 36) and propor-
tion of time spent in risk area in addition to all predictors except
uNEO and uCP. Consequently, only 19 individuals are included in all
three datasets, whereas 21 individuals included in the susceptibility
dataset and 17 individuals in the exposure dataset are included only
in the full and the respective dataset.

Given the high number of models to compare, we chose a cut-
off of AAIC < 2 for models to be considered plausible. To not se-
lect overly complex models, we followed the approach suggested
by Richards, Wittingham, and Stephens (2011) to exclude models
which were a more complex version of a better fitting model and
which had a higher AIC than the less complex better fitting model.

2.8 | Ethical statement

This study was approved by the Animal Welfare Body of the
German Primate Centre (No. E9-16) and adhered to the stand-
ards on the protection of animals used for scientific purposes
as defined by the European Union Council Directive 2010/63/
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EU and the Animal Behaviour Society's guidelines for the treat-
ment of animals in behavioural research and teaching (Animal
Behavior Society, 2012). The Veterinary Office of the district of-
fice of county Lake Constance authorized anthelmintic treatment
as defined by the European Union Council Directive 1999/22/EC.
Treatment was performed as part of the routine veterinary care

on Affenberg Salem.

3 | RESULTS

AlC-based model selection resulted in eleven models (with AAIC < 2)
across the three datasets, three models in the full and susceptibility
dataset, respectively, and five models in the exposure dataset, all
with a better fit than the respective null model (Table 2, detailed
information available at https://doi.org/10.5061/dryad.rr37%9bp).

Across the three datasets, reinfection risk increased with progres-
sion of the study (Figure 2). The most consistent predictor of reinfection
probability was coinfection, which was included in all selected models
with an estimated threefold to fourfold increase in odds of reinfection
(Figure 3a). A higher CSI with opposite-sex partners was another highly
consistent effect, included in all but three selected models. In all cases,
opposite-sex CSI was estimated to reduce the odds of reinfection by a
factor of 0.6 to 0.7 per standard deviation (Figure 3b).

In the exposure dataset, the proportion of individuals spent in
the likely contaminated areas was included in three of five mod-
els, increasing the odds for reinfection by a factor of ~ 2.2 per 10%
increase in time spent in the risk area (Figure 3d). Apart from en-
vironmental exposure, exposure via social contact also affected re-
infection risk. High same-sex CSI was included in one model of the

full and in all models of the exposure dataset, leading to a 1.3- to

TABLE 2 Overview of the selected

1.8-fold increase in the odds of reinfection per standard deviation
(Figure 3c). Similarly, the number of grooming partners was included
in two of the models of the full dataset, with the odds for reinfec-
tion increasing by a factor of ~ 1.1 per additional grooming partner
(Figure 3e). The same models also included sex, with males hav-
ing ~ 3 fold higher odds of reinfection than females.

Age and uCP appeared in single models of the susceptibility data-
set and will thus be considered as potentially influential predictors,
with the odds for reinfection decreasing by a factor of 0.1 per year of
age, and increasing by a factor of 1.6 per standard deviation increase
in UCP levels. Considering the low number of samples available for
uCP analysis, this result needs to be considered with caution.

4 | DISCUSSION

Aiming at a comprehensive study of Gl nematode transmission in
a non-human primate, the Barbary macaque, we combined experi-
mental parasite clearance, patch occupancy modelling and model
selection to simultaneously measure the effects of exposure and
susceptibility on reinfection risk after parasite clearance. Taking into
account physiological parameters (i.e. stress, energy and immune
markers) and measures of both environmental and social exposure,
we found indications for simultaneous effects of susceptibility and
exposure, mediated both environmentally and behaviourally.
Coinfection with other Gl parasites emerged as the most con-
sistent predictor of reinfection risk in our analysis. Rather than pro-
viding a protective effect based on cross-immunity or competition
between Gl nematode taxa within hosts (Vaumourin et al., 2015),
coinfections with Trichuris or Capillaria increased strongyle nem-

atode reinfection risk. This could be the result of negative health

models predicting reinfection probability Dataset Predictors of reinfection AIC AAIC
with strongyle nematodes after treatment Full week x year + Coinfection + CSl (opposite 584.88 0.00
in Barbary macaques using three different sex) + CSI (same sex) + grooming partner
datasets: full, n = 57 individuals, including number + sex
predictors available for all individuals; Full week x year + Coinfection + CSI (opposite 585.12 0.24
susceptibility, n = 40 individuals, including sex) + grooming partner number + sex
individuals with urine samples available to Full week x year + Coinfection + CSI (opposite sex) 586.15 1.27
assess the effect of urinary physiological
markers of susceptibility: and risk, n = 36 Susceptibility week x year + uCP + Coinfection + CSI (opposite 385.58 0.00
individuals, including only data from 2014 sex)
to assess effect of direct exposure to Susceptibility week x year + age + Coinfection + CSI (opposite 386.22 0.64
highly contaminated (“risk”) areas. Models sex)
were excluded if they represented more Susceptibility week x year + Coinfection + CSI (opposite sex) 386.47 0.89
complex versions OT nested, better fitting Exposure week + Coinfection + CSI (opposite sex) + CSI 386.41 0
models. Interpretation of effects of (same sex) + proportion in risk area
predictors on reinfection is based on the
final retained models. For detailed Exposure wc.eek + Coinfection + CSI (.sanfe s.ex) + propor- 386.51 0.10
overview over the predictor estimates tionen ground + propertioniiniisk area
from models used in model selection, see Exposure week + Coinfection + CSI (opposite sex) + CSI 386.55 0.14
the full summary provided in the Dryad (same sex)
Data Repository at https://doi. Exposure week + Coinfection + CSI (same sex) + propor- 387.13 0.72
org/10.5061/dryad.rr37%bp tion in risk area

