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Abstract

Substantial research has shown that while some parasite infections can be fatal to hosts,
most infections are sub-clinical and non-lethal. Such sub-clinical infections can nonetheless
have negative consequences for the long-term fitness of the host such as reducing juvenile
growth and the host’s ability to compete for food and mates. With such effects, infected indi-
viduals are expected to exhibit behavioural changes. Here we use a parasite removal
experiment to quantify how gastrointestinal parasite infections affect the behaviour of vervet
monkeys (Chlorocebus aethiops) at Lake Nabugabo, Uganda. Behavioural profiles and the
structure of nearest neighbour relationships varied significantly. As predicted, after deworm-
ing the duration of the resting events decreased, which is consistent with the idea that para-
site infections are energetically costly. In contrast to what was predicted, we could not reject
the null hypothesis and we observed no change in either the frequency or duration of
grooming, but we found that the duration of travel events increased. A network analysis
revealed that after deworming, individuals tended to have more nearest neighbours and
hence probably more frequent interactions, with this effect being particularly marked for
juveniles. The heightened response by juveniles may indicate that they are avoiding
infected individuals more than other age classes because it is too costly to move energy
away from growth. We consider that populations with high parasite burden may have diffi-
culties developing social networks and behaviours that could have cascading effects that
impact the population in general.
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Introduction

Earth’s ecosystems are increasingly disturbed by human activities [1] and infectious diseases
are emerging at an increasing rate [2, 3]. These changes force people to cope with changing dis-
ease dynamics with regards to humanity and endangered species [4, 5]. Consequently, an
understanding of how both the readily apparent (e.g., mortality[6]) and subtle (e.g., changes in
behaviour [7]) effects of disease is becoming increasingly important. Severe parasitic infections
can cause readily apparent symptoms including blood loss, tissue damage, spontaneous abor-
tion, congenital malformations, and death [8-11]. Although substantial research has shown
that while some parasite infections can be fatal to hosts, most infections are ordinarily sub-clin-
ical and non-lethal [12, 13]. Such sub-clinical infections can nonetheless have negative conse-
quences for the long-term fitness of the host such as reducing juvenile growth and the host’s
ability to compete for food and mates. A well-documented case is found in cattle and sheep,
where nematode infections can diminish weight gain, soft-tissue deposition, skeletal growth,
and milk and wool production [14-17]. Similarly, Nilsson [18] showed that infected marsh tits
were less reproductively successful as they experienced a rapid reduction in nestling growth. In
general, parasite infections have energetic costs that affect the host’s resting metabolic rate
(Robar et al. 2011, [19-21]). In white-footed mice (Peromyscus leucopus), for example, bot fly
infection increases resting metabolic rate by 5% and the larva consumes 1% of the host’s nutri-
ent budget [19]. In some cases, the cumulative effects of these factors can decrease the viability
of the host population [22, 23]. For example, red grouse (Lagopus lagopus) with high levels of
Trichostrongylus tenuis (a caecal nematode) were less fit as they encountered higher predation
levels, thus limiting the population’s ability to grow [24].

With such effects, infected individuals are expected to exhibit behavioural changes, particu-
larly given the increased metabolic rate and reduced energy and nutrient budgets associated
with parasite infections [7]. For example, Ghai et al. [25] documented that whipworm (genus
Trichuris) infection in red colobus monkeys (Procolobus rufomitratus) in Kibale National Park,
Uganda was associated with behavioural shifts: monkeys decreased energetically costly behav-
iours when they were shedding whipworm eggs in faeces. The most commonly observed suite
of behavioural responses to infection is termed “sickness behaviour” and encompasses reduced
rates of movement and socialization, fatigue, lethargy, reduced food intake, and postures that
reduce heat loss 7, 26, 27]. Previously, such sickness behaviours were considered maladaptive
and a consequence of the parasite’s physiological demands on the host [28]. However, these
behaviours are increasingly being interpreted as adaptive host responses to infections [7, 28,
29]. For example, a higher proportion of resting time and a lower proportion of feeding time
have been documented in chimpanzees infected with an influenza-like virus [30]; these beha-
vioural changes are likely part of a host strategy to combat infection. Another major activity of
primates is grooming, which serves social functions and possibly removes ectoparasites [7, 31].
Grooming is a costly activity as it can create opportunity costs, energetic costs, and increased
exposure to other parasites (e.g., pinworms [32-34]).

