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a b s t r a c t
Understanding why some individuals are more prone to carry parasites and spread diseases than others is
a key question in biology. Although epidemiologists and disease ecologists increasingly recognize that
individuals of the same species can vary tremendously in their relative contributions to the emergence
of diseases, very few empirical studies systematically assess consistent individual differences in parasite
loads within populations over time. Two species of fleas (Oropsylla montana and Hoplopsyllus anomalous)
and their hosts, California ground squirrels (Otospermophilus beecheyi), form a major complex for amplifying epizootic plague in the western United States. Understanding its biology is primarily of major ecological importance and is also relevant to public health. Here, we capitalize on a long-term data set to
explain flea incidence on California ground squirrels at Briones Regional Park in Contra Costa County,
USA. In a 7 year study, we detected 42,358 fleas from 2,759 live trapping events involving 803 unique
squirrels from two free-living populations that differed in the amount of human disturbance in those
areas. In general, fleas were most abundant and prevalent on adult males, on heavy squirrels, and at
the pristine site, but flea distributions varied among years, with seasonal conditions (e.g., temperature,
rainfall, humidity), temporally within summers, and between flea species. Although on-host abundances
of the two flea species were positively correlated, each flea species occupied a distinctive ecological niche.
The common flea (O. montana) occurred primarily on adults in cool, moist conditions in early summer
whereas the rare flea (H. anomalous) was mainly on juveniles in hot, dry conditions in late summer.
Beyond this, we uncovered significantly repeatable and persistent effects of host individual identity on
flea loads, finding consistent individual differences among hosts in all parasite measures. Taken together,
we reveal multiple determinants of parasites on free-living mammals, including the underappreciated
potential for host heterogeneity – within populations – to structure the emergence of zoonotic diseases
such as bubonic plague.
Ó 2021 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.

1. Introduction
A key question in biology focuses on understanding why some
individuals in populations are more prone to carry parasites, and
thus spread diseases, than others (Shaw et al., 1998; Altizer
et al., 2003). In structured populations, a trait-based approach
may offer some insights into these patterns (Johnson et al.,
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2015). Indeed, attributes such as age and sex often co-vary with
determinants of parasite presence such as habitat use (Freeland,
1983; Krasnov et al., 1997, 2006a, 2006b, 2012), social factors
(Hart, 1994; VanderWaal et al., 2014; Habig et al., 2018), and
immunocompetence (Altizer et al., 2003; St. Juliana et al., 2014).
Although overlooked in seminal models (Anderson and May,
1992; Arneberg et al., 1998; Arneberg, 2002), epidemiologists
and disease ecologists are increasingly recognizing that even individuals belonging to the same age-sex category may vary tremendously in their contributions to the emergence of diseases within a
population (Combes, 2001). For example, Typhoid Mary, Patient
zero (HIV) and several key SARs patients (super-spreaders) are
widely recognized for their disproportional effects (Lloyd-Smith
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Here, we used 7 years of data from marked California ground
squirrels to uncover the determinants of their flea community
stability, abundance and prevalence. First, we expected male
hosts to harbor more fleas than female hosts because males generally have more compromised immune systems than females
(Krasnov et al., 2012). Although this pattern is often reported
as the ‘‘norm” for mammals, the effects of host sex on flea loads
is mixed for California ground squirrels (Holdenried et al., 1951;
Lang and Wills, 1991; Lang, 1996; Bursten et al., 1997). Second,
we expected the two flea species to occupy contrasting ecological
niches. Specifically, each flea species might occur on hosts
belonging to different ontogenetic stages (Marshall, 1981;
Krasnov et al., 2004a, 2004b). Third, we expected abiotic factors
such temperature (Stewart and Evans, 1941; Lang, 1996) and
moisture (Ryckman, 1971; Lang, 1996) to be important determinants of on-host flea loads. Specifically, we predicted high flea
loads in conditions with intermediate temperatures and moisture. Cold winter/dry spring conditions can limit flea reproduction (e.g., fleas are only active at >10 °C (50°F’; Bibikova et al.,
1963)), but excessive summer heat (>26 °C, ~80°F) and relative
humidity (>80% RH) can limit flea survival (Krasnov, 2008;
Stenseth et al., 2008) and abundance (Stenseth et al., 2006).
Although fleas require sufficient moisture to avoid desiccation
without favoring mold or flea pathogens (Hirst, 1927; Sharif,
1949; Olson, 1969; Saxena, 1999), these effects are not always
straightforward for fleas residing on burrowing rodents; burrows
may buffer extreme weather (Ari et al., 2011) and fleas may even
prosper if hot/dry aboveground conditions compromise host condition (Eads et al., 2016; Eads and Hoogland, 2017). Finally,
because parasites are strong indicators of host fitness (Arnold
and Anja, 1993), flea loads might be lowest in pristine areas
where hosts are generally of heavier body mass and otherwise
in better physiological condition (Hammond et al., 2019b), and
therefore less susceptible to flea infestations (Eads et al., 2016).
Alternatively, flea loads might be highest on heavier squirrels
with more surface area for parasites (Waterman et al., 2014)
and at pristine areas if microhabitats more closely match the
evolved physiological adaptations of a flea species (Hudson
et al., 2006). Overall, we expected the combined effects of host
traits, seasonal factors, and site of capture to predict on-host flea
community stability, abundance and prevalence in the California
ground squirrel. We also investigated whether consistent differences in flea loads for individual California ground squirrel hosts
were repeatable over time.