Exposure week + Coinfection + CSl (same sex) 387.20 0.79

Bold font indicates predictors, in contrast to week x year as control variable.
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FIGURE 2 Temporal effects on reinfection risk for (a) the full dataset, (b) the susceptibility dataset and (c) the exposure dataset. The
three datasets were used for the best compromise between sample size and including all possible predictors (full dataset: N = 57 Barbary
macaques; susceptibility dataset: N = 40 Barbary macaques; exposure dataset: N = 36 Barbary macaques). For the full and susceptibility
dataset, effects are plotted separately for the two study groups (solid line group C, dashed line group H). Effects for all best models
(AAIC < 2; full dataset: N = 3; susceptibility dataset: n = 3; exposure dataset: N = 5) are plotted for mean value of all other predictors. The
temporal effects depticted here are included as control variables in all further analyses
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impact of pre-existing infections or parasite-mediated immunosup-
pression (Andreasen et al., 2015; Lello, Boag, Fenton, Stevenson,
& Hudson, 2004) or reflect an overall propensity of the individual
immune system to inefficiently defend against nematodes. Studies
on rodents and ungulates showed that individuals tending towards
a Thl type immune response and failing to mount efficient Th2-
type responses are more likely to suffer from Gl nematode infec-
tions, developing chronic rather than transient infections (Ezenwa
et al., 2010; Loukas, Constant, & Bethony, 2005). However, uNEO,
our indicator for Thl-type immune system activation, was not in-
cluded as a predictor of reinfection in any of the best models, nor
strongly related with coinfection. As mixed Th1-Th2 type responses

for week post treatment = 1 and mean
values of all other predictors

against Trichuris and Oesophagostomum spp. have been described
(Andreasen et al., 2015), Th1l type immune responses suppressing
Th2 responses may not be the mechanism linking coinfection to
higher susceptibility in our study species. Future studies might pro-
vide some clarity with regard to parasite community effects by mea-
suring the cost of infections (e.g. energetic costs or reduced activity)
(Friant et al., ; Hayward et al., 2014) or taking actual parasite burden
into account (Jackson et al., 2014; Lello et al., 2004).

Coinfections with enoplid parasites (Capillaria and Trichuris spp.)
were not cleared by anthelmintic treatment in all individuals (Mdiller et
al., 2017), limiting the interpretation of our results with regard to the

underlying mechanism linking coinfection to increased reinfection risk.
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Whether increased reinfection reflects overall susceptibility of indi-
viduals to Gl nematode infections (Vaumourin et al., 2015), or parasite
community effects at time of reinfection (Cox, 2001; Lello et al., 2004)
is unclear. Possibly, coinfection may be best viewed as an integrative
measure, because it is driven by both susceptibility and exposure, in
ways that might not have been captured by the physiological markers
of our study.

Strong opposite-sex social bonds consistently decreased the risk
of reinfection. The beneficial effect of social bonds on health and
survival has been well documented in primates (Archie, Tung, Clark,
Altmann, & Alberts, 2014; Holt-Lunstad et al., 2010), although bond-
ing has, to our knowledge, not been linked with Gl parasite trans-
mission to date. Social bonds and affiliative behaviours decrease
physiological stress correlates in primates (Shutt et al., 2007; Young
et al., 2014), an effect that is considered a major mechanism linking
sociality to positive health outcomes (Cohen & Wills, 1985; Hawkley
et al., 2013). In our study, the positive effect of opposite-sex social
bonding did not seem to be mediated by fGCM levels, as a medi-
ating effect should become apparent by selected models including
fGCM levels in absence of opposite-sex bonds as predictor of rein-
fection. Social bond strength may instead be an integrative measure
of social contact modulating physiology, for example of inflamma-
tory pathways (Uchino, 2006), endogenous endorphins or oxytocin
(Crockford et al., 2013; Curley & Keverne, 2005; Uchino, 2006), pos-
sibly promoting immune function and health.

While we found quite clear evidence for opposite-sex social
bonds reducing reinfection risk, our results also indicate that bonds
with same-sex partners increase infection risk. Given the reported
salubrious effects of bonding for survival regardless of partner sex
(Archie et al., 2014; McFarland & Majolo, 2013), the negative effect
of same-sex bonds is unexpected, but could be linked to different
nature of same- and opposite-sex bonds. Same-sex bonds are more
heterogeneous than opposite bonds, and female-female interac-
tions are ~ 10 times more frequent than male-male interaction, pos-
sibly leading to same-sex interactions contributing more to exposure
risk. A moderate correlation between same-sex bond strength and
number of grooming partner numbers (Pearson correlation, R = 0.32,
p = 0.01)—another measure implied to increase reinfection risk—
supports this suggestion. In contrast, opposite-sex bond strength
was not closely related to number of grooming partners (Pearson
correlation: R =0.10, p = 0.93). Similarly, high network integration
has been shown to be either protective or a risk factor to Gl par-
asite infections in captive macaques (Balasubramaniam, Beisner,
Vandeleest, Atwill, & McCowan, 2016), highlighting the dual func-
tion of sociality. Another possibility is that the female propensity to
form strong bonds with close kin (Silk, Alberts, & Altmann, 2003)
leads to frequent contacts between genetically similar individuals
potentially more similar in susceptibility or exposure than unrelated
individuals. Which specific correlates of physiology, immunology
and exposure connected to same- versus opposite-sex social inter-
actions contribute to parasite transmission, and whether those com-
ponents are traded off against each other (Hawley et al., 2011) poses
interesting questions for future studies.

