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Introduction

Abstract

Patterns of infection and prevalence result from complex interactions between
hosts and parasites, the effects of which are likely to vary by species. We investi-
gated the effects of age, sex and season on the likelihood of individual infection,
and the effects of host population size, sex ratio and age structure on parasite
prevalence. We capitalized on data from a long-term study of yellow-bellied
marmots Marmota flaviventris potentially infected with fecal-orally transmitted
intestinal parasites (Ascaris sp., Eimeria spp. and Entamoeba sp.), ectoparasitic
fleas Thrassis stanfordi, and a flea- and louse-transmitted blood parasite
Trypanosoma lewisi. Patterns of individual- and group-level infection varied
widely by parasite. Yearlings were more likely to be infected with Tv. lewisi and
Ascaris. Yearlings were also slightly more likely than adults to have Eimeria, but
female yearlings had higher infection levels than female adults, while male year-
lings had lower infection levels than male adults. Entamoeba infection decreased as
the season progressed. Adults and males were more likely to be infected with
Th. stanfordi. Ascaris prevalence increased with colony size. There were no sig-
nificant relationships between colony size and prevalence of Entamoeba, Tr. lewisi,
Eimeria or Thrassis. There was a small, but significant positive correlation
between male-biased sex ratio and prevalence of fleas. The host population’s age
structure affected the prevalence of infection of Ascaris and Eimeria. Overall
intestinal parasite diversity increased with colony size. Taken together, our results
show a great deal of variation in the likelihood of individual infection and patterns
of parasite prevalence in marmots.

Three important factors that can influence parasite preva-
lence are host population size, sex ratio and the age structure

Parasitism is an important factor affecting host population-
level processes and individual animal behavior (Dobson, 1988;
Crawley, 1992; Moore, 2002). The nature of the relationship
between host population size and parasitism is important for
social species where the adaptive value of sociality depends on
the costs and benefits of living in groups of various sizes
(Altizer et al., 2003; Blumstein, 2012). Studying this relation-
ship can enhance our understanding of host responses to para-
site pressures between individuals, populations and across
varied ecological conditions — important conceptual ques-
tions. The relationship between host population size and
parasite prevalence is also important for practical reasons.
Populations become smaller because of habitat loss and frag-
mentation. If parasite prevalence changes with host popula-
tion size, this should be considered when estimating the risks
posed by parasites (Saunders, Hobbs & Margules, 1991;
Holmes, 1996) and making management decisions.
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of the host population. Relationships between parasitism
and host population size have been found (Grosholz, 1993;
Burdon, Ericson & Muller, 1995; Ericson, Burdon & Muller,
1999; Smith, Ericson & Burdon, 2003; Lopez, Gallinot &
Wade, 2005), but vary in strength from one system to another
(Rifkin, Nunn & Garamszegi, 2012), and various factors are
likely to affect observed patterns. For example, a recent meta-
analysis found an overall positive relationship between host
population size and parasite prevalence that varied with mode
of parasite transmission (Rifkin ez a/., 2012). In many natural
systems, both host and parasite characteristics change with
host abundance. Fecundity, for example, is density dependent
in many systems, in both hosts and parasites (see references in
Dobson, Hudson & Lyles, 1992). Similarly, individual behav-
ior changes in response to crowding. These individual-level
changes are likely to be reflected at the population level and
may modify the relationship between host population size and
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prevalence. Previous studies had also found sex bias in para-
site infection (Poulin, 1996; Zuk & McKean, 1996; Letitia
et al., 2000; Ferrari et al., 2004). In these cases, sex ratio dif-
ferences could account for different levels of parasite preva-
lence. The age of hosts also affects their susceptibility to
parasites, and the age structure of the host population can
influence the dynamics of host parasite interactions (Kistler,
1985; Minchella & Scott, 1991; Murray & Cade, 1995; Bonsall
& Eber, 2001).