et al., 2005; Meyers et al., 2005; Paull et al., 2012). Indeed, a growing literature is revealing key links between social connectivity and
parasitism within host populations, attributed to host heterogeneity in contact rates and/or infectiousness (Kilpatrick et al., 2006;
Matthews et al., 2006; Clay et al., 2009). Outside the context of
social networks, studies on host heterogeneity in parasite loads
focus largely on interspecific – rather than intraspecific – variation
in parasite preferences for one host species over another (Streicker
et al., 2013; García-Longoria et al., 2014; Hammond et al., 2019a).
However, relatively few studies explicitly quantify the extent to
which parasitism rates consistently differ over time for individual
hosts of the same species. Understanding effects of host heterogeneity is complementary to social network studies and crucial
for predicting impacts of hosts on disease transmission (Dwyer
et al., 1997). Repeated samples from long-term data sets offer
opportunities to examine such effects (Smith et al., 2017; Payne
et al., 2020).
Understanding intraspecific variation in host heterogeneity is
particularly relevant within the context of global flea-borne infections. The Order Siphonaptera (fleas) represents a major group of
parasites that is of critical global ecological and public health
importance. Of the approximately 2,600 species of fleas, about
90% parasitize mammals (Bourne et al., 2018). Mammalian hosts
experience periodic infestations that represent the emergence of
unfed immature fleas from the abiotic environment (Krasnov
et al., 2004a, 2004b; Bourne et al., 2018). In adulthood, fleas typically parasitize a single host; before dying, female fleas usually
drop off the living host and lay eggs in the environment (Bourne
et al., 2018). Although fleas may switch hosts if a disease such as
plague kills an initial host, this complex life cycle generally results
in indirect transmission among hosts (Hudson et al., 2006;
Krasnov, 2008; Bitam et al., 2010). As fleas drop off and new ones
recolonize, this may give rise to substantial fluctuations in an individual’s flea loads over time. However, if individual hosts vary consistently in key characteristics that affect rates of flea infestations,
host identity may emerge as a salient predictor of flea community
stability and of flea abundance and prevalence. To date, however,
the effect of consistent, intraspecific host heterogeneity (e.g., an
individual animal’s identity) – beyond the effects of host demographic characteristics (e.g., age and sex) and ecological conditions
(e.g., seasonal factors, habitat disturbance) – on flea abundance and
prevalence has rarely, if ever, been documented in any species, and
has not been examined in the classic California ground squirrel
(Otospermophilus beecheyi, Richardson 1989)-plague system.
Arguably one of the most severe re-emerging infections spread
by fleas to humans is plague, caused by the bacterium, Yersinia pestis; without treatment, it has a case-fatality ratio in humans of 30%
to 100% (Stenseth et al., 2008). In the western United States, the
flea Oropsylla montana (Baker) is the most important vector of sylvatic plague, particularly in the state of California (Clover et al.,
1989; Smith et al., 2010). Oropsylla montana, in combination with
a second flea, Hoplopsyllus anomalous (Baker), and their host, the
California ground squirrel, form the principal complex for amplifying epizootic plague in the western United States (Barnes, 1982;
Lang, 2004). This complex is also associated with tularemia, a febrile illness that induces sepsis and/or pulmonary infections in
humans (Evans and Holdenried, 1943; Roth et al., 2018). Understanding their flea distributions is of public health concern because
California ground squirrels regularly interact with humans in parks
and exurban communities (Bradley and Altizer, 2007). This is also
of considerable ecological importance in North American grasslands (Biggins and Kosoy, 2001; Eads and Biggins, 2015). These
native mammals are ecosystem engineers (Swaisgood et al.,
2019) and major prey items in California grasslands (reviewed by
Smith et al., 2016).