Assessing both social and environmental components of expo-
sure to infective parasite stages, we found no indication that the
overall time spent on the ground explained reinfection. However,
we found some indication that more time spent on soil presumably
contaminated with faeces increased the risk of parasite infection,
indicative of environmental transmission. By linking defecation and
individual space use, we extend approaches using social network pa-
rameters to estimate such exposure (Friant et al., 2016; Rimbach et
al., 2015). As behavioural avoidance strategies are well documented
(Poirotte et al., 2017; Weinstein, Moura, Mendez, & Lafferty, 2018),
it will be interesting for future studies to assess whether interindi-
vidual differences in environmental exposure are linked with be-
havioural adjustments to mitigate risk of parasite transmission, for
example hygienic tendencies (Sarabian & Maclntosh, 2015).

Parasite  transmission often has a social component
(Balasubramaniam et al., 2016; Drewe, 2009; Maclntosh et al., 2012),
but is not always linked to direct contact (Friant et al., 2016; Grear,
Luong, & Hudson, 2013), suggesting parasite-specific patterns, for ex-
ample different transmission pathways in parasites with mobile (free-
living larvae) versus immobile (embryonated eggs) infective stages
(Maclntosh et al., 2012). In vervet monkeys and our study, grooming
many different partners increased infection risk with Gl nematodes
(Wren et al., 2016), indicating a social component of transmission. Both
transmission pathways contributed to individual reinfection risk, high-
lighting the importance to consider both components of transmission
even in predominantly environmentally transmitted pathogens and
possibly explaining the dual effect of sociality as both a protective and
risk factor.

Several predictors emerged in a few selected models, indicating
a link to parasite transmission. In accordance with numerous pre-
vious studies (Habig & Archie, 2015), males had a markedly higher
risk of reinfection. Older age predicted lower reinfection risk, possi-
bly a sign of acquired immunity against repeated parasite infections
(Wilson et al., 2002). Contrary to our assumption that individuals
with poor physical condition are more susceptible to Gl nematodes
(Beldomenico & Begon, 2010), higher uCP levels were linked with in-
creased reinfection risk, possibly reflecting different defence strate-
gies against Gl nematodes. High uCP levels prior to treatment could
indicate low energetic costs of infection in some individuals, similar
to findings in Soay sheep (Hayward et al., 2014), where some indi-
viduals tolerate Gl nematode infections with lower weight loss. The
differences in the results between the datasets could be attributable
to sample size-driven differences in statistical power or the fact that
different datasets held different individuals (only 19 of 57 individu-
als were included in all datasets). To disentangle these explanations,
a larger and more complete dataset is needed, which will allow to
assess the impact of the less consistent predictors in our analyses,
that is age, physical condition and sex in relation to exposure and
coinfection in future studies.

In summary, we found exposure and susceptibility to contribute
simultaneously to individual risk of acquiring strongyle nematode in-
fections, with sociality feeding into both aspects. Although we cannot
exclude the possibility that predictors not emerging in our selected



1096 Functional Ecology

MULLER-KLEIN ET AL.

models have an impact on reinfection, the consistent patterns allow
us to draw some conclusions about the host-parasite relationships be-
tween Barbary macaques and strongyle nematodes, and synthesize
on transmission pathways. We suggest that direct contact to infective
parasite stages, which can be mediated by spatial centrality within a
social group, is the probable mechanism linking social integration to Gl
parasite infection risk based on direct measurements of this environ-
mental exposure. While in case of strongyle nematodes with mobile
larvae a social component of transmission is evident, this might not be
the case for parasites with different transmission pathways, explaining
the discrepancy with regard to an impact of direct contact on parasite
transmission. Incorporating several physiological markers, we show
that they are not necessarily the best predictor of susceptibility, but
that individual infection status or previously existing infections might
serve as an integrative measure of individual physiology and immune
status. While social bonds have emerged as the major protective fac-
tor against strongyle infection, they are also implied as a risk factor,
indicating covariation between sociality, exposure and susceptibility.
Disentangling this covariation is beyond the scope of this study, but
we encourage future studies to simultaneously incorporate distinct
susceptibility and exposure predictors in experimental approaches
to understand their respective roles for host-parasite relationships in
wildlife (Hawley et al., 2011).

ACKNOWLEDGEMENTS

We thank Ellen Merz and Roland Hilgartner for permission to carry
out the study, the Affenberg staff for support, our team of field as-
sistants and our Master students Nicole Paschek, Zina Morbach and
Navina Lilie for helping to carry out the study. We thank Andrea
Heistermann for help in fGCM, uNEO and uCP analysis, Salina Kandal
for support with spatial data analysis and two anonymous reviewers
for helpful comments. The study profited greatly from discussions
in the research unit “Sociality and Health in Primates” (FOR 2136).

AUTHORS’ CONTRIBUTIONS

N.M.K., J.O. and O.S. conceived the study design; N.M.K. collected
the data presented; C.S. and N.M.K. performed parasite analyses;
M.H. performed enzyme immunoassays; M.F. contributed patch oc-
cupancy modelling and model selection. All authors participated in

writing the manuscript and approved the final version.

DATA ACCESSIBILITY

Data used for the analyses in this article are deposited in the Dryad
Digital Repository https://doi.org/10.5061/dryad.rr379bp (Mdiller-
Klein et al., 2019).