Our objective was to quantify how gastrointestinal parasite infections affect the behaviour
of the vervet monkeys (Chlorocebus aethiops) at Lake Nabugabo, Uganda. We address this
objective through a parasite removal experiment. Specifically, due to the energetic cost of para-
site infection, we predicted that resting time would decrease and grooming time would increase
after administering antiparasitic drugs. In addition, we assess possible relationships by examin-
ing how other behavioural change following the removal of gastrointestinal parasites. With
these behaviours (e.g., duration of grooming, duration of resting, frequency of resting, node
degree, node strength) we do not make specific predictions as understanding of causal relation-
ships between changing behaviour and the effects of parasites is in its infancy and it is possible
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to logically derive multiple conflicting hypotheses [26]. This represents a continuation of our
long-term research program that has previously documented behavioural changes in red colo-
bus monkeys (Procolobus rufomitratus) in Kibale National Park, Uganda. Here, we found
behavioural differences associated with gastrointestinal parasite infections, using a behavioural
approach [25].

Our study was divided into four periods: I) Pre-study, where study subjects were habituated
to the presence of researchers and we learned to individually recognize all group members, col-
lected general activity data, and determined the population’s parasites, IT) Phase 1, where beha-
vioural and nearest-neighbour profiles were quantified and individual parasite infections were
determined, III) Phase 2, where ivermectin was administered to eliminate each individual’s
parasites, and IV) Phase 3, where post-“deworming” behaviour, nearest neighbour profiles,
and parasite infections were quantified for comparison to Phase 1.

Materials and Methods
Study site and subjects

This research was carried out along the shores of Lake Nabugabo, Uganda (8.2 x 5 km), which
is a satellite of Lake Victoria that lies at an elevation of 1,136 m (0°22’-12°S and 31°54’E), and
the research station lies on the west side of the lake. The landscape around the lake is com-
prised of wetlands, grasslands, and patches of swamp forest, and the research site is comprised
of farmer’s fields, degraded forest, and a few buildings. The area receives an average of 1,348
mm of rain annually. The north-south migration of the Intertropical Convergence Zone
(ITCZ) is the primary influence on the annual distribution of rainfall, which results in a bi-
modal rainfall pattern consisting of two rainy seasons (March through mid-May and Novem-
ber through early December) separated by two dry seasons (December through late February
and mid-May through October) [35].

One group of vervet monkeys (M group), has been studied since June 2011. During the
habituation period at the beginning of the study, dye-marking was employed to facilitate indi-
vidual recognition; after this initial period, all individuals could be recognized by unique natu-
ral markings. Between May to August 2014, the study group consisted of 26 individuals (5
adult males, 8 adult females, 0 subadult males, 3 subadult females, and 10 juveniles and
infants); however, only the adults and sub-adults are included in this experimental investiga-
tion (n = 16; with the exception of the nearest-neighbour analysis where all animals were
included). Vervet monkeys are a useful model to examine the effects of changes in their parasite
community as there have been a number of detailed studies of their parasites and the effect of
these parasites have been described [36-38].

Behavioural data collection

Scan samples and ad libitum data have been collected continuously since June 2011 and these
were supplemented with focal animal samples during some phases of the study (see Study
Design below). The study group was followed by either the investigators and/or trained field
assistants for approximately 9 hours per day (7:00 to 16:00), 10 days a month in the pre-study
phase and from dawn until dusk 6-7 days a week in Phases 1 through 3 (Phase 1 = 25 days,
Phase 3 = 24 days). We collected scan data every 30-minutes on general activity, with detailed
data on foraging. During these scans, we recorded the individual’s identity, sex, age category,
behaviour (e.g., resting, moving [including canopy/ground level], feeding [including detailed
information on food species, part, height from ground while foraging, and feeding rate when-
ever possible], self-grooming, social behaviour [i.e., giving or receiving grooming, playing]),
nearest neighbour (in meters). In addition, in Phase 1 and 3 (before and after treatment), scans
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were used in the network analysis (see below). Ad libitum data were also collected on the
group’s interactions with people, dogs, cattle, and crops (e.g., crop-raiding, foraging).

In Phases 1 and 3, we supplemented the scan and ad libitum behavioural data by conducted
15-minute focal animal sessions in which we continuously recorded the individual’s behaviour
and nearest neighbour. All 16 adult and subadult study subjects were sampled daily, but the
order in which they were sampled was on an ad hoc basis. No animal was resampled within the
same 2 hours to ensure a fairly balanced sampling without spending a great deal of time locat-
ing individuals from a randomly generated list of study subjects. Focal data were used to con-
struct individual activity budgets (% of observation time) that were considered as independent
units in the analysis (see below). Data were discarded if focal individuals were out of sight for
more than two minutes or more than one “out of sight” period occurred during the 15-minute
focal observation. Moving was defined as a displacement of greater than two meters, primarily
excluding short movements within a feeding patch.

