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a b s t r a c t
Parasitism of mammals is ubiquitous, but the processes driving parasite aggregation on hosts are poorly
understood, as each system seems to show unique correlations between parasitism and host traits such
as sex, age, size and body mass. Genetic diversity is also posited to influence susceptibility to parasitism,
and provides a quantifiable measure of an intrinsic unchanging host property, but this link has not been
well established. A lack of consistency in host traits predicting parasite heterogeneity may derive from
the contribution of environmental factors to parasite aggregation. To evaluate this question, a large dataset was leveraged to explore the relationship between unchanging, intrinsic host traits (heterozygosity
and sex), variable host traits (age, length and body mass), and extrinsic factors (sampling date/year
and population) and flea presence/absence, abundance and intensity on two species of social burrowing
mammal, the black-tailed prairie dog (Cynomys ludovicianus) and the Gunnison’s prairie dog (Cynomys
gunnisoni). Prairie dogs experience frequent parasitism by fleas, but the distribution of fleas among individuals is highly skewed. In these systems, intrinsic host traits were nuanced in how they predicted flea
aggregation on individual prairie dogs, with sex unimportant to parasitism rates and heterozygosity
increasing the probability of infection and influencing the number of fleas in divergent ways. Variable
host traits interacted with each other and with environmental or geographic stochasticity to influence
flea aggregation. Length and age tended to increase parasitism, whereas the effects of body mass and condition were mediated by date and other host traits to produce both positive and negative effects on parasitism. This finding suggests that the factors affecting ectoparasite infection on individuals are complex,
even within species. Importantly, there was no correlation between the number of fleas on an individual
in one year and the number of fleas on the same individual the next year, supporting the idea that flea
aggregation is not driven by unchanging, intrinsic characteristics of the host. Rather, these findings indicate that host traits influence parasitism in nuanced ways, including interactions with environmental
characteristics and stochastic factors.
Ó 2017 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Parasitism is perhaps the most common mode of life, and has
evolutionary outcomes ranging from mutualistic associations
(Remy et al., 1994; Hedges et al., 2008) to extinction of the host
(Warner, 1968). Mammals are parasitized by both endoparasites
(e.g., bacteria and helminths) and ectoparasites (e.g., fleas and
ticks). In particular, social mammals are hypothesized to harbour
high prevalence and species richness of parasites as a consequence
of their sociality (Alexander, 1974; Altizer et al., 2003; Vitone et al.,
2004), and parasitism is expected to increase with group size
⇑ Current address: Department of Integrative Biology, University of South Florida,
Tampa, FL 33620, USA.
E-mail address: Cassin.Sackett@gmail.com

(Nunn et al., 2007; Patterson and Ruckstuhl, 2013). Within
populations, parasite distributions among individuals are often
highly heterogeneous, with many individuals carrying relatively
few parasites and a few individuals with extremely high parasite
loads (Anderson and May, 1978; Paull et al., 2012a,b). Mechanisms
of parasite aggregation have important implications for the trafficking and emergence of diseases, as groups or individuals with
particularly high infestations may act as pathogen ‘‘superspreaders” (Lloyd-Smith et al., 2005; Paull et al., 2012a,b).
Numerous explanations have been put forth to account for
heterogeneity in parasitism among hosts (Linardi and Krasnov,
2013). Biologists have sought to explain inter-individual
differences in parasitism by invoking sex (Poulin, 1996;
Christe et al., 2007; Ferrari et al., 2007), age (Hudson and
Dobson, 1995; Hawlena et al., 2007), size (Perkins et al., 2003;
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Valera et al., 2004), body condition (Eads et al., 2016), dominance
(Jackson and Farmer, 1970), hormones (Mankau and Hamilton,
1972), host genetic diversity, and other explanations as causative
factors. For example, sex is presumed to influence the parasitism
rate due to the immunosuppressive effects of testosterone
(Folstad and Karter, 1992; Salvador et al., 1996; Hughes and
Randolph, 2001) or behavioural differences (Cotgreave and
Clayton, 1994) increasing exposure, while age effects are proposed
to result from behavioural differences or parasite-induced mortality of young hosts (Rousset et al., 1996). Although mechanistically
important in some systems, sex, age, size, and body or reproductive
condition did not appear to influence parasite aggregation in other
systems (Behnke et al., 1999; Hawlena et al., 2006a; Johnson and
Hoverman, 2014; Kowalski et al., 2015; Young et al., 2015).
Inbreeding—because it decreases genome-wide heterozygosity—is
thought to suppress resistance to parasitism (Spielman et al.,
2004) when resistance is mediated by multiple alleles at a locus,
such as in the major histocompatibility complex (MHC) in mammals (Goüy de Bellocq et al., 2008), or multiple loci across the genome (Jepson et al., 1997; Chevallier et al., 2013). Research has
demonstrated a link between heterozygosity at allozyme or
microsatellite loci and parasitism rates (Coltman et al., 1999;
Ortego et al., 2007a; Blanchet et al., 2009; Ferrer et al., 2014), but
the relationship does not persist across all host taxa or parasite
types (Ortego et al., 2007b; Hoeck and Keller, 2012). It may be that
the correlation between heterozygosity and parasitism exists only
in systems where the fitness costs of parasitism are high, creating a
tight association between parasitism, fitness, and host genotype.
The potential effects of parasitism on fitness are far-reaching,
and vary in their degree of cost to the host (Cully et al., 1997).
Negative fitness consequences of ectoparasites have been well documented in insects (Luong et al., 2009), birds (Fessl et al., 2006;
O’Connor et al., 2010), and mammals (Lehmann, 1992; Hillegass
et al., 2010); for instance, Arnold and Lichtenstein (1993) observed
an increase in infant winter mortality in marmots (Marmota marmota) with high mite abundance. Individuals with high ectoparasite loads may spend more time grooming (Cotgreave and
Clayton, 1994; Mooring et al., 2004) and less time foraging, or
potential mates may detect parasitism and use it as a signal of
mate quality (Penn and Potts, 1998; Zala et al., 2004). Furthermore,
ectoparasites may lead to indirect fitness declines because they
transmit pathogens; in some cases the number of ectoparasites
harboured by an individual may be correlated to its risk of exposure to pathogens (e.g., Lorange et al., 2005). In systems such as
these, parasite aggregation on hosts can directly lead to death, thus
underscoring the influence of parasites on host fitness and suggesting that aggregation may be regulated by host traits.
In other systems, parasite dynamics may be regulated more by
host population demographics (McCallum and Anderson, 1984;
Grenfell et al., 1995; Stanko et al., 2002) and environmental or climatic factors (Merino and Potti, 1996; Eads et al., 2016; Eads and
Hoogland, 2016; Paull et al., 2017). Climatic effects on parasite
abundance may include substrate temperature (Paull et al.,
2012a,b, 2015) and relative moisture (Paull et al., 2017). For
instance, Eads and Hoogland (2016) found that precipitation was
inversely correlated with flea abundance and hypothesized that
this relationship was mediated by host body condition. Laboratory
studies have demonstrated both temperature and precipitation
effects on flea development time and mortality (Krasnov et al.,
2001), but the effects are not consistent across flea species
(Kreppel et al., 2016).
Flea ectoparasites (Siphonaptera) are abundant on prairie dogs
(Cynomys spp.), a genus of social ground squirrels (family Sciuridae) inhabiting western North American grasslands (Hoogland,
1979; Jones et al., 2010; Brinkerhoff et al., 2011). Black-tailed
prairie dogs (BTPD; Cynomys ludovicianus) are primarily parasitized