ORCID

Nadine Miiller-Klein https://orcid.org/0000-0002-8194-936X

Mathias Franz https://orcid.org/0000-0001-5111-6503

REFERENCES

Abbott, D. H., Keverne, E. B., Bercovitch, F. B., Shively, C. A., Mendoza,
S. P, Saltzman, W., ... Sapolsky, R. M. (2003). Are subordinates al-
ways stressed? A comparative analysis of rank differences in cortisol
levels among primates. Hormones and Behavior, 43(1), 67-82. https://
doi.org/10.1016/50018-506X(02)00037-5

Altizer, S., Nunn, C. L., Thrall, P. H., Gittleman, J. L., Antonovics,
J., Cunningham, A. A., ... Pulliam, J. R. C. (2003). Social organi-
zation and parasite risk in mammals: Integrating theory and
empirical studies. Annual Review of Ecology, Evolution, and
Systematics, 34(1), 517-547. https://doi.org/10.1146/annurev.
ecolsys.34.030102.151725

Altmann, J. (1974). Observational
Sampling methods. Behaviour, 49(3),
org/10.1163/156853974X00534

Andreasen, A., Petersen, H. H., Kringel, H., Iburg, T. M., Skovgaard, K.,
Dawson, H., ... Thamsborg, S. M. (2015). Immune and inflammatory
responses in pigs infected with Trichuris suis and Oesophagostomum
dentatum. Veterinary Parasitology, 207(3-4), 249-258. https://doi.
org/10.1016/j.vetpar.2014.12.005

Animal Behavior Society (2012). Guidelines for the treatment of animals
in behavioural research and teaching. Animal Behaviour, 83(1), 301-
309. https://doi.org/10.1016/j.anbehav.2011.10.031

Archie, E. A., Tung, J., Clark, M., Altmann, J., & Alberts, S. C. (2014).
Social affiliation matters: Both same-sex and opposite-sex rela-
tionships predict survival in wild female baboons. Proceedings of the
Royal Society B: Biological Sciences, 281(1793), 20141261. https://doi.
org/10.1098/rspb.2014.1261

Balasubramaniam, K., Beisner, B., Vandeleest, J., Atwill, E., & McCowan,
B. (2016). Social buffering and contact transmission: Network con-
nections have beneficial and detrimental effects on Shigella infection
risk among captive rhesus macaques. PeerJ, 4, €2630.

Behringer, V., & Deschner, T. (2017). Non-invasive monitoring of physio-
logical markers in primates. Hormones and Behavior, 91, 3-18. https://
doi.org/10.1016/j.yhbeh.2017.02.001

Behringer, V., Stevens, J., Leendertz, F., Hohmann, G., & Deschner, T.
(2017). Validation of a method for the assessment of urinary ne-
opterin levels to monitor health status in non-human-primate
species. Frontiers in Physiology, 8, 51. https://doi.org/10.3389/
fphys.2017.00051

Beldomenico, P. M., & Begon, M. (2010). Disease spread, susceptibil-
ity and infection intensity: Vicious circles? Trends in Ecology and
Evolution, 25(1), 21-27. https://doi.org/10.1016/j.tree.2009.06.015

Cain, D. W., & Cidlowski, J. A. (2017). Immune regulation by glucocorti-
coids. Nature Reviews Immunology, 17, 233. https://doi.org/10.1038/
nri.2017.1

Capitanio, J. P, Mendoza, S. P., Lerche, N. W., & Mason, W. A. (1998).
Social stress results in altered glucocorticoid regulation and shorter
survival in simian acquired immune deficiency syndrome. Proceedings
of the National Academy of Sciences, 95(8), 4714-4719. https://doi.
org/10.1073/pnas.95.8.4714

Carvalho, L., Sun, J., Kane, C., Marshall, F., Krawczyk, C., & Pearce, E.
J. (2009). Review series on helminths, immune modulation and the
hygiene hypothesis: Mechanisms underlying helminth modulation
of dendritic cell function. Immunology, 126(1), 28-34. https://doi.
org/10.1111/j.1365-2567.2008.03008.x

Cohen, S., Tyrrell, D. A. J., & Smith, A. P. (1991). Psychological stress and
susceptibility to the common cold. New England Journal of Medicine,
325(9), 606-612. https://doi.org/10.1056/NEJM199108293250903

Cohen, S., & Wills, T. A. (1985). Stress, social support, and the buffer-
ing hypothesis. Psychological Bulletin, 98(2), 310-357. https://doi.
org/10.1037/0033-2909.98.2.310

Colditz, I. G. (2008). Six costs of immunity to gastrointestinal nem-
atode infections. Parasite Immunology, 30(2), 63-70. https://doi.
org/10.1111/j.1365-3024.2007.00964.x

behavior:
https://doi.

study of
227-266.


http://doi.org/10.5061/dryad.rr379bp
https://orcid.org/0000-0002-8194-936X
https://orcid.org/0000-0002-8194-936X
https://orcid.org/0000-0001-5111-6503
https://orcid.org/0000-0001-5111-6503
https://doi.org/10.1016/S0018-506X(02)00037-5
https://doi.org/10.1016/S0018-506X(02)00037-5
https://doi.org/10.1146/annurev.ecolsys.34.030102.151725
https://doi.org/10.1146/annurev.ecolsys.34.030102.151725
https://doi.org/10.1163/156853974X00534
https://doi.org/10.1163/156853974X00534
https://doi.org/10.1016/j.vetpar.2014.12.005
https://doi.org/10.1016/j.vetpar.2014.12.005
https://doi.org/10.1016/j.anbehav.2011.10.031
https://doi.org/10.1098/rspb.2014.1261
https://doi.org/10.1098/rspb.2014.1261
https://doi.org/10.1016/j.yhbeh.2017.02.001
https://doi.org/10.1016/j.yhbeh.2017.02.001
https://doi.org/10.3389/fphys.2017.00051
https://doi.org/10.3389/fphys.2017.00051
https://doi.org/10.1016/j.tree.2009.06.015
https://doi.org/10.1038/nri.2017.1
https://doi.org/10.1038/nri.2017.1
https://doi.org/10.1073/pnas.95.8.4714
https://doi.org/10.1073/pnas.95.8.4714
https://doi.org/10.1111/j.1365-2567.2008.03008.x
https://doi.org/10.1111/j.1365-2567.2008.03008.x
https://doi.org/10.1056/NEJM199108293250903
https://doi.org/10.1037/0033-2909.98.2.310
https://doi.org/10.1037/0033-2909.98.2.310
https://doi.org/10.1111/j.1365-3024.2007.00964.x
https://doi.org/10.1111/j.1365-3024.2007.00964.x

MULLER-KLEIN ET AL.