Prevalence is a population-level trait that emerges from the
aggregation of infections at the individual level. At the indi-
vidual level, the likelihood of infection is affected by many
factors, including the encounter rates between hosts and para-
sites, and host characteristics like age, size and sex (Zuk &
McKean, 1996; Letitia et al., 2000; Ferrari et al., 2004).
Overall patterns of infection and prevalence result from
complex interactions between host and parasites biology, and
the effects of these factors are likely to vary from one parasite
species to another. Furthermore, it is often difficult to collect
comprehensive data on multiple host groups in natural
populations. Thus, despite the broad importance of parasites,
factors affecting the likelihood of individual infection and
parasite impact on host populations remain largely unknown
in many systems.

We capitalize on long-term data from a field study of
yellow-bellied marmots Marmota flaviventris to examine
factors influencing the likelihood of infection in individuals,
and to investigate the relationship between host population
size, host sex ratio and host age structure, and the prevalence
of multiple parasites. For up to 8 years, we measured the
presence and abundance of a number of endoparasites and
ectoparasites with different modes of transmission, and we
have accurate census of host colony sizes in all years. Yellow-
bellied marmots are hosts to fleas Thrassis stanfordi (Van
Vuren, 1996), a flea- and louse-transmitted (MacNeal, 1904)
blood parasite, Trypanosoma lewisi (Dias, 1937), as well as
various intestinal parasites, including Ascaris sp. (a nema-
tode), Entamoeba sp. (a protozoan) and FEimeria spp. (a
coccidian) (Stark, 2006). Marmots live in colony sites
(Blumstein et al., 2006) in which there is subdivision into
social groups (Olson & Blumstein, 2010). The detailed data on
infection at the individual level allowed us to analyze the role
of an individual’s age and sex on the likelihood of individual
infection. The variation in colony sizes provides an outstand-
ing opportunity to look for relationships between colony size,
and (1) parasite prevalence and (2) parasite diversity. Large
populations should be exposed to and be able to sustain a
greater diversity of parasites, so we expected a positive rela-
tionship between population size and diversity of intestinal
parasites (Rifkin et al., 2012). Detailed demographic data
allowed us to investigate the role of host sex ratio and age
structure on parasite prevalence. Thus, we were able to look at
patterns of parasitism from two different perspectives: one
looking at likelihood of individual infection and one looking
at the colony-level prevalence. Additionally, we asked if any
parasite represented a cost of sociality. Because parasitism
may prevent host weight gain, which is critical for overwinter
survival in marmots (Armitage, Blumstein & Woods, 2003),
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for any parasite whose prevalence was correlated with group
size, we looked for a negative effect on overwinter survival. A
positive relationship would indicate a cost of sociality.

Materials and methods

Yellow-bellied marmots are facultatively social, 3-5 kg,
sciurid rodents (Armitage, 2003a) and populations have been
studied at the Rocky Mountain Biological Laboratory in
Gunnison County, CO, since 1962 (Armitage, 2010). In this
area, marmots are seasonally active between mid- to late
April, and late September to early October and hibernate the
remainder of the year. Marmots at our study site live in geo-
graphically separate colonies. Exchange among colonies is
rare (Armitage, 2003b), so we treated each colony as a sepa-
rate population for these analyses. We focused on 11 colonies
that varied substantially in size (from 6 to 106 individuals,
mean = 31.8, standard deviation = 23.3).

We attempted to trap each individually marked animal
every 2 weeks, and we regularly observed colony sites from
mid-April to early September annually. Details of trapping
and marking animals are presented elsewhere (e.g. Blumstein,
Wey & Tang, 2009), but regular trapping and observation
provided an accurate census of each colony’s size each year.
For these analyses, we used the maximum number of adults,
yearlings and juveniles seen or trapped in a colony in a given
year, even if they were present for only a portion of the year
because each additional individual increases the risk of trans-
mitting or importing a parasite, and because the maximum
number of individuals detected is an accurate measurement
while other measures rely on some degree of sampling.