by Oropsylla hirsuta, Oropsylla tuberculata cynomuris, and Oropsylla
montana, while Gunnison’s prairie dogs (GUPD, Cynomys gunnisoni)
are characterized by a wider diversity of flea species (e.g.,
Echidnophaga sp., Thrassis spp., Pulex sp., Oropsylla sp., and several
undescribed lineages; Reeves et al., 2007; Tittes et al., unpublished
data). Fleas harbour multiple pathogens including the bacterium
Yersinia pestis, the causative agent of plague, to which prairie dogs
are highly susceptible (Cully et al., 1997; Biggins and Kosoy, 2001).
In colonies of prairie dogs, plague epizootics occur sporadically
over time and appear linked to climatic conditions (Stapp et al.,
2004; Collinge et al., 2005a). When fleas become infected, they
can transmit the bacteria to prairie dogs (Gage and Kosoy, 2005),
causing rapid mortality and population collapse within weeks to
months (Pauli et al., 2006), sometimes followed by recolonization
in subsequent years (Sackett et al., 2013). In laboratories, vector
efficiency of Y. pestis in some prairie dog fleas is 18% (Wilder
et al., 2008; Eisen et al., 2009), suggesting that a host parasitized
by a large number of fleas would be more likely to contract the
pathogen than a host harbouring a single flea, with consequences
on disease dynamics. Moreover, plague epizootics drive an increase
in flea abundance and intensity on prairie dogs (Friggens et al.,
2010), with the highest intensity on prairie dogs with Y. pestisinfected fleas (Tripp et al., 2009). Due to the crucial role of fleas
in the transmission of plague, the distribution and abundance of
fleas may have important consequences for prairie dog fitness
and population dynamics, with consequent implications for plague
control (Tripp et al., 2015) and the functioning of grassland ecosystems structured by prairie dogs (Davidson et al., 2012).
Although relationships between various host and environmental characteristics and parasitism exist in many systems, no mechanism has emerged that successfully explains patterns in parasite
heterogeneity consistently across host and parasite species. The
lack of concordance in drivers of parasite heterogeneity across systems may be due, in part, to the limited exploration of concomitant
factors simultaneously influencing parasitism in each system. This
paper addresses this gap by modeling parasitism as a function of
multiple intrinsic host traits (i.e., sex and genetic diversity) and
variable host traits (age, length, body mass and condition) as well
as stochastic environmental characteristics (sampling date/year
and population). Specifically, this study capitalizes on two large
datasets spanning multiple temporal and spatial scales to determine the extent to which each factor is associated with ectoparasitism presence, abundance (i.e., the number of fleas per
individual) and intensity (the number of fleas per infected individual; Margolis et al., 1982; Bush et al., 1997). To examine whether
each of these characteristics is a consistent predictor of parasitism
heterogeneity, flea aggregation is modeled in two species of prairie
dogs, BTPDs (C. ludovicianus) and GUPDs (C. gunnisoni), and two
ecologically and geographically disparate subspecies of GUPDs;
(Cynomys gunnisoni gunnisoni and Cynomys gunnisoni zuniensis;
Sackett et al., 2014). Importantly, the consistency of flea abundance
and intensity on individuals over time is also evaluated, and the
implications for inferring broad patterns of ectoparasite aggregation are discussed.
2. Materials and methods
2.1. Sample collection and measurement
As part of long-term research on the landscape ecology of
prairie dogs in a plague system, fleas and BTPDs were sampled in
Boulder County, Colorado, USA from 2003 to 2009 (Johnson and
Collinge, 2004; Collinge et al., 2005a,b; Brinkerhoff et al., 2006,
2008; Snäll et al., 2008; Bai et al., 2008, 2009; Cully et al., 2010a,
b; Johnson et al., 2011; Sackett et al., 2012, 2013). In the present
study, BTPDs were sampled from 25 of these colonies (Fig. 1,
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Fig. 1. Sampling locations in 2008–2010 of Gunnison’s prairie dogs (Cynomys gunnisoni) across their range, with Cynomys gunnisoni gunnisoni in triangles and Cynomys
gunnisoni zuniensis in circles. The outline is the maximum contemporary extent of the species. Inset: map of Boulder County, Colorado, USA, with black-tailed prairie dog
(Cynomys ludovicianus) sampling locations from 2003-2009 denoted by stars.

Supplementary Table S1) and GUPDs from 28 colonies in the southwestern United States from 2008 to 2010 (Sackett et al., 2014;
Fig. 1, Supplementary Table S2). Prairie dogs were trapped for
1–2 weeks at each colony either by placing traps on a 7  7 grid
at 10 m intervals (BTPD; Sackett et al., 2013) or by targeting active
burrows with one to four traps (GUPD; Hoogland, 1995). At each
colony, 49–104 Tomahawk live traps were placed at the approximate center of the colony and pre-baited with a corn-oat-barley
mixture for at least 5 days before trapping began to acclimate
the animals to the traps. Traps were held open before trapping
commenced, and each day after trapping concluded. After the
pre-baiting period, traps were baited, set, and left for up to 1.5
(GUPD) or 2.5 (BTPD) h at a time. Additional details on trapping
and colony characteristics are provided elsewhere (Collinge et al.,
2005b; Brinkerhoff et al., 2006, 2010; Bai et al., 2008; Sackett
et al., 2012, 2013, 2014).
Prairie dog trapping and processing were conducted in accordance with protocols approved by the University of Colorado,
USA, Institutional Animal Care and Use Committee and are
described in detail therein (available on request). Captured prairie
dogs were anesthetized with 1–4% isoflurane in oxygen using a
precision, calibrated vaporizer to control the dosage (Heath et al.,
1997). This was achieved either by placing prairie dogs in an
anesthesia-filled chamber followed by a nose cone (2003–2007)
or with solely a nose cone (2008–2010). Processing involved collection of ear tissue for DNA, removal of ectoparasites, and insertion of a Passive Integrated Transponder (PIT) tag for future
identification (BTPD only). Each prairie dog was measured with a
tape measure, weighed and sexed, and its age was recorded as
juvenile, yearling or adult. Age was determined by size, pelage,
morphological characteristics (e.g., foot pad color, descent of testes
in males, weaning status in females) and, in some cases, dentition
wear (McClure, K.M., 2009. Landscape effects on disease and
demography in the black-tailed prairie dog, Cynomys ludovicianus.
M.A. thesis, University of Colorado, USA); intermediate categories
(e.g., yearling/adult) were allowed. Fleas (primarily O. hirsuta and
Pulex sp.) were removed with forceps, placed in vials filled with a
solution of saline and Tween (a surfactant) or ethanol, and counted
as they were placed in vials. Every attempt was made to collect