2. Materials and methods
2.1. Long-term study populations and field sites
From 2013 to 2019, we studied free-living California ground
squirrels at two distinct locations at Briones Regional Park in Contra Costa County, California, U.S.A. (Latitude: 37° 560 15.72300 North,
Longitude: 122° 80 19.873800 West, elevation: 319 m above mean
sea level (Ortiz et al., 2019)]. The study area consists primarily of
open oak savannah, interspersed with vegetated riparian corridors
subject to a relatively mild Mediterranean climate typified by hot,
dry summers and cool, rainy winters. The two sites (~9600 m2
each) differ in their microhabitat features (Ortiz et al., 2019) and
levels of disturbance by humans and dogs (Hammond et al.,
2020). Specifically, vegetation height and cover is more intact at
the pristine than at the disturbed site (Ortiz et al., 2019). Animals
at the disturbed site have higher glucocorticoid levels and poorer
body condition than animals at the relatively pristine site
(Hammond et al., 2019b).
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seasonal periods, ending on the last day of our ‘‘summer” trapping.
For convenience, we refer to these as ‘‘winter” (20 December of the
previous year to 19 March of the current year), spring (20 March to
19 May; prior to start of annual trapping) and ‘‘summer” (20 May
to 19 July; annual trapping period). We expected that sampling day
may also interact with these effects. For example, winter rainfall
may have increased effects earlier in the spring/summer while
the effects of the number of hot, humid days should be strongest
late in the summer. Sensors at Briones Regional Park (Station
ID = BNE) collected abiotic measures and these were downloaded
from the California Department of Water Resources’ website
(http://cdec.water.ca.gov/dynamicapp/wsSensorData).

2.2. Live trapping of free-living squirrels
We live-trapped and released California ground squirrels using
Tomahawk Live-Traps (Hazlehurst, Wisconsin, USA) baited with
black oil sunflower seeds and peanut butter (Ortiz et al., 2019).
Trapping was conducted during the late spring and early summer
months (May, June, and July), a time of year when juveniles and
adults are most active aboveground (Holekamp and Nunes, 1989;
Smith et al., 2018) and most human cases of plague emerge
(Smith et al., 2010). Traps were covered with cardboard for shade
and checked at intervals of <30 min. Upon first capture in the
study, we marked each subject with a Monel ear tag and a Passive
Integrated Transponder (PIT) tag (Biomark Inc., Idaho, Nebraska, U.
S.A.). Juveniles were weaned young of the year (60–365 days of
age) whereas adults were older than 365 days (Hanson and Coss,
1997). Marked individuals were assigned to age categories with
high accuracy (Smith et al., 2018). For each capture, we noted
the date, time, and site of capture. Using a cone-shaped handling
bag (Koprowski, 2002), we recorded each subject’s mass and sex.
To avoid transfer of fleas among subjects, a series of handling bags
was used. After each bag’s use, it was briskly shaken inside out and
carefully inspected for fleas prior to use on a subsequent subject.
All field methods were approved by the Animal Care and Use
Committee of Mills College, USA and consistent with the guidelines
of the American Society of Mammalogists for the use of wild mammals in research (Sikes, 2016). Research permits were obtained
from the California Department of Fish and Wildlife, USA and the
East Bay Regional Park District, USA.