Detailed study design

Pre-study phase. Between June 2011 and April 2014, we monitored individual parasite
infection and behaviour profiles on a monthly basis. This allowed us to determine which para-
site species the group members hosted. These data allowed us to identify the likely route of
transmission based on parasite life cycles, thereby enabling us to pay particular attention to
behaviours that might influence parasite exposure risk in Phases 1 and 3. During the pre-study
period, the study group was followed 10 days per month by either the investigators and/or
trained field assistants for approximately 9 hours per day (7:00 to 16:00), during which we
recorded 19,236 scans during 2,100 contact hours.

Phase 1. Between May 29 and June 2014, the “pre-deworming” phase, faecal samples for
parasite analyses were collected intensively (average = 5.13, range = 3 to 10 per individual;
details of the infections are reported in Valenta et al. (submitted)). Additionally, we determined
behavioural patterns via scan sampling of all individuals, and focal animal sampling of all adult
and subadults. The group was followed from dawn to dusk and 2,405 and 30- minute scans
were conducted in 295 contact hours. We collected an average of 7.7 focal hours per individual
(range per individual is 6.8 to 8.4)

Phase 2 (treatment). Between June 24 and July 1, 2014, all adults and subadults were
treated for helminth infections with two doses of ivermectin (0.3 mg/kg), with 5 days between
dosages. A number of zoos and colonies regularly treat individuals for parasite infections and
our methods are akin to those typically followed in captivity [39] and were deemed safe and
supervised by two veterinarians (Dr. David Hyeroba (Ugandan Wildlife Vet) and Dr. Tony
Goldberg (University of Wisconsin-Madison)). Ivermectin is often the anthelminthic of choice
at a number of primate research centers because of its broad spectrum of activity against nema-
todes and safe application [40-42] and it has been used successfully on vervet monkeys [43].
With oral administration, the plasma half-life of ivermectin in humans is approximately 16
hours, thus after 3 days its concentration in the blood is minimal [40]. In this study, oral iver-
mectin was placed within a banana slice and given to specific individuals when they were forag-
ing in isolation. This method of baiting had been well tested on the study group [44]. At this
time, direct faecal smears of adults and subadults were carried out daily, with samples collected
opportunistically. Treatment began on June 24™, 2014 and 15 of the 16 adults and subadults
were successfully treated on this day. Two observers confidently viewed that two females (Ray
and Limpy) spat out the ivermectin laced banana slices, so these individuals were given a sec-
ond banana piece with ivermectin. The last individual was medicated on Wednesday, June
25™. On June 30™, the second dose was delivered to the 15 vervets who were originally
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medicated on 24™ and on July 1*" the last individual, who was treated one day late on the first
treatment, received a second dose.

Phase 3. Between July 2-24, 2015, scan and focal animal sampling were resumed and fae-
cal samples collected (average = 3.9, range = 2 to 7 per individual), to evaluate changes in
behaviour that correspond to parasite removal. In this phase the group was again followed
from dawn to dusk and 2705 scans were conducted in 249 contact hours. Focal animal sam-
pling involved an average of 7.7 hours per individual in the pre-treatment sampling (range per
individual is 6.8 to 8.4) and 8.2 hours post-treatment (range per individual is 7.2 to 9.2). Fol-
lowing the ivermectin treatment, no parasite eggs were found in faeces examined (average = 3.9,
range = 2 to 7 per individual) via direct smear. It was during this 3 weeks that parasite re-infec-
tion from immediately infectious parasites with short prepatent periods (the interval between
infection and the ability to diagnose infection, e.g., protozoans) was thought most likely to
occur.

Parasite evaluation

Fresh faecal samples were collected from all study individuals. Upon defecation, samples were
immediately placed in vials and labelled by individual, date, location, and time of collection. At
the end of the day, we weighed 1.0 g of wet faecal matter from each sample and stored it in 2.0
mL of 10% formalin solution for helminth parasite fixation. Sampling intensity varied during
the different phases of the study (see Study Design below for details). In the three weeks prior
to treatment (May 29" to June 23, 2014), we collected five fecal samples from all adult and
subadult members of M group for comparison to the three weeks after treatment (July 2™ to
July 24™), where again five samples were collected from each study animal to test efficacy of
deworming treatment in the field. Parasite eggs were seen in the fecal matter of all tested ani-
mals before, but not after treatment.