each flea observed, and no time limit was imposed on flea collection. Fleas were collected by combing through a prairie dog’s fur
with a flea comb, first on the dorsal side (moving from the posterior to anterior side including the back of the head), then the ventral side, and a second examination of the dorsal side, where most
fleas congregate. BTPD and GUPD tissues for DNA analysis were
collected using a 2 mm diameter ear punch (Braintree Scientific,
USA) and stored frozen in a solution of EDTA-DMSO until DNA
extraction. After processing, animals were placed in their traps
under shade, allowed to recover from anesthesia, and subsequently
returned to their capture locations. They were released only when
no predators were visible.
In late 2006/early 2007, a plague epizootic began in Boulder
County (confirmed by plague antibodies in prairie dogs; Sackett
et al., 2013). As a result of local extirpations, not all BTPD colonies
were sampled after this date. Of the colonies that were sampled in
2007–2009, six were being recolonized from plague and nine were
unaffected by plague (McClure, K.M., 2009. Landscape effects on
disease and demography in the black-tailed prairie dog, Cynomys
ludovicianus. M.A. thesis, University of Colorado, USA) (Sackett
et al., 2013). With one exception (colony 1A, which died off 1 year
before other sampled colonies), sampling years from 2003 to 2006
were considered ‘pre-plague’ years, as no plague was detected in
the sampled colonies during those years (i.e., no plague-positive
fleas and no evidence of prairie dog die-offs), and 2007–2009 were
considered ‘plague-recovery’ years in the extirpated colonies (due
to increasing population growth rates; Sackett et al., 2013).
DNA from prairie dogs was extracted using a Qiagen (Germany)
DNeasy tissue kit, and 1191 BTPDs and 811 GUPDs were genotyped
at nine (BTPD) or 16 (GUPD) microsatellite loci (Jones et al., 2005;
Sackett et al., 2009) using GeneMapper software (Applied
Biosystems, Inc., USA). Alleles were scored automatically after
species-specific bins were generated, and all allele calls were visually validated. Loci were examined for null alleles in the program
Micro-checker (van Oosterhout et al., 2004). Heterozygosity was
determined for each animal at each locus (0 = homozygous,
1 = heterozygous), and an average observed heterozygosity
(Ho) value was obtained for each individual by calculating the
mean heterozygosity across loci.
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2.2. Modeling parasite aggregation
To determine whether there was a relationship between individual flea presence and abundance, and intrinsic (heterozygosity
and sex) and variable (age, length, and body mass) host characteristics, a series of statistical models was performed in R (The R
Foundation for Statistical Computing, http://www.r-project.org/).
In the case of parasite aggregation, zeroes may represent either
quantitative differences (e.g., a host with no fleas simply had one
fewer than a host with one flea) or qualitative differences (i.e., a
host with no fleas is able to prevent establishment of fleas
entirely). Without experimental studies, it is difficult to determine
which hypothesis, qualitative or quantitative differences, underlies
the biology of parasite aggregation; therefore, three generalized
linear mixed effect modeling approaches assessed both scenarios:
(i) using flea presence/absence on individuals as a binary response
variable (which treats flea absence as qualitatively different from
flea presence; ‘qualitative model’); (ii) using raw counts excluding
zeroes as the response variable (i.e., only prairie dogs with fleas,
which treats zero counts as qualitatively different and therefore
omits those from analysis; ‘quantitative model flea positives’),
equivalent to flea intensity (Bush et al., 1997); and (iii) using raw
counts including zeroes as the response variable (which treats zero
counts as quantitatively different; ‘quantitative model with 0s’),
equivalent to flea abundance (Bush et al., 1997).
Although the distribution of fleas on individuals was not
normal, it is generally not recommended to transform count data
(e.g., O’Hara and Kotze, 2010). Count data, especially for parasites,
are often explained well by a negative binomial distribution; therefore, the glmer.nb function in the lme4 package (Bates et al., 2015)
was used for quantitative models after verifying its fit to the data.
Models with other distributions (gamma, Poisson, Gaussian, binomial) were also tested for their fit to the count data. In particular, a
binomial distribution was evaluated for presence/absence models
using the glmer function. Fit was assessed by examining residual
plots and visually comparing the residuals for different distributions; the distribution with the residuals most closely centered,
and symmetrically arranged, around zero was chosen. Because
negative binomial provided the best fit to the present data (including presence/absence models), only results with this distribution
are reported. Fixed effects included prairie dog age (juvenile, yearling or adult; age was treated as a continuous quantitative variable), body mass, length, body condition (the ratio of weight to
length; Eads et al., 2016), sex and heterozygosity, as well as sampling (Julian) date. In GUPDs, sampling occurred no earlier than
May 5 and no later than September 18. In BTPDs, sampling
occurred each year from no earlier than May 17 through no later
than September 2, with additional sampling in March 2004 (n =
158 prairie dogs). As a precaution owing to seasonal variation in
flea abundance (Tripp et al., 2009), BTPD analyses were repeated
with the omission of March sampling, and flea abundance was
compared between the two collection seasons. Because there is
often seasonal and geographic variation in insect populations due
to climatic and other environmental factors (de los Santos et al.,
2002; Stenseth et al., 2006; Boggs and Inouye, 2012), sampling year
and colony were included as random effects whose intercepts were
allowed to vary. Subsequently, year was tested in BTPD a posteriori
as a fixed effect with all other variables the same. For BTPD, prairie
dog ID was also included as a random effect due to the sampling of
some individuals in multiple years. The effect of plague events on
flea abundance was tested by performing a Welch’s two-sample ttest on prairie dog flea abundance before plague and during/after
plague.
For BTPD, as well as each subspecies of GUPD, individual flea presence/absence, abundance, and intensity were modeled as a function
of all predictor variables combined additively (Supplementary Data