Functional Ecology 1097

Coop, R. L., & Kyriazakis, 1. (1999). Nutrition-parasite interaction.
Veterinary Parasitology, 84(3-4), 187-204. https://doi.org/10.1016/
S0304-4017(99)00070-9

Cox, F. E. G. (2001). Concomitant infections, parasites and immune re-
sponses. Parasitology, 122(S1), S23-S38. https://doi.org/10.1017/
5S003118200001698X

Crockford, C., Wittig, R. M., Langergraber, K., Ziegler, T. E., Zuberbuhler,
K., & Deschner, T. (2013). Urinary oxytocin and social bonding in re-
lated and unrelated wild chimpanzees. Proceedings of the Royal Society
B: Biological Sciences, 280(1755),20122765. https://doi.org/10.1098/
rspb.2012.2765

Curley, J. P, & Keverne, E. B. (2005). Genes, brains and mammalian so-
cial bonds. Trends in Ecology & Evolution, 20(10), 561-567. https://doi.
org/10.1016/j.tree.2005.05.018

de Turckheim, G., & Merz, E. (1984). Breeding Barbary macaques in out-
door open enclosures. In J. E. Fa (Ed.), The Barbary Macaque: A case
study in conservation (pp. 241-261). New York, NY: Plenum Press.
https://doi.org/10.1007/978-1-4613-2785-1_10

Derting, T. L., & Compton, S. (2003). Immune response, not immune
maintenance, is energetically costly in wild white-footed mice
(Peromyscus leucopus). Physiological and Biochemical Zoology, 76(5),
744-752. https://doi.org/10.1086/375662

Diaz, M., & Alonso, C. L. (2003). Wood mouse Apodemus sylvaticus win-
ter food supply: Density, condition, breeding, and parasites. Ecology,
84(10), 2680-2691. https://doi.org/10.1890/02-0534

Drewe, J. A. (2009). Who infects whom? Social networks and tubercu-
losis transmission in wild meerkats. Proceedings of the Royal Society
B: Biological Sciences, 277(1681), 633-642. https://doi.org/10.1098/
rspb.2009.1775

Emery Thompson, M., & Knott, C. (2008). Urinary C-peptide of insu-
lin as a non-invasive marker of energy balance in wild orangutans.
Hormones and Behavior, 53, 526-535. https://doi.org/10.1016/j.
yhbeh.2007.12.005

Ezenwa, V. O. (2004). Host social behavior and parasitic infection: A mul-
tifactorial approach. Behavioral Ecology, 15(3), 446-454. https://doi.
org/10.1093/beheco/arh028

Ezenwa, V. O. (2016). Helminth-microparasite co-infection in wildlife:
Lessons from ruminants, rodents and rabbits. Parasite Inmunology,
38(9), 527-534. https://doi.org/10.1111/pim.12348

Ezenwa, V. O, Etienne, R. S., Luikart, G., Beja-Pereira, A., & Jolles, A. E.
(2010). Hidden consequences of living in a wormy world: Nematode-
induced immune suppression facilitates tuberculosis invasion in
African buffalo. The American Naturalist, 176(5), 613-624. https://
doi.org/10.1086/656496

Finkelman, F. D., Shea-Donohue, T., Goldhill, J., Sullivan, C. A., Morris,
S. C., Madden, K. B., ... Urban, J. F. (1997). Cytokine regulation of
host defense against parasitic gastrointestinal nematodes: Lessons
from studies with rodent models. Annual Review of Immunology, 15(1),
505-533. https://doi.org/10.1146/annurev.immunol.15.1.505

Fiske, I., & Chandler, R. (2011). unmarked: An R package for fitting hi-
erarchical models of wildlife occurrence and abundance. Journal of
Statistical Software, 43(10), 1-23.

Fleming, M. W. (1997). Cortisol as an indicator of severity of parasitic
infections of Haemonchus contortus in lambs (Ovis aries). Comparative
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology,
116(1), 41-44. https://doi.org/10.1016/50305-0491(96)00157-5

Freeland, W. J. (1976). Pathogens and the evolution of primate sociality.
Biotropica, 8(1), 12-24. https://doi.org/10.2307/2387816

Friant, S., Ziegler, T. E., & Goldberg, T. L. (2016). Primate reinfection with
gastrointestinal parasites: Behavioural and physiological predictors
of parasite acquisition. Animal Behaviour, 117(July), 105-113. https://
doi.org/10.1016/j.anbehav.2016.04.006

Garamszegi, L. Z. (2011). Information-theoretic approaches to statistical
analysisin behavioural ecology: Anintroduction. Behavioral Ecology and
Sociobiology, 65(1), 1-11. https://doi.org/10.1007/s00265-010-1028-7

Gillespie, T. R. (2006). Noninvasive assessment of gastrointesti-
nal parasite infections in free-ranging primates. International
Journal of Primatology, 27(4), 1129-1143. https://doi.org/10.1007/
s10764-006-9064-x

Girard-Buttoz, C., Higham, J. P., Heistermann, M., Wedegartner, S.,
Maestripieri, D., & Engelhardt, A. (2011). Urinary C-peptide measure-
ment as a marker of nutritional status in macaques. PLoS ONE, 6(3),
e18042. https://doi.org/10.1371/journal.pone.0018042

Glaser, R., & Kiecolt-Glaser, J. K. (2005). Stress-induced immune dys-
function: Implications for health. Nature Reviews Immunology, 5(3),
243. https://doi.org/10.1038/nri1571