2.5. Statistical analysis
We used R version 3.5.1 (R Development Core Team, 2019,
Vienna) for all statistical analyses. We applied a principal component analysis (PCA) to reduce the dimensionality of correlated abiotic measures in FactoMineR (Lê et al., 2008) and generated a small
number of uncorrelated variables (Table 1). The first principal component (PC1) correlates with cool, humid, and wet conditions in
the spring and summer months whereas the second principal component (PC2) reflects cold, humid and rainy conditions in the winter months. Because all seasonal measures loaded highly
(absolute value of 0.65) on the first two PCs and these first two
PCs together explained 75 % of the total variation (46% and 29%,
respectively), only these first two PCs were included as predictor
variables in our statistical models. We also implemented the package codyn (Hallett et al., 2016) to calculate annual measures of
community stability (Tilman, 1999).
We ran a total of six generalized mixed effect models (GLMMs).
First, we modeled the predictors of community stability by fitting a
GLMM with a Gaussian distribution in lme4 (Bates, D., Mächler, M.,
Bolker, B., Walker, S. 2014. Fitting linear mixed-effects models
using lme4. arXiv 1406:5823). Second, we fitted separate models
to explain each measure of abundance: (i) total (O. montana and
H. anomalous combined), (ii) O. montana alone, and (iii) H. anomalous alone, each with a negative binomial distribution in the package glmmTMB (Brooks et al., 2017). Shapiro tests (P < 0.0001) and
visual inspection indicated that the flea count data failed to conform to the normal distribution. To account for over-dispersion,
this model was implemented using the ‘‘nbinom2” family. Third,
to assess the factors predicting on-host prevalence, we fitted a single GLMM with a binomial distribution for each flea species in
lme4 (Bates et al., 2014) to examine its presence/absence on a
potential host for each capture event. We mean-rescaled data prior
to analysis to permit comparisons of effect sizes across variables.
For each model, we entered the fixed effects of host characteristics (age category (juvenile/adult) and sex (male/female)), shortterm environmental factors (study site (pristine/ disturbed), day of
year, hour of day), and seasonal climate measures (PC1, PC2) as
predictor variables. We also included the random effects of year
and host identity in each model to account for repeated measures
within our data set and to examine inter-individual differences
among hosts. Likelihood Ratio Tests (LRTs) were used to assess if
the random effect of identity improved each model’s fit and calculated unadjusted repeatability for each using the rptR package
(Stoffel et al., 2017). Repeatability, defined as the intraclass correlation coefficient, measures the proportion of total variance
explained by among (rather than within) individual differences.
Because we expected non-additive effects among seasonal conditions (PC1 versus PC2), day of study and study site (pristine versus disturbed) on fleas, we entered their two-way interactions into
each of the five models. Where appropriate, we added a squared
term for PCs to examine non-linear effects to test whether intermediate conditions are associated with high flea loads. The interac-