From 2003 to 2008, we systematically collected data on the
presence and abundance of blood parasites, intestinal para-
sites and fleas during the marmots’ summer active seasons. To
study blood parasites, we collected blood samples and made a
thin film blood smear from each sample (detailed methods in
Stark, 2006). Slides were stained using the Hema 3 Stat Pack
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
systematically examined for the presence of Tr. lewisi, for up
to 30 min. If no trypanosomes were detected after 30 min, we
scored the parasite as absent for that sample.

To study intestinal parasites, fecal samples were collected
from subjects who defecated in traps (see Wey & Blumstein,
2012), stored in formalin while fresh and analyzed within 6
months of collection by performing fecal floats using Ova
Float™ Zn 118 (zinc sulfate heptahydrate; Butler Animal
Health Supply, Dublin, OH, USA) on up to one sample per
individual per month. We scored wet slides for the presence of
three fecal-orally transmitted intestinal parasites: Ascaris,
Eimeria and Entamoeba.

To study fleas Th. stanfordi, in 2007 and 2008, we combed
marmots during trapping and counted fleas displaced onto a
white cloth using a standardized procedure (details in Wey &
Blumstein, 2012).

Statistical analyses

To analyze the likelihood of individual infection as a function
of host age and sex, we used data on multiple samples per
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individual per year, if available, up to one sample per individ-
ual per month for blood and intestinal parasites, and up to one
sample per 2 weeks for fleas. For each parasite, we fitted
generalized linear mixed-effects models in R (R Development
Core Team, 2012) with the Ime4 package (Bates, Maechler &
Bolker, 2012). We included fixed effects for age class, sex and
Julian date, and random intercepts for individual, year and
colony to account for repeated sampling within and between
years. Parasites were scored as present or absent (1/0) in each
sample, and outcomes were modeled with binomial family
distributions. Initial models included an age by sex interac-
tion, but only significant interactions terms were included in
final models.

For all analyses involving colony prevalence or diversity,
we computed colony statistics, and an individual that was
infected in at least one sample per year was considered
infected for that year. To test for the effect of population
size on parasite prevalence, we fitted linear mixed-effects
models with a random intercept for colony that accounted
for the repeated sampling of colonies from 1 year to another.
All population analyses were conducted in the Statistical
Package for the Social Sciences version 20 (IBM, New York,
NY, USA). Results with P < 0.05 were considered signifi-
cant. Prevalence was log;, transformed in all analyses to
meet model assumptions. The prevalence of Tr. lewisi,
Ascaris, Eimeria, Entamoeba and Th. stanfordi infection was
calculated for each colony each year by dividing the number
of infected marmots by the number of marmots sampled in
each colony. Between 2003 and 2010, we annually sampled
an average of 35% of the individuals at our study site for the
various parasites (Table 1). Our data spanned 2-8 years,
depending on the parasite.

Other factors that may affect parasite prevalence are the
male-to-female sex ratio and the ratio of subadults to adults
(subsequently called age ratio) of the host population. In our
system, males are larger and disperse further increasing their
exposure to parasites, and there is male-biased parasitism by
fleas (Wey & Blumstein, 2012). We also observed differences
in the likelihood of infection of yearlings (subadults) and adult
marmots. Therefore, populations with male-biased sex ratios
would be expected to have higher overall parasite prevalence.
Similarly, population prevalence would vary with the age
ratio. We fitted linear mixed-effects models, again with a
random intercept for colony, to look for relationships between
the host population sex ratio and parasite prevalence, and
between age ratio and prevalence, after accounting for year
effects, and the effect of repeated sampling of colonies.

We also looked for a relationship between colony size and
the total number of intestinal parasite species present (i.e.
parasite diversity) in the colony. We fitted linear mixed-effects
models, again with a random intercept for colony, to look for
relationships between the host population size and intestinal
parasite diversity after accounting for year effects and the
effect of sampling colony sites repeatedly.