Graham, A. L. (2008). Ecological rules governing helminth-microparasite
coinfection. Proceedings of the National Academy of Sciences of the
United States of America, 105(2), 566-570. https://doi.org/10.1073/
pnas.0707221105

Grear, D. A,, Luong, L. T., & Hudson, P. J. (2013). Network transmission
inference: Host behavior and parasite life cycle make social networks
meaningful in disease ecology. Ecological Applications, 23(8), 1906~
1914. https://doi.org/10.1890/13-0907.1

Habig, B., & Archie, E. A. (2015). Social status, immune response and
parasitism in males: A meta-analysis. Philosophical Transactions of the
Royal Society B: Biological Sciences, 370(1669), 20140109. https://doi.
org/10.1098/rstb.2014.0109

Hamede, R. K., Mccallum, H., & Jones, M. (2008). Seasonal, demographic
and density-related patterns of contact between Tasmanian devils
(Sarcophilus harrisii): Implications for transmission of devil facial tu-
mour disease. Austral Ecology, 33(5), 614-622.

Hart, B. (1988). Biological basis of the behavior of sick animals.
Neuroscience and Biobehavioral Reviews, 12, 123-137. https://doi.
org/10.1016/50149-7634(88)80004-6

Hawkley, L. C., Cole, S. W., Capitanio, J. P., Norman, G. J., John, T., &
Cacioppo, J. T. (2013). Effects of social isolation on glucocorticoid
regulation in social mammals. Hormones and Behavior, 62(3), 314-
323. https://doi.org/10.1016/j.yhbeh.2012.05.011

Hawley, D. M., & Altizer, S. M. (2011). Disease ecology meets ecological
immunology: Understanding the links between organismal immunity
and infection dynamics in natural populations. Functional Ecology,
25(1), 48-60. https://doi.org/10.1111/j.1365-2435.2010.01753.x

Hawley, D. M., Etienne, R. S., Ezenwa, V. O., & Jolles, A. E. (2011). Does
animal behavior underlie covariation between hosts’ exposure to in-
fectious agents and susceptibility to infection? Implications for dis-
ease dynamics. Integrative and Comparative Biology, 51(4), 528-539.
https://doi.org/10.1093/icb/icr062

Hayward, A. D., Garnier, R., Watt, K. A., Pilkington, J. G., Grenfell, B. T,,
Matthews, J. B., ... Graham, A. L. (2014). Heritable, heterogeneous,
and costly resistance of sheep against nematodes and potential feed-
backs to epidemiological dynamics. The American Naturalist, 184(S1),
S$58-S76. https://doi.org/10.1086/676929

Holt-Lunstad, J., Smith, T. B., & Layton, J. B. (2010). Social relationships
and mortality risk: A meta-analytic review. PLoS Med, 7(7), e1000316.
https://doi.org/10.1371/journal.pmed.1000316

Jackson, J. A., Hall, A. J., Friberg, I. M., Ralli, C., Lowe, A., Zawadzka,
M., ... Begon, M. (2014). An immunological marker of tolerance to
infection in wild rodents. PLoS Biology, 12(7), e1001901. https://doi.
org/10.1371/journal.pbio.1001901

Konsman, J. P, Parnet, P., & Dantzer, R.(2002). Cytokine-induced sickness
behaviour: Mechanisms and implications. Trends in Neurosciences,
25(3), 154-159. https://doi.org/10.1016/50166-2236(00)02088-9

Lello, J., Boag, B., Fenton, A., Stevenson, I. R., & Hudson, P. J. (2004).
Competition and mutualism among gut helminths of amammalian host.
Nature, 428(6985), 840-844. https://doi.org/10.1038/nature02490

Lloyd-Smith, J. O., Schreiber, S. J., Kopp, P. E.,, & Getz, W. M. (2005).
Superspreading and the effect of individual variation on disease
emergence. Nature, 438(7066), 355-359. https://doi.org/10.1038/
nature04153


https://doi.org/10.1016/S0304-4017(99)00070-9
https://doi.org/10.1016/S0304-4017(99)00070-9
https://doi.org/10.1017/S003118200001698X
https://doi.org/10.1017/S003118200001698X
https://doi.org/10.1098/rspb.2012.2765
https://doi.org/10.1098/rspb.2012.2765
https://doi.org/10.1016/j.tree.2005.05.018
https://doi.org/10.1016/j.tree.2005.05.018
https://doi.org/10.1007/978-1-4613-2785-1_10
https://doi.org/10.1086/375662
https://doi.org/10.1890/02-0534
https://doi.org/10.1098/rspb.2009.1775
https://doi.org/10.1098/rspb.2009.1775
https://doi.org/10.1016/j.yhbeh.2007.12.005
https://doi.org/10.1016/j.yhbeh.2007.12.005
https://doi.org/10.1093/beheco/arh028
https://doi.org/10.1093/beheco/arh028
https://doi.org/10.1111/pim.12348
https://doi.org/10.1086/656496
https://doi.org/10.1086/656496
https://doi.org/10.1146/annurev.immunol.15.1.505
https://doi.org/10.1016/S0305-0491(96)00157-5
https://doi.org/10.2307/2387816
https://doi.org/10.1016/j.anbehav.2016.04.006
https://doi.org/10.1016/j.anbehav.2016.04.006
https://doi.org/10.1007/s00265-010-1028-7
https://doi.org/10.1007/s10764-006-9064-x
https://doi.org/10.1007/s10764-006-9064-x
https://doi.org/10.1371/journal.pone.0018042
https://doi.org/10.1038/nri1571
https://doi.org/10.1073/pnas.0707221105
https://doi.org/10.1073/pnas.0707221105
https://doi.org/10.1890/13-0907.1
https://doi.org/10.1098/rstb.2014.0109
https://doi.org/10.1098/rstb.2014.0109
https://doi.org/10.1016/S0149-7634(88)80004-6
https://doi.org/10.1016/S0149-7634(88)80004-6
https://doi.org/10.1016/j.yhbeh.2012.05.011
https://doi.org/10.1111/j.1365-2435.2010.01753.x
https://doi.org/10.1093/icb/icr062
https://doi.org/10.1086/676929
https://doi.org/10.1371/journal.pmed.1000316
https://doi.org/10.1371/journal.pbio.1001901
https://doi.org/10.1371/journal.pbio.1001901
https://doi.org/10.1016/S0166-2236(00)02088-9
https://doi.org/10.1038/nature02490
https://doi.org/10.1038/nature04153
https://doi.org/10.1038/nature04153

1098 Functional Ecology

MULLER-KLEIN ET AL.