S1). Next, interactions were examined among all biologically justifiable variable pairs. Finally, all combinations of fixed-effect variables
were removed iteratively from the model. Within each species/subspecies and modeling approach (flea presence/absence, abundance,
and intensity), the best model was chosen from this set of possible
interaction terms and variable inclusion based on a combination of
the lowest Akaike’s Information Criterion (AIC; Akaike, 1974;
Burnham et al., 2011) and Bayesian Information Criterion (BIC) values and the highest (least negative) log likelihood (LL). All models
within 2 DAIC were considered well supported. This procedure
was also performed for GUPD with subspecies combined (Supplementary Data S2). After choosing the set of best models, variable
importance was assessed by calculating Akaike weights from all
models tested (Johnson and Omland, 2004).
2.3. Correspondence of flea aggregation across years
The consistency of flea abundance across years was assessed in
three main ways. First, year was evaluated as a fixed effect, and
regression coefficients across the best models were compared
among years. Second, flea abundance was examined across all individuals in each year, and a Type II ANOVA was implemented to test
directly for differences among years, which was treated as a random effect in previous models. This was followed by a Tukey’s honest significant difference (HSD) test to determine which years were
different from each other. Both Pearson’s and Spearman’s correlation tests were performed between years in the mean number of
fleas per individual in each population, 95% confidence intervals
were generated, and the significance of the correlations was evaluated using exact tests. Third, the correlation in flea infestation
on individual prairie dogs across years was examined to assess
whether an intrinsic property of the host mediates parasitism. To
do so, flea abundance and intensity were compared on BTPD individuals captured in multiple years (n = 303 individuals). A Pearson’s correlation test was performed between years in the
number of fleas per individual (abundance) and the number of
fleas per infected individual (intensity). The significance of the correlations was evaluated by generating 95% confidence intervals
and using exact tests. Because flea assemblages may vary throughout the season, flea collections that occurred in March instead of
summer were omitted from this analysis. In addition, the analysis
was repeated a second time after removing all individuals (n = 32)
that were sampled more than 30 Julian days apart in consecutive
years.
2.4. Impact of weather on flea burden
In order to test the hypothesis that seasonal precipitation influences the number of fleas within populations (Eads and Hoogland,
2016), the relationship between (i) winter/spring precipitation
(January through April) and (ii) previous summer precipitation
(April through August) and the mean number of fleas per colony
was examined in BTPDs using a general linear model. Monthly precipitation data from Boulder County, USA, were obtained from the
National Oceanic and Atmospheric Administration’s Earth System
Research Laboratory, USA. Weather data existed for a single site
in Boulder County (rather than at the location of each population).
Therefore, the mean number of fleas per individual were calculated
for each colony, and colonies were averaged within years. This
relationship was not examined in GUPDs because colonies were
sampled only once.
2.5. Data accessibility
BTPD sample locations, microsatellite genotypes, and identification of individuals that produced plague antibodies can be found
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on DRYAD at http://dx.doi:10.5061/dryad.p2j15. GUPD mtDNA
genotypes, microsatellite genotypes, and morphological data are
available on the Mendeley Data repository (https://doi.org/10.
17632/hzmbcbc5ds.1). Flea count data are also available on the
Mendeley
Data
repository
(https://doi.org/10.17632/wgnbxd9npy.1).
3. Results
3.1. Field sampling and descriptive statistics
During 7 years, 2,756 BTPDs were sampled (for demographic
information, see Supplementary Table S3), and a total of 23,683
fleas (primarily O. hirsuta, and Pulex spp. in lower abundance) were
collected. The mean number of fleas per prairie dog was 8.8 (range
0–156, mode = 0, median = 4). The abundance of fleas on individuals was not normally distributed, with the majority of animals having very few fleas, and only a few prairie dogs (2.5%) having
extremely high infection rates (e.g., over 50 fleas; Fig. 2). Mean
individual heterozygosity was 0.663 (range 0–1) and was approximately normally distributed.
During 3 years, 859 GUPDs were sampled and flea count data
were collected from 425 host individuals, for a total of 3,236 fleas.
Flea presence/absence information was collected from an additional 153 prairie dogs. Flea species parasitizing GUPDs included
O. hirsuta (the most common flea), O. tuberculata, Echidnophaga
sp., Thrassis spp., Pulex sp. and four unidentified species (Tittes
et al., unpublished data). The mean number of fleas per prairie
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dog was 7.63 (range 0–227, mode = 0, median = 3). Mean heterozygosity was 0.539 (range 0–1), was normally distributed, and did
not differ between subspecies. For the C. g. gunnisoni subspecies,
we sampled 294 individuals, obtaining flea data from 227 prairie
dogs. The mean number of fleas per prairie dog was 1.81 (range
0–11, mode = 0, median = 1). Of the 550 sampled C. g. zuniensis
individuals, we obtained flea data from 351. The mean number of
fleas per individual was 9.65 (range 0–227, mode = 0, median =
4). Mean numbers of fleas per sex and age group in each species
and subspecies are shown in Table 1, and relationships between
various predictors and flea abundance are depicted in Figs. 2–4
and Supplementary Fig. S1.
3.2. Explaining parasite aggregation
Presence/absence models best fit the negative binomial error
distribution. Residuals from the binomial error distribution
departed strongly from normality, with most values being well
above or well below zero. Results from both distributions were
similar, and the best inferred models were the same. Thus, AIC values and numerical results refer to models with the negative binomial distribution. Quantitative (abundance and intensity) models
best fit the negative binomial distribution, but residuals were also
normally distributed with Poisson quantitative flea intensity
models. Results from both distributions were similar; therefore,
only those from the negative binomial are shown here (others
are available on request). Dispersion was much higher in BTPDs
(mean h = 1,767.93) than in C. g. gunnisoni (mean h = 5.90) or

Fig. 2. Relationship between the number of fleas and variable host traits. (A) body condition, (B) body mass (g), (C) length (cm), (D) age, for black-tailed prairie dogs (BTPD),
Cynomys gunnisoni gunnisoni and Cynomys gunnisoni zuniensis. Best fit lines denote important abundance model components. Extreme outliers were removed for ease of
visualization.
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Table 1
Mean number of fleas per individual host in each group.
Taxon

Grouping/Level
Sex

BTPD
GUPD
C.g. gunnisoni
C.g. zuniensis

Age

Year

M

F

Juv

Ylg

Ad

2003

2004

2005

2006

2007

2008

2009

9.2
6.7
1.9
8.5

8.4
8.4
1.7
10.6

3.8
5.7
1.8
7.7

8.5
10.5
2.2
18.1

9.6
7.8
1.7
9.3

6.66
N/A
N/A
N/A

10.57
N/A
N/A
N/A

8.13
N/A
N/A
N/A

9.27
N/A
N/A
N/A

9.81
N/A
N/A
N/A

6.95
N/A
N/A
N/A

8.15
N/A
N/A
N/A

Species means

Species totals

8.8
7.6
1.8
9.6

23,683
3,236
196+70a
3,040+19a

Juv, juvenile; Ylg, yearling; Ad, adult; BTPD, black-tailed prairie dogs; GUPD, Gunnison’s prairie dogs; C.g., Cynomys gunnisoni.
a
Number of additional flea-positive individuals for which a full flea count was not conducted.

Fig. 3. Relationship between the number of fleas and intrinsic host traits, (A) sex, (B) heterozygosity, for black-tailed prairie dogs (BTPD), Cynomys gunnisoni gunnisoni and
Cynomys gunnisoni zuniensis. Extreme outliers were removed for ease of visualization. F, female; M, male.