For any parasite whose prevalence was significantly corre-
lated with group size, we also tested for an association with
overwinter survival to determine if parasitism represented a
cost of sociality. We compared the overwinter survival of
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infected and uninfected marmots fitting a logistic regression
that also accounted for year and group effects because of
repeated sampling.

Results

When we looked at the likelihood of individual infection as
a function of age, sex and time of season, we found that
results varied depending on parasite species (Tables 2 and 3).
For Tr. lewisi, yearlings were more likely to be infected
(Tables 2 and 3). For Ascaris, age class had the only signifi-
cant effect with yearlings showing higher infection levels
(Tables 2 and 3). For Eimeria, age class had a significant
effect with yearlings having higher infection levels (Tables 2
and 3), but there was a significant interaction between age
class and sex (Tables 2 and 3; adults and females as reference
age class and sex, respectively), indicating that female
yearlings had higher infection levels than female adults,
while male yearlings had lower infection levels than male
adults. For Entamoeba, we found significant seasonal
effects (Tables 2 and 3); levels of infection decreased as the
season progressed. For Th. stanfordi, likelihood of infection
decreased with season (Tables 2 and 3), adults were more
likely to be infected (Tables 2 and 3), and males were more
likely to be infected (Tables 2 and 3).

We found that the relationship between colony size and
prevalence differed by parasite (Fig. 1; Table 3). The preva-
lence of the blood parasite 7r. lewisi was highly variable and
not related to host population size. Prevalence was low in
most colonies, but high levels of prevalence were observed in
both small and large colonies. There were strong annual
effects (Fo247=115.33, P <0.0001); in many years, few animals
were infected.

The prevalence of Ascaris, on the other hand, increased
linearly and significantly with colony size (Fig. 1b; Table 3).
Small colonies tended to be free of Ascaris. In larger colonies,
prevalence increased, but never reached more than 60%. The
effect of year-to-year variation, controlled for in the analysis,
was also significant (Table 3). Ascaris infection was not asso-
ciated with overall overwinter survival (y* = 0.137, P=0.71),
although a logistic regression demonstrated that there were
year effects (y* = 5.12, P = 0.024) and group effects (y*% =
18.35, P =0.019).

Eimeria was much more prevalent than Ascaris, with most
colonies having 100% or nearly 100% infection. Only small
colonies of fewer than 30 individuals had lower levels of preva-
lence (Fig. 1c). However, because there was little variation in
prevalence among colonies of different size, we found no
linear relationship between prevalence and colony size
(Table 3).

The relationship between colony size and prevalence for
Entamoeba was intermediate between the relationships in
Ascaris and Eimeria (Fig. 1d). While prevalence reached 100%
in both large and small colonies, there was a broader range of
prevalence with lower prevalence corresponding to smaller
colonies and higher prevalence to larger ones. However, the
relationship was not statistically significant (Table 3).
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Table 2 Likelihood of individual infection and 95% CI by four
yellow-bellied marmot parasites: one vector-transmitted blood parasite
(Trypanosoma), three fecal-orally transmitted intestinal parasites
(Ascaris, Eimeria and Entamoeba) and a flea Thrassis stanfordi

Likelihood of

Parasite sp. Age class Sex infection 95% Cl N
Trypanosoma Adult F 0.02 0.01 576
M 0.03 0.02 192
Yearling F 0.14 0.04 345
M 0.06 0.02 359
Ascaris Adult F 0.10 0.03 402
M 0.11 0.06 131
Yearling F 0.15 0.05 182
M 0.17 0.05 190
Eimeria Adult F 0.93 0.03 402
M 0.96 0.03 131
Yearling F 0.97 0.02 182
M 0.94 0.03 190
Entamoeba Adult F 0.90 0.03 402
M 0.89 0.05 131
Yearling F 0.87 0.05 182
M 0.91 0.04 190
Th. stanfordi Adult F 1.28 0.35 245
M 2.35 0.82 94
Yearling F 0.40 0.12 232
M 0.55 0.16 304

N refers to the samples examined; statistical analyses accounted for
repeated measures on individuals.
Cl, confidence interval.