Preserved fecal samples were examined for helminth eggs and larvae using a modified ethyl
acetate sedimentation method, in which five slides of the sediment were examined for each
sample [32, 45-47]. Thin preparations of sedimented feces were examined under 10X objective
magnification on a Leica DM2500 light scope. Parasites were morphologically identified on the
basis of egg color, shape, contents, and size, and photographed. Measurements were made to
the nearest 0.1 mm + SD using a calibrated ocular micrometer fitted to a compound micro-
scope; parasites were photographed for further identification and documentation [32, 48].
Detailed species-level taxonomic identification of gastrointestinal parasites of wild primates
from microscopic analysis alone is not possible, so we largely identified parasites to the genus
level or higher.

Samples were considered positive for a particular parasite when one or more eggs or larvae
were identified. The parasite infections were described in terms of richness and load (eggs/g).
Richness is defined as the number of unique parasite species or types documented in each indi-
vidual and an increase in richness could be indicative of greater morbidity. This is only an
index of true richness as it is not possible to determine species-level identification based on egg
morphology alone [46, 49].

Data analysis

We used a paired t-test to examine behavioural changes before and after the ivermectin
deworming treatment, with each of the 16 individuals serving as the independent unit of analy-
sis. Specifically, we compared frequency of occurrence (percent of each activity based on the
total number of events observed in the scan data) and the total duration (percent of total obser-
vation time for each individual calculated from the focal data) of each activity before and after
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anti-parasitic treatment using a paired t-test. These percentages were arc sign square-root
transformed for analyses to ensure normality.

Data from scans were used to construct social networks in both the 3-weeks before deworm-
ing (Phase 1) and the 3-weeks after deworming (Phase 3). The nearest neighbour of each indi-
vidual was used to create undirected social networks. Each node of the network denotes an
individual, and edges connecting the different nodes indicates the presence of a nearest neigh-
bor relationship between these nodes. For example, if i and j are two nodes in the network,
then the presence of edge ei,j denotes that i and j were recorded as being nearest neighbours to
one another at some point during the observation period. Each edge was then weighted with
the frequency with which the pair of individuals were observed as nearest neighbours, such
that the weighted edge, w(ei,j), is the number of times i and j were recorded as being nearest
neighbours. To account for likely biologically meaningless observations, edges with w(ei,j) = 1
were removed [50]; that is, we removed edges in which the two individuals were recorded as
being nearest neighbours only once during the observation period—such episodes occurred
when the group was travelling and individuals were spread out, thus we viewed the change of
meaningful social interaction or interactions that could influence parasite transmission was
low. Two nearest neighbour networks were created: one for the “pre-deworming” period (i.e.,
Phase 1) and one for the “post-deworming” period (i.e., Phase 3) [51]. This network analysis
generated information on the frequency with which an individual associated with others, as
well as the relative number of associations an individual had compared to others in the group.
The number of individuals a node directly associates with is referred to as the node’s degree,
while the sum of the weights of a node’s degree is called the strength of the node and captures
the total number of associations a node has in the network [51]. Statistical contrasts were made
among age/sex classes regarding their total number of associations (strength), with each indi-
vidual being considered an independent point (i.e., node), using a one-way analysis of variance
and subsequent Scheffe post hoc tests (identical conclusions were reached using non-paramet-
ric tests).

Results
Parasites

The most common infections included the following, Nematodes; Ascaris spp., which are gen-
erally considered benign infections in primates, though fatal cases have been reported in both
Old World monkeys and great apes [52]; Metastrongylus spp., which are a lung worms that can
cause haemorrhaging in the trachea, bronchi, and bronchioles [53]; Oesophogostomum spp.
(nodule worm), infections characterized by adult worms in the bowel and of the juvenile stages
enclosed in “nodules” in the intestinal wall, the liver, and the abdominal wall [52, 54-56]; Stron-
gyloides spp. (likely S. fuelleborni), which commonly infect primates, and autoinfection can occur
[57-59]; Toxocara spp., which are generally benign infections; Trichostrongylus spp., whose
occurrence has not been documented in any other vervet population [32]); Trichuris spp., or
whipworms, are generally benign, though since adults produce 2,000-10,000 eggs/day and since
infections often involve many adults [45, 53], they can be an energy burden. A recent molecular
study found that the host of Trichuris varied by taxonomic group with some whipworms being
host specific, while others were generalist in the primate community of Kibale National Park,
Uganda. This vervet population also hosts to a number of trematodes, including Fasciola spp.
(liver flukes), which among wild vervet monkey populations have only been described in the ver-
vets of Nabugabo. This population may be more likely to contact the infective stage metacercariae
than animals in other populations as they forage along the lake shore, where they are safe from
predatory dogs (see also [60]) (for a complete list and description see [32]).
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No parasite eggs were found in the first month after the ivermectin treatment. Four months
after treatment, cestode eggs (Strongyloides spp.) and trematode eggs (Fasciola spp.) were
found in a number of faecal samples, indicating study subjects had become re-infected. Given
published prepatent periods, we suspect that infective stages were ingested during Phase 3 of
the study.