Long, K. Z., & Nanthakumar, N. (2004). Energetic and nutritional regu-
lation of the adaptive immune response and trade-offs in ecologi-
cal immunology. American Journal of Human Biology, 16(5), 499-507.
https://doi.org/10.1002/ajhb.20064

Loukas, A., Constant, S. L., & Bethony, J. M. (2005). Immunobiology of
hookworm infection. FEMS Immunology and Medical Microbiology,
43(2), 115-124. https://doi.org/10.1016/j.femsim.2004.11.006

Maclntosh, A. J. J., Jacobs, A., Garcia, C., Shimizu, K., Mouri, K., Huffman,
M. A., & Hernandez, A. D. (2012). Monkeys in the middle: Parasite
transmission through the social network of a wild primate. PLoS ONE,
7(12), €51144. https://doi.org/10.1371/journal.pone.0051144

MacKenzie, D. I., Nichols, J. D., Lachman, G. B., Droege, S., Andrew Royle,
J., & Langtimm, C. A. (2002). Estimating site occupancy rates when
detection probabilities are less than one. Ecology, 83(8), 2248-2255.

Martin, P., & Bateson, P. G. (2007). Measuring behaviour: An introductory
guide. P. Martin & P. P. G. Bateson (Eds.). Cambridge, UK: Cambridge
University Press.

McFarland, R., & Majolo, B. (2013). Coping with the cold: Predictors of
survival in wild Barbary macaques, Macaca sylvanus. Biology Letters,
9(4), 20130428. https://doi.org/10.1098/rsbl.2013.0428

Miuiller, N., Heistermann, M., Strube, C., Schiilke, O., & Ostner, J. (2017).
Age, but not anthelmintic treatment, is associated with urinary neop-
terin levels in semi-free ranging Barbary macaques. Scientific Reports,
7(1), 41973. https://doi.org/10.1038/srep41973

Muiller-Klein, N., Heistermann, M., Strube, C., Franz, M., Schiilke, O., &
Ostner, J. (2019). Data from: Exposure and susceptibility drive re-
infection with gastrointestinal parasites in a social primate. Dryad
Digital Repository, https://doi.org/10.5061/dryad.rr379bp

Muller-Klein, N., Heistermann, M., Strube, C., Morbach, Z. M., Lilie, N.,
Franz, M, ... Ostner, J. (2018). Physiological and social consequences
of gastrointestinal nematode infection in a nonhuman primate.
Behavioral Ecology. https://doi.org/10.1093/beheco/ary168

Murr, C., Widner, B., Wirleitner, B., & Fuchs, D. (2002). Neopterin as a
marker for immune system activation. Current Drug Metabolism, 3(2),
175-187. https://doi.org/10.2174/1389200024605082

Nunn, C. L., Jordan, F., McCabe, C. M., Verdolin, J. L., & Fewell, J.
H. (2015). Infectious disease and group size: More than just a
numbers game. Philosophical Transactions of the Royal Society B:
Biological Sciences, 370(1669), 20140111. https://doi.org/10.1098/
rstb.2014.0111

Paschek, N., Miller, N., Heistermann, M., Ostner, J., & Schilke, O.
(2018). Subtypes of aggression and their relation to anxiety in
Barbary macaques. Aggressive Behavior, 45(2), 120-128. https://doi.
org/10.1002/ab.21801

Pedersen, A. B., & Greives, T. J. (2008). The interaction of par-
asites and resources cause crashes in a wild mouse popula-
tion. Journal of Animal Ecology, 77(2), 370-377. https://doi.
org/10.1111/j.1365-2656.2007.01321.x

Poirotte, C., Massol, F., Herbert, A., Willaume, E., Bomo, P. M., Kappeler,
P. M., ... Charpentier, M. J. (2017). Mandrills use olfaction to socially
avoid parasitized conspecifics. Science advances, 3(4), e1601721.
https://doi.org/10.1126/sciadv.1601721

R Core Team. (2014). A language and environment for statistical computing.
R Foundation for Statistical Computing. https://www.r-project.org

Richards, S. A., Whittingham, M. J., & Stephens, P. A. (2011). Model se-
lection and model averaging in behavioural ecology: The utility of the
IT-AIC framework. Behavioral Ecology and Sociobiology, 65(1), 77-89.
https://doi.org/10.1007/s00265-010-1035-8

Rimbach, R., Bisanzio, D., Galvis, N., Link, A., Di Fiore, A., & Gillespie, T.
R.(2015). Brown spider monkeys (Ateles hybridus): A model for differ-
entiating the role of social networks and physical contact on parasite
transmission dynamics. Philosophical Transactions of the Royal Society
B, 370(1669), 20140110. https://doi.org/10.1098/rstb.2014.0110

Rynkiewicz, E. C., Pedersen, A. B., & Fenton, A. (2015). An ecosystem
approach to understanding and managing within-host parasite

community dynamics. Trends in Parasitology, 31(5), 212-221. https://
doi.org/10.1016/j.pt.2015.02.005

Sarabian, C., & Maclntosh, A. J. (2015). Hygienic tendencies correlate
with low geohelminth infection in free-ranging macaques. Biology
letters, 11(11), 20150757. https://doi.org/10.1098/rsbl.2015.0757.