2.3. Flea collection and identification
Upon their first capture in each trapping period (once every
2 weeks), the same handler (J.E. Smith) held each subject in a handling bag while a second handler combed the animal from the nape
of the neck to the rump using a standardized combing technique
(Stevenson et al., 2005). Specifically, we combed each subject with
a flea comb five times to fully sample its dorsal side (few fleas
reside on the underside of squirrel hosts) over a white tub sprayed
with 90% ethanol. The handler inspected the anogenital regional
and hind limbs of each subject for ~45 s, collecting any additional
fleas detected on these areas. All fleas were then carefully transferred with forceps into a sterile 2 ml tube where they were fixed
in 90% ethanol. Tubes were placed on ice in a cooler and transferred within several hours to a 20 °C freezer for long-term storage at Mills College.
In the laboratory, we used published taxonomic references
(Hubbard, 1947; Stark, 1970; Furman and Catts, 1982) to identify
each flea to species. We then indexed flea abundance as the total
count of all fleas (including zeros; Bush et al., 1997) in three ways:
(i) regardless of species, (ii) O. montana only, and (iii) H. anomalous
only. These data were also used to assess the on-host prevalence
(presence/absence) of each flea species in a given sampling event,
and to calculate community stability for squirrels sampled for fleas
on multiple occasions within a year.
2.4. Environmental measures of seasonal conditions
Given the complex life cycles of fleas (Bourne et al., 2018), we
expected annual rather than daily environmental measures to
most strongly predict the distributions of fleas on rodent hosts
(Russell et al., 2018). Specifically, we predicted annual measures
of winter precipitation, number of days with temperatures below
50°F (10 °C), number of days with temperatures exceeding 78°F
(26 °C) and numbers of days with RH of at least 80% should most
strongly predict flea loads (Russell et al., 2018). Based on the literature and our trapping period, we collected weather data for three
3
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anomalous (N = 7,168 fleas). On average, we detected 13 ± 0.5
(median ± S.E.) fleas per first capture event of every 2 week sampling period (N = 803 squirrels). The median (±S.E.) on-host abundance of fleas was more than three times greater for O. montana
(10 ± 0.4 fleas; range = 0 to 212 fleas per capture) than for H.
anomalous (3 ± 0.1 fleas; range = 0 to 54 fleas per capture) and this
difference was statistically significant (Wilcoxon-signed rank test:
Z = 27226, P < 0.000001, N = 803 squirrels, Table 2).
Annual measures of flea community stability ranged from 0.67
to 44.54, averaging 2.72 ± 0.19 for the 414 unique squirrels sampled for fleas on multiple occasions within at least one season. Each
of these hosts were sampled on average over 2 ± 1 years (range: 1–
6 annual stability measures per individual). Community stability of
on-host fleas was significantly predicted by the interaction of host
age (0.002 ± 0.28, P = 0.99) and sex (0.08 ± 0.42, P = 0.85; Age *
Sex: 0.98 ± 0.47, P = 0.036). Notably, adult males had significantly
more stable flea communities than juvenile males (0.65 ± 0.31,
P = 0.034, Table 2), but community stability did not significantly
differ with age for females (0.18 ± 0.29, P = 0.52). We also detected
no sex differences in community stability for juveniles (0.0001 ± 0.
0001, P = 1.000) or adults (0.99 ± 0.65, P = 0.128) nor did stability
vary significantly by study site (0.44 ± 0.33, P = 0.18), weather
(PC1: 0.06 ± 0.06, P = 0.349; PC2: 0.08 ± 0.08, P = 0.346), or year
(Chi-square = 9.7, degrees of freedom (d.f.) = 1, P = 1.0000).

Table 1
Principal components (PC) analysis results for weather conditions at Briones Regional
Park in Contra Costa County, USA.
Coefficients

PC1

PC2

Cool Days (#) – Spring
Humid Days (#) – Spring
Mean Relative Humidity – Summer
Mean Relative Humidity – Spring
Total Precipitation (cm) – Summer
Humid Days (#) – Summer
Total Precipitation (cm) – Spring
Total Precipitation (cm) – Winter
Cool Days (#) – Winter
Humid Days (#) – Winter
Mean Temperature – Winter
Mean Relative Humidity – Winter
Mean Temperature – Spring
Hot Days (#) – Summer
Mean Temperature – Summer
Eigenvalues
S.D.
Proportion of Variance

0.98
0.83
0.78
0.75
0.75
0.73
0.65
0.55
0.29
0.14
0.11
0.04
0.81
0.83
0.87
6.85
2.62
0.46

0.11
0.46
0.52
0.60
0.24
0.64
0.20
0.65
0.71
0.69
0.81
0.76
0.17
0.41
0.42
4.37
2.09
0.29

Bolded coefficient names aligned most strongly with PC1 or PC2, respectively.