C. g. zuniensis (mean h = 1.99). Some variable pairs displayed a high
degree of collinearity (Supplementary Figs. S2–S4); therefore,
‘body condition’ was removed from the set of models used to calculate variable importance (Dormann et al., 2013). In some taxa,
length and mass (C. g. zuniensis), length and age (C. g. gunnisoni),
or mass and age (BTPD, C. g. gunnisoni) were also highly correlated
(rho = 0.7–0.8); these variables were retained in the models due to
the unique biological properties they describe. Parameter estimates and relative importance of these variables should therefore
be interpreted with an understanding of their interdependence.
Very few host traits or stochastic/environmental effects explained
flea presence or abundance on their own (Figs. 2–4). Instead, when
traits were combined into a single model to simultaneously
account for variation in flea infection and allow for variable interaction, the models were dramatically improved (Table 2, Supplementary Table S4). With the exception of body mass, predictor
variables were similar in their direction of effect on flea aggregation across taxa and measure (presence/absence, abundance, intensity). In the cases where date influenced flea aggregation (2/3 of
the modeling scenarios), later (warmer) dates were associated with
higher flea presence, abundance and intensity.
In BTPDs, the three modeling strategies (logistic/qualitative
(flea presence/absence), quantitative with 0 fleas (flea abundance),
and quantitative including only prairie dogs with fleas (flea intensity)) inferred similar effects of most variables (Table 2, Supplementary Table S5). The mean number of fleas per individual and
distribution of flea aggregation did not vary across the two
sampling seasons (spring mean = 10.91, summer mean = 8.70,
P = 0.16). Moreover, the best inferred model for each of the three

strategies was the same when spring flea collections (n = 158) were
omitted; therefore, reported results refer to the full dataset. The
best models indicate that flea presence and burden on prairie dogs
can best be explained by a combination of intrinsic (heterozygosity) and variable host traits (body mass and length) and stochastic
(year, date and population) factors (Supplementary Data S2). The
number of fleas per individual BTPD was not significantly different
during pre-plague years and plague recovery years (P = 0.794;
Supplementary Fig. S5). When year was examined as a fixed effect,
it was a strong predictor of flea abundance (mean slope = 1.539,
S.E. = 0.380), with the differences attributed to higher flea counts
in 2004 (Fig. 5). In C. g. gunnisoni, the predictors of whether or
not an individual was infected were complex and multivariate
(Table 2); once an animal was infected, however, flea intensity
was explained by a simple combination of an intrinsic and variable
host trait (heterozygosity and body condition).
3.2.1. Flea presence/absence models
The best models predicting flea presence/absence across taxa
included a combination of intrinsic and variable host traits and
stochastic factors: heterozygosity, length, date, and either condition or body mass (or both). In BTPD and C. g. zuniensis, the best
models also included age, and in C. g. zuniensis, the best models
also included sex, but did not always include length. In BTPD and
C. g. gunnisoni, date interacted with length to influence flea presence, suggesting that although increasing length was associated
with a higher probability of flea infestation, this relationship changed throughout the season. This can be explained by the increasing
effect of length in summer months (length slope = 0.0955 ± 0.027)
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Fig. 4. Relationship between the number of fleas and sampling characteristics, for (A) year, (B) sampling date and (C) geographic population, for black-tailed prairie dogs
(BTPD), Cynomys gunnisoni gunnisoni and Cynomys gunnisoni zuniensis. Extreme outliers were removed for ease of visualization.

when fleas are more common relative to spring (slope = 0.0265 ± 0.
060). Heterozygosity occurred in the best models for all taxa, with
more heterozygous animals being more likely to have fleas. In
BTPD and C. g. zuniensis, the best models contained age, with older
animals being less likely to have fleas. The best BTPD and C. g. gunnisoni models included a positive effect of mass and a negative
effect of condition (which were highly correlated) on flea presence
(Tables 2, Supplementary Table S5). Some BTPD and C. g. zuniensis
models conversely demonstrated positive effects of both body
mass and condition. Variable coefficients and standard error for
best models are found in Supplementary Table S6; coefficients
for ‘body condition’ should be interpreted with caution due to
multicollinearity.
3.2.2. Flea abundance models
The best models predicting flea abundance across taxa included
the variable host traits of length, age, and body mass, and intrinsic
host trait heterozygosity. In addition, GUPD models included body
condition (half of best models), date and sex. In C. g. zuniensis,
nearly all variables were needed to adequately explain abundance.
In both C. g. gunnisoni and C. g. zuniensis, body condition positively
influenced flea abundance. In BTPD models, age interacted with
length: the slope of the relationship between length and flea number was similar across age groups, but highest for juveniles and
adults (juvenile: 0.111, yearling: 0.070, adult: 0.098). Length was
also a positive predictor of flea abundance in C. g. gunnisoni and
C. g. zuniensis. BTPD body mass was a positive predictor of flea
abundance, with heavier animals harbouring more fleas;
conversely, heavier C. g. gunnisoni and C. g. zuniensis individuals

contained fewer fleas. In BTPD and C. g. gunnisoni, higher heterozygosity led to higher flea abundance, whereas the opposite was true
in C. g. zuniensis. In C. g. zuniensis, males with high heterozygosity
were less likely to have fleas, but there was no relationship in
females. In C. g. zuniensis, sex also interacted with date such that
flea abundance on females increased throughout the season,
whereas there was no effect of date on flea abundance on males.
The interaction and directional effects in females persisted even
after removing the outlier individual (a female) that harboured
227 fleas. In C. g. gunnisoni, males had consistently more fleas than
females.
3.2.3. Flea intensity models
Across taxa, the most important predictors of flea intensity
were primarily variable host traits. The best models contained
body condition, heterozygosity, and either length, mass or
both; most models also contained age. Date was important in
C. g. zuniensis models, but the direction of effect varied due to its
interaction with heterozygosity. In all taxa, body condition positively predicted flea intensity, with infected animals in better condition harbouring more fleas. In addition, BTPD age, length, and
body mass positively predicted flea intensity, with larger and older
infected animals harbouring more fleas. Longer animals also were
characterized by more fleas in C. g. zuniensis, but heavier infected
animals had fewer fleas. In C. g. zuniensis, sex interacted with
age: male flea intensity increased slightly with age, whereas there
was no age effect in females, and the same was true when the
outlier was removed. Heterozygosity negatively impacted flea
intensity among infected individuals of BTPD and C. g. zuniensis,
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Table 2
Best fixed-effects models and other models within 2 DAIC for black-tailed prairie dogs (BTPD) and both GUPD subspecies (Cynomys gunnisoni gunnisoni and Cynomys gunnisoni
zuniensis), measured by the lowest Akaike’s Information Criterion/ Bayesian Information Criterion (AIC/BIC) and least negative log likelihood (LL). Population, year and individual
ID (BTPD only) were included as random effects in all models. A negative binomial distribution was used for quantitative models, and residuals were more normally distributed
than other distributions.
Best predictive model (bold) and models within 2 DAIC

AICc

Length * Date + Age + Ho + Mass
Condition + Length * Date + Age + Ho
Condition + Length * Date + Age + Ho + Mass
Length * Date + Age + Ho + Mass + Sex