Sapolsky, R. M. (2005). The influence of social hierarchy on primate health.
Science, 308(5722), 648-652. https://doi.org/10.1126/science.1106477

Shutt, K., MacLarnon, A., Heistermann, M., & Semple, S. (2007). Grooming
in Barbary macaques: Better to give than to receive? Biology Letters,
3(3), 231-233. https://doi.org/10.1098/rsbl.2007.0052

Silk, J. B., Alberts, S. C., & Altmann, J. (2003). Social bonds of female
baboons enhance infant survival. Science, 302(5648), 1231-1234.
https://doi.org/10.1126/science.1088580

Silk, J. B., Altmann, J., & Alberts, S. C. (2006). Social relationships among
adult female baboons (Papio cynocephalus) |. Variation in the strength
of social bonds. Behavioral Ecology and Sociobiology, 61(2), 183-195.
https://doi.org/10.1007/s00265-006-0249-2

Snyder-Mackler, N., Sanz, J. J., Kohn, J. N., Brinkworth, J. F., Morrow,
S., Shaver, A. O, ... Tung, J. (2016). Social status alters immune reg-
ulation and response to infection in macaques. Science, 354(6315),
1041-1045. https://doi.org/10.1126/science.aah3580

Stephenson, L. S., Latham, M. C., & Ottesen, E. A. (2000). Malnutrition
and parasitic helminth infections. Parasitology, 121(S1), $23-538.
https://doi.org/10.1017/5S0031182000006491

Uchino, B. N. (2006). Social support and health: A review of physiological
processes potentially underlying links to disease outcomes. Journal
of Behavioral Medicine, 29(4), 377-387. https://doi.org/10.1007/
s10865-006-9056-5

Vaumourin, E., Vourc’h, G., Gasqui, P., & Vayssier-Taussat, M. (2015). The
importance of multiparasitism: Examining the consequences of co-
infections for human and animal health. Parasites & Vectors, 8(1), 545.
https://doi.org/10.1186/s13071-015-1167-9

Weinstein, S. B., Moura, C. W., Mendez, J. F., & Lafferty, K. D. (2018).
Fear of feces? Tradeoffs between disease risk and foraging drive ani-
mal activity around raccoon latrines. Oikos, 127(7), 927-934. https://
doi.org/10.1111/0ik.04866

Wilson, K., Bjgrnstad, O. N., Dobson, A. P,, Merler, S., Poglayen, G., Randolph,
S.E., ... Skorping, A. (2002). Heterogeneities in macroparasite infections:
Patterns and processes. In P. Hudson (Ed.), The ecology of wildlife diseases
(Vol. 44, pp. 6-44). New York, NY: Oxford University Press.

Wren, B. T., Remis, M. J., Camp, J. W., & Gillespie, T. R. (2016). Number
of grooming partners is associated with hookworm infection in wild
vervet monkeys (Chlorocebus aethiops). Folia Primatologica, 87(3),
168-179. https://doi.org/10.1159/000448709

Young, C., Majolo, B., Heistermann, M., Schiilke, O., & Ostner, J. (2014).
Responses to social and environmental stress are attenuated by
strong male bonds in wild macaques. Proceedings of the National
Academy of Sciences, 111(51), 18195-18200. https://doi.org/10.1073/
pnas.1411450111

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Miller-Klein N, Heistermann M,
Strube C, Franz M, Schiilke O, Ostner J. Exposure and
susceptibility drive reinfection with gastrointestinal parasites
in a social primate. Funct Ecol. 2019;33:1088-1098.
https://doi.org/10.1111/1365-2435.13313



https://doi.org/10.1002/ajhb.20064
https://doi.org/10.1016/j.femsim.2004.11.006
https://doi.org/10.1371/journal.pone.0051144
https://doi.org/10.1098/rsbl.2013.0428
https://doi.org/10.1038/srep41973
https://doi.org/10.5061/dryad.rr379bp
https://doi.org/10.1093/beheco/ary168
https://doi.org/10.2174/1389200024605082
https://doi.org/10.1098/rstb.2014.0111
https://doi.org/10.1098/rstb.2014.0111
https://doi.org/10.1002/ab.21801
https://doi.org/10.1002/ab.21801
https://doi.org/10.1111/j.1365-2656.2007.01321.x
https://doi.org/10.1111/j.1365-2656.2007.01321.x
https://doi.org/10.1126/sciadv.1601721
https://www.r-project.org
https://doi.org/10.1007/s00265-010-1035-8
https://doi.org/10.1098/rstb.2014.0110
https://doi.org/10.1016/j.pt.2015.02.005
https://doi.org/10.1016/j.pt.2015.02.005
https://doi.org/10.1098/rsbl.2015.0757
https://doi.org/10.1126/science.1106477
https://doi.org/10.1098/rsbl.2007.0052
https://doi.org/10.1126/science.1088580
https://doi.org/10.1007/s00265-006-0249-2
https://doi.org/10.1126/science.aah3580
https://doi.org/10.1017/S0031182000006491
https://doi.org/10.1007/s10865-006-9056-5
https://doi.org/10.1007/s10865-006-9056-5
https://doi.org/10.1186/s13071-015-1167-9
https://doi.org/10.1111/oik.04866
https://doi.org/10.1111/oik.04866
https://doi.org/10.1159/000448709
https://doi.org/10.1073/pnas.1411450111
https://doi.org/10.1073/pnas.1411450111
https://doi.org/10.1111/1365-2435.13313