Levels of Th. stanfordi infection were generally high, and
there was a positive trend between population size and flea
prevalence (Fig. le), but the relationship was not significant
(Table 3).

When we looked at the relationship between colony size
and intestinal parasite diversity, we found a strong positive
relationship (Fio73 = 5976464.3, P < 0.0001; Fig. If).
Marmots in large colonies were infected by more types of
parasites than those in small colonies.

Variation in population size was also correlated with
variation in adult male-to-female sex ratio (r = —-0.61, P <
0.001), and this effect remained after controlling for both
year studied and colony studied in a mixed-effects model.
This correlation prevented us from studying the simulta-
neous effect of population size and adult sex ratio on preva-
lence. When adult male-to-female sex ratio, but not colony
size, was entered into the mixed-effects model, we found that
the prevalence of fleas was higher in populations with higher
male bias in the sex ratio (Table 3). Sex ratio did not have
a significant effect on the prevalence of any of the other
parasites.

Because we found differences in the likelihood of infection
between yearlings and adults, we tested whether parasite
prevalence would be affected by the ratio of yearlings to adults
(age ratio). We found that the age ratio affected the prevalence
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Figure 1 Relationship between colony size and parasitism. (a—e) show
the relationship between colony size and prevalence of (a) a vector-
transmitted parasite Trypanosoma lewisi, three fecal-orally transmitted
parasites [ (b) Ascaris sp., (c) Eimeria spp. and (d) Entamoeba sp.], (e)
fleas Thrassis stanfordiand (f) the relationship between colony size and
the number of endoparasites.

of Ascaris and Eimeria only (Table 3). For both of these para-
sites, the proportion of yearlings was positively correlated
with prevalence.

Discussion

Our results show that the likelihood of individual infection
can be affected by seasonal changes, age of the host and sex of
the host. However, the exact nature of this effect is parasite
species specific. Marmot age played a significant role in the
likelihood of infection by Ascaris, Eimeria and Tr. lewisi, but
the nature of the relationship varied by species. In Eimeria and
Tr. lewisi, there was a significant interaction of age with sex.
Marmot age had no significant effect on infection by Enta-
moeba; instead, there were significant seasonal effects. The
differences in the likelihood of infection did not seem to vary
predictably with the mode of transmission of these parasites,
and other aspects of the life cycles of the host and parasites are
likely to be important. These results might lead to the predic-
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tion of significant sex ratio effects on the prevalence of
Eimeria, but this prediction was not supported by the preva-
lence analyses.

The relationships between parasite prevalence and host
population size in marmots were diverse and complex. We
found a significant positive relationship for the fecal-orally
transmitted intestinal endoparasite Ascaris. This result is con-
sistent with patterns of increasing parasite infection with
group size seen in many systems (Coté & Poulin, 1995). The
strong covariation between population size and sex ratio,
however, allows for an alternative explanation: sex ratio
rather than population size may account for this relationship.
Despite the lack of an effect of sex on the likelihood of indi-
vidual infection, we found a significant sex ratio effect; male-
biased colonies had lower prevalence of Ascaris. We found no
relationship between Ascaris infection and overwinter sur-
vival, suggesting that Ascaris infection does not pose a cost of
sociality in this respect. The prevalence of Ascaris was also
significantly affected by age ratio, a finding that suggests that
yearlings play a significant role in the dynamics of this para-
site. Wey & Blumstein (2010) previously demonstrated the
importance of yearlings in maintaining social cohesion in this
population, and this social cohesion may be associated with
Ascaris prevalence.