542.3
542.4
544.3
544.3

260.1
260.2
260.1
260.1

Condition + Length * Date + Ho

253.0

117.5

C.g. gunnisoni flea presence/absence (lmer)
C.g. gunnisoni flea presence/absence (lmer)a
C.g. gunnisoni flea presence/absence (lmer)a
C.g. gunnisoni flea presence/absence (lmer)a
C.g. gunnisoni flea presence/absence (lmer)a
C.g. gunnisoni flea presence/absence (lmer)a
C.g. gunnisoni flea presence/absence (lmer)a
C.g. gunnisoni flea presence/absence (lmer)a

Length * Date + Ho + Mass
Length + Date * Mass + Ho
Condition + Date * Mass + Ho
Condition + Length * Date + Ho + Age
Length * Date + Ho + Age + Mass
Condition + Length * Date + Ho + Mass
Condition + Length * Date + Ho + Sex
Length * Date + Ho + Mass + Sex

253.0
253.7
253.8
254.0
254.2
254.6
254.9
255.0

117.5
117.9
117.9
117.0
117.1
117.3
117.5
117.5

C.g. zuniensis flea presence/absence (lmer)a
C.g. zuniensis flea presence/absence (lmer)a

Ho * Sex + Date + Mass * Age
Condition + Ho * Sex + Date + Mass * Age

267.0
268.8

122.5
122.4

BTPD flea abundance (glmer.nb):
BTPD flea abundance (glmer.nb):
BTPD flea abundance (glmer.nb):
BTPD flea abundance (glmer.nb):
BTPD flea abundance (glmer.nb):

Length * Age + Ho + Mass
Condition + Length * Age + Ho + Mass
Length * Age + Mass * Sex + Ho
Length * Age + Mass + Sex + Ho
Length * Age + Mass + Date + Ho

2516.1
2516.5
2517.8
2518.0
2518.1

1248.1
1247.3
1246.9
1248.0
1248.1

669.67
688.34
690.84
670.81
669.52

C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:
C.g. gunnisoni flea abundance (glmer.nb)b:

Length * Ho + Mass
Condition * Date + Sex + Age
Length * Ho + Sex * Age + Mass + Date
Length * Ho + Mass + Age
Length * Ho + Mass + Sex
Length * Ho + Mass + Age + Sex
Length * Ho + Mass + Date
Condition * Date + Mass + Age + Sex
Length + Date
Condition * Date + Age + Ho + Sex
Condition * Date + Length + Age + Sex
Length * Ho + Date + Mass + Age
Mass * Ho + Length

365.4
365.7
366.2
366.3
366.4
366.6
366.6
366.9
366.9
367.1
367.1
367.2
367.4

174.7
173.9
171.1
174.1
174.7
173.3
174.3
173.5
177.5
173.6
173.6
173.6
175.7

1.118
0.887
1.198
1.158
1.176
1.259
1.089
0.936
0.767
0.903
0.941
1.125
0.987

C.g. zuniensis flea abundance (glmer.nb)
C.g. zuniensis flea abundance (glmer.nb)
C.g. zuniensis flea abundance (glmer.nb)
C.g. zuniensis flea abundance (glmer.nb)

Condition + Length + Ho + Mass + Date * Sex
Condition + Length + Ho + Mass * Sex + Date
Length * Age + Ho + Mass + Date * Sex
Condition + Length + Ho + Mass + Date * Sex + Age

1697.0
1697.7
1698.1
1698.5

837.5
837.8
837.1
837.3

1.362
1.351
1.370
1.365

BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
BTPD flea intensity (glmer.nb)
C.g. gunnisoni flea intensity (glmer.nb)
C.g. gunnisoni flea intensity (glmer.nb)
C.g. gunnisoni flea intensity (glmer.nb)
C.g. gunnisoni flea intensity (glmer.nb)
C.g. gunnisoni flea intensity (glmer.nb)
C.g. gunnisoni flea intensity (glmer.nb)

Condition + Length * Age + Date * Ho
Condition + Length * Age + Ho
Condition + Length * Age + Date * Ho + Sex
Condition + Length * Age + Ho + Sex
Length * Age + Ho + Mass
Length * Age + Date * Ho + Mass + Sex
Length * Age + Ho + Mass * Sex
Length * Age + Ho + Mass + Sex
Condition + Length + Age + Ho
Condition + Length * Age + Date * Ho + Mass
Condition * Ho + Mass
Condition * Ho
Condition * Ho + Mass + Sex
Condition * Ho + Sex
Condition * Ho + Mass + Age
Condition * Ho + Age

2091.6
2091.9
2092.0
2092.3
2092.8
2092.9
2093.0
2093.1
2093.4
2093.6
242.6
242.7
243.8
243.8
244.1
244.6

1033.8
1036.0
1033.0
1035.1
1036.4
1033.4
1034.5
1035.6
1037.7
1033.8
113.3
114.4
112.9
114.4
113.1
114.3

2233.70
2231.88
2240.23
2239.19
2257.28
2255.34
2295.06
2260.76
2269.01
2236.34
15.390
14.390
16.547
16.313
17.375
13.321

C.g. zuniensis flea intensity (glmer.nb)
C.g. zuniensis flea intensity (glmer.nb)
C.g. zuniensis flea intensity (glmer.nb)
C.g. zuniensis flea intensity (glmer.nb)
C.g. zuniensis flea intensity (glmer.nb)
C.g. zuniensis flea intensity (glmer.nb)
C.g. zuniensis flea intensity (glmer.nb)
C.g. zuniensis flea intensity (glmer.nb)

Condition + Length + Date * Ho + Mass + Sex * Age
Length + Date * Ho + Mass + Sex * Age
Condition + Length + Date + Ho + Mass + Sex * Age
Length + Date + Ho + Mass + Sex * Age
Condition + Length + Date * Ho + Sex * Age
Condition + Length + Date + Ho + Sex * Mass
Condition * Sex + Length + Date * Ho + Mass + Age
Length + Date * Ho + Mass + Sex

1489.2
1489.3
1490.0
1490.1
1490.7
1490.7
1490.9
1490.9

731.6
732.7
733.0
734.0
733.4
734.3
732.5
735.5

2.370
2.362
2.338
2.330
2.348
2.299
2.340
2.299

Model type
BTPD flea presence/absence (lmer)
BTPD flea presence/absence (lmer)a
BTPD flea presence/absence (lmer)a
BTPD flea presence/absence (lmer)a

a

C.g. gunnisoni flea presence/absence (lmer)a
a

LLc

Ho, Observed Heterozygosity; Date, ordinal date; Ssp, subspecies; Condition, Length/Mass.
a
Residuals were distributed more normally with a Gaussian than binomial distribution; the inferred best model was the same.
b
Models with Mass * Length and Date * Mass terms erred with glmer.nb.
c
AIC and LL values are reported for the best models under each scenario, but are not to be compared among modeling approaches or taxa in this table.
d
Theta is the dispersion term for negative binomial distributions.