Behaviour before and after anthelminthic treatment (Phase 1 vs
Phase 3)

Individuals rested more frequently after treatment (44%) than before treatment (25%; paired
t=2.281, p = 0.038). Although the number of resting bouts increased after treatment, the dura-
tion of resting decreased by 75.8% after the treatment (paired t = 2.851, p = 0.013). Addition-
ally, the duration of travel events increased by 53.4% after treatment (paired t = 4.041,

p =0.001). No other behavioural comparisons differed between the “pre-deworming” period
and the “post-deworming” period (all p-values were p >0.17).

Network analysis

Two nearest neighbour networks were created based on 1,864 observations before deworming
and 2,404 observations after (nearest-neighbour distance was not possible to collect in all
scans). Since the length of the observation periods were the same both before and after
deworming (three weeks) and the number of hours were similar (122 versus 131 hours), the
increase in the number of observations can likely be primarily attributed to the increase in the
duration of travel events, as the increased movement caused the nearest neighbour to change
more often than when the individuals were resting or feeding. Despite the larger number of
observations in the latter network, the general topology of each network appeared very similar
with respect to the nature of associations before and after the deworming (Fig 1A and 1B).
However, close inspection of the individual nodes revealed interesting changes in the nearest
neighbour networks before and after deworming for some individuals. Prior to deworming,
juveniles 1 to 3 (named Garry, Tito and Limpia) were on the fringes of the network as a result
of their lack of associations, but increased associations after deworming led to a move closer to
the centre of the network. Even though almost all the individuals recorded higher associations,
the relative increase to the three juveniles was large enough to draw them closer to the core of
the network using the same algorithm and parameterization for rendering. Fig 1A and 1B show
the weighted networks, in which the size of the individual nodes is scaled according to their
degree of associations with other nodes. The increase in the size of nodes representing these
juveniles, highlights the increase in the number of individuals they had as nearest neighbour
after de-worming.

Analyses of the number of individuals each animal interacted with and the frequency
of associations (Table 1) reveal that both increased after deworming (mean number of
individuals before = 19.5, after = 22.5, paired t-test = 5.043, P<0.001, paired by individual;
mean frequency of associations before = 127.2, after 210.5, paired t-test = 11.832, P<0.001).
Furthermore, analysis of variance supports the visual inspection of the network (Fig 1A and
1B). The difference in degree of centrality indicating that with respect to the number of indi-
viduals an animal associated with, the difference between before and after deworming was
greater for juveniles than adult females and subadult females (F = 5.45, P = 0.004). With
respect to the frequency of associations, juveniles before and after deworming were greater
for juveniles than adult females and females with an infant (F = 6.10, P = 0.002, Scheffe post-
hoc analysis).

PLOS ONE | DOI:10.1371/journal.pone.0161113  August 31,2016 7/13



@’PLOS ‘ ONE

Parasites, Social Behaviours and Networks

gasiby —gasry
Pa@fy e
atisha
. rariona
limypia t@n gexfide
tiso jqDk da@er @
s
troubfesome magien
parco
0
newman © patoh
tagsle
cigsol

gagiby
da{:g)er 4K paco

PLOS ONE | DOI:10.1371/journal.pone.0161113  August 31,2016 8/13



@‘PLOS | ONE

Parasites, Social Behaviours and Networks

Fig 1. The nearest neighbour network of the primate population (A) before and (B) after de-worming.
The layout of the nodes and edges were determined by using the ForceAtlas2 algorithm [61] with identical
parameterization. The well-connected nodes occupy central positions in the graph. The size of the nodes are
scaled to the sum of the weights of all edges incident upon it. The nodes are also shaded such that nodes

with a higher degree are lighter in color.