For our other two fecal-orally transmitted parasites
(Eimeria and Entamoeba), there was no significant relation-
ship between population size and prevalence. With the intes-
tinal parasite Eimeria, most individuals were infected and
prevalence was at or near its 100% maximum. For Entamoeba,
while there was no significant relationship either, there was an
interesting trend: while small populations were observed with
both low and high prevalence, large colonies were never
observed with low prevalence. While colony sex ratio did not
affect the prevalence of either Eimeria or Entamoeba, the age
ratio of the population significantly affected the prevalence of
Eimeria, suggesting that yearlings play a significant role in the
transmission of Eimeria.

We also found no relationship between population size
and prevalence for the vector-transmitted blood parasite
Tr. lewisi. Many populations had very low levels of infection
or were not infected (had zero prevalence). It appears that
Tr. lewisi is not endemic in our study population. Our study
may have coincided with a 7r. lewisi epidemic because this
parasite has not been detected in marmots in subsequent
years. The sex ratio and age ratio of host populations had no
effect on the prevalence of this parasite either.

The relationship between population size and prevalence
observed in Entamoeba, which has a wide range of prevalence
in small populations, but only high prevalence in large popu-
lations, although not significant, is noteworthy because this
relationship is not predicted by any host—parasite model, but
this sort of transmission has been observed in a laboratory
study (Lopez, 2005). In contrast with the other fecal-orally
transmitted parasites in this study, the prevalence of Enta-
moeba was not influenced by any of the factors we tested:
population size, sex ratio and age ratio. The different patterns
seen among parasites with similar modes of transmission
could be due to host immunity that varies for different para-
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sites, to upper limits on colony sizes or to species-specific
factors that affect parasite transmission and reproduction.

We also found a strong positive relationship between
colony size and parasite diversity; larger colonies have more
species of parasites in them. This pattern is reminiscent of the
species—area relationships long established in ecological
studies (MacArthur & Wilson, 1967). Just as larger habitats
can sustain more species, larger host populations can sustain
more species of parasites (Mooring & Hart, 1992). This posi-
tive relationship is also consistent with the overall pattern in
Rifkin et al.’s (2012) meta-analysis: large populations suffer
higher levels of parasitism. The variation in parasite diversity
with population size should be relevant in a wide variety of
studies, such as studies of behavior, population dynamics
and/or community relationships: individuals in populations of
different sizes may behave differently or vary in their roles in
their communities in part because of the differences in the
parasite communities they sustain. While there are costs and
benefits to living in groups, the costs may vary depending on
the size of the group because of the presence of different
parasite communities.

In conclusion, this study allowed us to test, in the field,
factors that might influence the likelihood of individual infec-
tion and factors that might affect parasite prevalence (at the
population level). We were also able to look at the role of
seasonal changes, host age and host sex on the likelihood of
individual infection. We found that host age (yearling vs.
adult) played a significant role in four of the five parasites we
studied; however, the nature of the relationship varied from
species to species. At the population level, we found that
population size, sex ratio and age ratio influence parasite
prevalence, although the nature of the effects is highly variable
from one species to another. We also found a positive corre-
lation between population size and parasite diversity. While
this latter pattern is consistent with a cost of sociality, studies
to date in this system (Van Vuren, 1996; Wey & Blumstein,
2012) have not found strong support for these costs. This
could be due to the fact that most of our parasite data came
from a series of good years when the marmot population
increased dramatically (Ozgul et al., 2010); in bad years, costs
of parasitism may be enhanced. Additionally, animals may be
able to counter the costs of increased parasitism in larger
groups by behavioral means (e.g. Bordes, Blumstein &
Morand, 2007), or as a result of the encounter dilution effect
(Mooring & Hart, 1992). Future studies would profit from
studying the putative behavioral and immune responses by
which marmots have adapted to the potential costs of parasite
infection.
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