Thetad
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Fig. 5. Mean number of fleas per animal (black-tailed prairie dogs) in each year (left
axis; boxes) and mean precipitation (mm) the previous summer (right axis;
raindrop shapes). Flea abundance in 2004 was significantly different from 2003,
2005 and 2008 (significant differences represented by the occurrence of different
letters (a, b)). Horizontal dark lines within the boxes are means across individuals,
and whiskers represent quartiles.

with more heterozygous hosts having fewer fleas. In contrast, more
heterozygous C. g. gunnisoni individuals had more fleas. However,
in C. g. gunnisoni, heterozygosity interacted with body condition
to predict flea intensity, suggesting that the relationship between
heterozygosity and flea burden is mediated by condition.
3.2.4. Variable importance
The most important variables were relatively consistent across
taxa and modeling approach, with heterozygosity being the most
important and sex the least important predictors (Table 3).
Heterozygosity influenced both whether an individual was likely
to be infected by fleas and how many fleas were present. In contrast, body condition was not important in determining whether
an individual had fleas, but did influence how many fleas were present. The variables most important in determining whether an
individual was infected with fleas were heterozygosity and either
age (BTPD) or date (GUPD). Abundance and intensity were governed first by heterozygosity, and then by a combination of variable hosts traits that differed across taxa (Table 3).
3.3. Correspondence in parasite abundance across years
Year contributed more to parasitism rates in some years
(e.g., 2005, estimate = 3.47 ± 0.59) than others (e.g., 2008, esti
mate = 0.24 ± 0.27). Although the number of fleas fluctuated
slightly across years, only 2004 flea abundance significantly differed from other years (2003, 2005 and 2008; Fig. 5). There was

no difference in mean flea abundance in years before a plague
outbreak (2003–2006) versus years of recovery after plague
(2007–2009; P = 0.283), and no consistent change in flea abundance during plague years (Fig. 6; first plague denoted with black
arrows). Within populations, there was no correlation between
years in the mean number of fleas with the Spearman’s test, and
only one between-year correlation 2006 and 2007 with the Pearson’s test. Among recaptured individuals (n = 303), flea abundance
in one year was not correlated with flea abundance in other years
(t = 0.910, P = 0.363, cor = 0.048). In other words, heavily parasitized individuals in one year were not more likely to be heavily
parasitized the following year. This lack of correlation held even
when omitting individuals sampled more than 30 Julian days apart
in consecutive years. The same was true for flea intensity, indicating a lack of consistency in flea abundance across years in infected
individuals (n = 251, t = 1.346, P = 0.179, cor = 0.082). In addition,
seven prairie dogs that were exposed to plague (six of which survived and were recaptured; Sackett et al., 2013) did not have consistently high flea counts (number of fleas per individual per year
= [0,0], [6,16,56], [8,1,2], [2,6], [6,4], [1,8,1], 2; number of fleas
while producing plague antibodies in bold).
3.4. Precipitation affects flea burden
The mean number of fleas per individual across colonies within
a year ranged from 6.66 (2003) to 10.57 (2004). Winter/spring precipitation varied from 6.5 mm (2006) to 15.5 mm (2003), and precipitation during the previous summer ranged from 9.4 mm (2003)
to 26.5 mm (2005). No significant effects of winter/spring
precipitation (P = 0.99) or precipitation during the previous summer (P = 0.46) were detected (Fig. 5). When removing one outlier
year in which precipitation were extremely high (2005), precipitation during the previous summer had a marginally significant positive effect on the number of fleas (P = 0.09).
4. Discussion
The patterns of flea infection on prairie dogs demonstrate that
parasitism is governed not by single host or environmental variables of major importance, but rather by multiple interacting factors working in concert. These findings stand to influence the
way parasitism is studied, as exploring how interactions among
host and environmental traits affect parasitism will better reveal
the mechanisms driving aggregation patterns. Parasitism was primarily explained by one intrinsic host trait (heterozygosity) and
by different combinations of variable host traits (length, age, and
body mass and condition). Stochastic, geographic and environmental effects (sampling date/year and population) were important in
how those mediated other factors. The other unchanging intrinsic
host trait (sex) was largely unimportant in predicting parasitism
probability or rates. Most variables were relatively consistent in
their effects across flea aggregation measures and species (Supplementary Table S5). Date, age and length (but not body mass) were

Table 3
Ranking of variable importance across modeling strategy and taxon, with 1 being most important and 7 being least important, for black-tailed prairie dogs/Cynomys gunnisoni
gunnisoni/Cynomys gunnisoni zuniensis.
Variable/model

Variable type

Presence/absence

Abundance

Intensity

Average importance ranking

Ho
Sex
Length
Age
Mass
Condition
Date

Intrinsic host
Intrinsic host
Variable host
Variable host
Variable host
Variable host
Stochastic/environmental

1/1/1
7/7/4
3/3/5
1/6/6
5/4/2
6/5/7
4/2/3

1/6/1
6/4/4
3/2/2
1/5/7
4/7/5
5/1/6
7/3/3

1/1/4
7/4/6
3/7/1
1/5/3
6/2/2
4/3/7
5/6/5

1.89
5.44
3.22
3.89
4.11
4.89
4.22

Ho, heterozygosity; Condition, Weight/Length.
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Fig. 6. Mean number of fleas per animal (black-tailed prairie dogs) in each year in six colonies that were extirpated by plague and subsequently recolonized. The first
appearance of plague in each colony is denoted by a black arrow; in some cases there were no fleas collected in certain years because no prairie dogs were captured at that
colony in those years. Numbers in the corners represent colony IDs.

positively related; thus, they tended to have similar
effects--generally positive--on flea aggregation. Interactions were
common between intrinsic and variable host traits, environmental
and variable host traits and between different variable host traits.
Experimental work that explores specific interactions while holding other factors constant would aid in determining the mechanisms of contribution of each of these predictors to the variation
in flea aggregation.
The direction of effect of some variable host traits was consistent across species or measure of aggregation; length and age were
typically positively associated with fleas, although age was less
important and more variable in GUPDs. The mixed effects of age
could be a combination of younger individuals generally having
fewer fleas (potentially because they are groomed by their family
members), and the result of ‘parasitic culling,’ in which more heavily infested animals die, leaving the older and less infested animals
in the population. Other variable host traits commonly interacted
with other factors and were more difficult to generalize. Body mass
was associated positively with flea abundance and intensity in
BTPDs, but had mixed effects on GUPD flea aggregation, with a positive relationship with presence but primarily negative effects on
abundance and intensity in both subspecies. Body condition was
even less generalizable, with a consistently positive impact on flea
presence and number in one taxon and largely negative effects in
another. In addition, the relationships between correlated predictor variables and flea aggregation were not always straightforward: for instance, although body mass and condition were
highly correlated across taxa (rho = 0.927–0.975), these factors
often had opposite effects on flea occurrence. These results seem
to support the hypothesis that larger animals have more surface
area and thus can support higher flea populations, but exhibit only
mixed support for the idea that they are better able to defend
themselves when they are heavier (i.e., are in better condition;
Eads et al., 2016; Eads and Hoogland, 2016). This hypothesis may
explain the interactions among size and age class in predicting flea
abundance on BTPDs: length predicts flea abundance among juveniles and yearlings, but once individuals become adults, their flea