doi:10.1371/journal.pone.0161113.g001

Discussion

We investigated changes in host behaviour and nearest neighbour relationships in relation to
gastrointestinal infections before and after a deworming procedure. Individual behavioural
profiles and the structure of their nearest neighbour relationships varied significantly, but sub-
tly in a fashion that could be of important biological significance, particularly for juveniles. As
predicted, after deworming the duration of the resting events decreased [7, 28, 29], which is
consistent with the idea that parasite infections are an energetic cost to hosts [62]. However,
individuals rested more frequently; the reason for this is not clear. A higher proportion of rest-
ing time and a lower proportion of feeding time have been documented in chimpanzees
infected with an influenza-like virus [30].

Table 1. The number of individuals each individual interacts with (Degree) as well as the total number of associations (strength) that were
observed during the period before and after deworming.

Age/Sex Individual Before After
Degree |Total number of associations (strength) |Degree |Total number of associations (strength)

Juvenile 1 Garry 10 49 18 91
Juvenile 2 Tito 10 54 19 95
Juvenile 3 Limpia 11 54 19 117
Juvenile 4 Paco 12 62 19 118
Juvenile 5 Gastby 16 85 23 164
Juvenile 6 Poufy 16 111 20 174
Adult Female 1 Dot 19 113 22 245
Adult Female 2 Gertrude 19 115 21 232
Adult Male 1 Cissol 20 118 25 232
Female+Infant 1 Marien 20 120 25 206
Adult Male 2 Newman 20 125 25 242
Adult Female 3 Tassle 20 131 22 267
Adult Male 3 Otis 21 133 21 243
Adult Female 5 Patch 21 133 20 231
Adult Female 6 Ray 21 134 24 278
Subadult Female 1 Danger 22 141 25 238
Adult Male 4 Jank 22 143 25 146
Adult Female 7 Limpy 22 156 25 265
Subadult Female 2 Panga 22 157 24 253
Adult Male 5 Poyet 22 158 23 182
Juvenile 7 Daco 23 161 24 254
Female+infant 2 Ramona 23 162 24 226
Adult Female 8 Troublesome 23 163 23 246
Adult Female 9 Latisha 24 168 23 254
Subadult Female 3 | Tigan 24 169 24 201
Subadult Male 1 Lefty 25 193 23 272
doi:10.1371/journal.pone.0161113.1001
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In contrast to what was predicted, In contrast to what was predicted, we could not reject the
null hypothesis that there was no change in either the frequency or duration of grooming, but
we found that the duration of travel events increased. This increase in the duration of traveling
may reflect the fact that parasite infections have been removed and thus animals have more
energy and spend more time travelling to the best/most nutritious feeding sites. To verify this
speculation, it would be interesting to examine the feeding rate and nutritional quality of the
foods eaten before and after deworming.

The network analysis revealed that after deworming, individuals tended to have more near-
est neighbours and more frequent interactions. Of particular interest is the fact that juveniles
exhibited the greatest response. Juveniles are the age class that is arguably most affected by lev-
els of interaction because of their importance in socialization and learning [63, 64]. We specu-
late that it is possible that this heightened response by juveniles indicates that they are avoiding
infected individuals more than other age classes because it is too costly to have a parasite infec-
tion that would move energy away from growth; thus they invest less energy into social interac-
tions (mechanisms that vervet monkeys evaluate the infection level of other individuals must
be confirmed for this speculation to be possible). Alternatively, the shift could be a function of
the energy the juveniles have after travel costs are met. Such a shift in energy allocation could
have important impacts on the individual that could have cascading effects. In fact, such
changes in individual behavioural patterns may impact the population in general, which could
have serious consequences particularly for endangered species. Our findings leads us to specu-
late that populations experiencing high parasite burden will have reduced foraging abilities as
learning what are appropriate food sources (the types of food that are most nutritious) will be
poor. This learning would be inhibited because the rate of interactions would be lowered by the
infection as indicated here for the juveniles. In addition, such populations with high parasite
burden may have difficulties developing social networks and behaviours that may facilitate
reproductive success. Both of these changes that potentially result from increased disease may
decrease the reproductive potential of individuals and populations [26, 65]. Disease may thus
be a route that decreases population growth or recovery after disturbance, and thereby influ-
ences the population’s conservation potential [66, 67]. Such speculations need to be validated,
but point to interesting avenues for future research that unify studies of parasites, behaviour,
and conservation.
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