abundance is explained primarily by body condition. In contrast,
the paradoxical relationship between increased length, decreased
body mass and higher flea infestation in C. g. zuniensis could be
explained by the fact that many parasites diminish host body mass
through depletion of host resources (reviewed in Lehmann, 1993;
Hawlena et al., 2006b; Cantarero et al., 2013). Distinguishing
between these explanations is difficult in the field, and determining why body condition is not a universal predictor of flea aggregation is important. For instance, in BTPDs, body mass was associated
with an increase in flea abundance and intensity; this may actually
be a seasonal effect that is nonlinear or contingent on water availability or other environmental factors.
Unchanging, intrinsic host traits appear to either play no role in
governing parasitism (sex) or regulate flea aggregation in complex
ways (heterozygosity). The relationship between heterozygosity
and parasitism was often positive, suggesting that inbreeding does
not necessarily lead to increased rates of parasitism. In this system,
high heterozygosity always increased the probability of infestation
and usually increased the abundance of fleas. This unexpected relationship could result from host choice by the fleas, or could be an
indirect relationship resulting from the impact of heterozygosity
on some other host trait that more directly drives parasitism
(e.g., if high heterozygosity leads to high growth rates as measured
by length, the positive relationship between length and parasitism
would also be reflected in the non-mechanistic relationship
between heterozygosity and parasitism). The lack of inverse relationship between heterozygosity and parasitism coincides with
previous results in some systems (Ortego et al., 2007b; Hoeck
and Keller, 2012) but not others (Valsecchi et al., 2004;
Whiteman et al., 2006; Ross-Gillespie et al., 2007; Luong et al.,
2009), suggesting that the relationship between inbreeding and
parasitism is nuanced. For instance, the link may occur only under
conditions where the parasite diverts a large proportion of host
resources, such as for very large parasites, or the association may
be more common for pathogens than ectoparasites. In general,
genetic diversity could influence how individuals respond to environmental factors regulating parasitism.
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Importantly, further evidence that intrinsic host traits do not
regulate parasitism in isolation comes from the finding that flea
abundance and intensity on individual prairie dogs were not correlated across years. A similar result was reported for flea presence/
absence on other rodents (Krasnov et al., 2006). This strongly suggests that any individual characteristics influencing parasite abundance are mediated either by fluctuating demographic processes or
by the external environment. For instance, social structure may
influence parasite aggregation via grooming behavior, which can
vary over time. Individuals may spend different amounts of time
grooming themselves and others depending on factors such as
whether they are reproductively active, predation is high, or food
availability is constant. Eads et al. (2016) demonstrated that prairie
dogs are more susceptible to flea parasitism and spend less time
grooming in dry years when succulent forage is limited, which
underscores the importance of ecological conditions in arbitrating
individual responses to parasitism. Alternatively, in dry years
prairie dog survivorship, abundance and recruitment may be low,
driving an increase in flea abundance on the remaining individuals
(as is the case during plague epizootics; Tripp et al., 2009). Flea
aggregation may be driven by other characteristics of the host that
change over time. For instance, if sex is important in determining
the rate of parasitism--which was not supported in this system-it is likely modulated by an interaction with temporally fluctuating
factors such as breeding condition (e.g., testosterone level or
whether a litter was weaned) or stress.
The variation in flea abundance across years in BTPDs, bolstered
by the large degree of among-population variation in GUPDs, reinforces that flea populations are probably strongly dependent on
either climatic factors (e.g., temperature and precipitation;
Parmenter et al., 1999), fluctuating demographic and behavioral
properties of host populations (Eads et al., 2013), or both. Furthermore, if microclimate variation exists within a population (for
example, if hosts live at variable distances from food or water, or
use burrows with microclimates that vary in suitability for fleas),
this may also explain heterogeneity in parasitism among individuals. Spatial analysis of parasitism in relation to environmental variables across spatial scales is needed to test this hypothesis. For
example, BTPD colony 3A, which had the highest mean flea abundance, is the south-easternmost colony in the study, is farthest
from the foothills, and may be surrounded by certain types of land
(e.g., suburban development) or characterized by certain types of
soils (Savage et al., 2011; Eads, D.A., 2014. Factors affecting flea
densities in prairie dog colonies: implications for the maintenance
and spread of plague. Ph.D. dissertation, Colorado State University,
USA) that are conducive to flea populations. This colony may provide us with information about what types of landscape variables
to measure in an attempt to understand flea aggregation. In GUPD,
population identity explained a large proportion of the variation in
flea heterogeneity among individuals. Six GUPD colonies averaged
fewer than one flea per individual, while four colonies averaged
more than 10, and one (SYWS) averaged 43.1 fleas per individual.
The sampled range of this species was much larger (i.e., throughout
the range of the species), and encompassed a wide range of ecological and climatic conditions (Sackett et al., 2014). A thorough
examination of environmental correlates of flea aggregation would
be fruitful in this system.
In addition to a better understanding of environmental conditions that facilitate parasite aggregation, we need further study
on how the environment interacts with host biology to change susceptibility of an individual to parasitism over time. The positive
relationship between precipitation and time spent grooming, with
direct impacts on parasitism rate (Eads et al., 2016), is an excellent
example that may be widespread across host and parasite taxa.
Although support for this relationship was not compelling in this
dataset, the lack of observed effect may be due to the small sample
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size (7 years) rather than a true lack of relationship. Long-term
studies examining parasite-environment relationships are therefore invaluable. Studies like this must be complemented by experimental work to evaluate the direction of causality of the negative
relationship between parasite load and host body mass, because
parasites can effect a loss of mass in their hosts (reviewed in
Lehmann, 1993; Hawlena et al., 2006b; Cantarero et al., 2013).
Moreover, additional work is needed to determine the impacts of
climate variation on host behavior and physiology that may result
in variation in parasite abundance.
Due to the critical role of ectoparasites in the transmission of
pathogens, the distribution of parasites on hosts may have important consequences for host survivorship and disease dynamics. The
number of fleas per host is proportional to the rate of plague transmission in a population (Lorange et al., 2005; Eisen et al., 2009);
thus, understanding the mechanisms driving heterogeneity in flea
aggregation will lead to better spatial and temporal predictions of
plague epizootics. Furthermore, a more general understanding of
what governs parasite aggregation will enable the development
of a framework for targeting disease control efforts based on environmental correlates (Tripp et al., 2016), rather than non-targeted
control such as the culling campaigns that have been largely
unsuccessful in suppressing disease transmission (Donnelly et al.,
2003; Choisy and Rohani, 2006; Streicker et al., 2012). In general,
a predictive framework for characterizing which hosts are most
heavily parasitized will guide a greater understanding of disease
transmission dynamics.
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