tion between age and sex category was also examined because we
predicted that adult females may respond differently than juveniles of either sex to levels of disturbance; females are most sensitive to levels of anthropogenic disturbance in our study area
(Hammond et al., 2019b). Because mass is highly correlated with
each age-sex category (Hammond et al., 2019b), the effects of mass
on abundance and prevalence were assessed separately for each
age and sex category. Finally, we also predicted that sampling
day and hour might have interactive effects on flea abundance
and prevalence. Statistically significant two-way interactions were
retained in the final models and report non-significant ones based
on their addition to each final model. No terms in our final models
were highly intercorrelated (R  0.25 for all terms).
Finally, we tested for relationships between the two flea species
to examine the potential for negative abundance correlations
between them; we expected that such patterns may be driven by
key ecological forces such as interspecific competition (Connell,
1983) and/or physiological constraints (Kearney and Porter,
2009). First, we used a non-parametric Wilcoxon-paired rank test
to compare the median abundance and prevalence, respectively,
for each flea species on each host. Based on our findings, we next
examined whether the common species (O. montana) imposed an
inhibitory effect on the rare one (H. anomalous), by entering O.
montana abundance for each capture event as a predictor variable
in the models explaining H. anomalous abundance. P < 0.05 was
considered statistically significant.

3.2. Determinants of overall abundance of on-host fleas
Host traits, in combination with environmental factors,
explained patterns of overall on-host flea abundance. In general,
adults (versus juveniles) and individuals at the pristine (versus disturbed) site had the most fleas, but age effects were most pronounced at the pristine site (Age * Site: P = 0.008, Table 3, Fig. 1;
see Supplementary Table S1 for details). Males also had significantly more fleas than females (P = 0.004, Table 3, Fig. 1) regardless
of age (Supplementary Table S1). Moreover, heavier squirrels had
more fleas than those of lower masses; this pattern was statistically significant for all age-sex categories (P  0.02) except for
adult males (P = 0.06, Supplementary Table S1). In general, overall
flea abundances increased over the course of the season (positive
day of year effect) and cooler, wetter winters (PC2) tended to be
associated with more fleas, but the effects of spring/summer conditions varied between sites such that multiple environmental factors explained total abundance. First, although the influence of
winter conditions on the number of fleas sampled generally
declined as each summer progressed (PC2 * Day: P < 0.00001,
Table 3), the effects of spring/summer conditions on total flea
abundance were consistent throughout each sampling summer
(Supplementary Table S1). Second, total flea abundance varied
between sites in response to winter (Site * PC2: P = 0.003; Site *
PC22: P < 0.00001, Table 3) and spring/summer conditions (Site *
PC1: P < 0.00001, Table 3). For hosts at the pristine site only,
cold/wet winters corresponded with a direct increase in total flea
abundance (PC2: 0.04 ± 0.02, t = 2.16, P = 0.03), and the magnitude
of these effects significantly declined as each summer progressed
(PC2 * Day: 0.003 ± 0.001, t = 3.96, P < 0.00001). However, intermediate winter conditions had negligible effects on total flea abundance at the pristine site (PC22: 0.01 ± 0.06, t = 0.12, P = 0.91).
Total flea abundance at the pristine site also tended to increase
with cool and moist spring/summer conditions (PC1: 0.11 ± 0.06,
t = 1.86, P = 0.06) and intermediate spring/summer conditions
(PC12: 0.05 ± 0.03, t = 1.75, P = 0.08), but these effects were
not statistically significant. In contrast, the direct and intermediate
effects of cool winter (PC2: 0.18 ± 0.17, t = 1.12, P = 0.27; PC22:
0.06 ± 0.07, t = 0.88, P = 0.38) and spring/summer (PC1: 0.02 ± 0.
08, t = 0.23, P = 0.82; PC12: 0.03 ± 0.03, t = 0.85, P = 0.39) conditions were less clear at the disturbed site. Third, total flea abun-

2.6. Data accessibility
Data for this article can be found online at MendeleyData
(https://data.mendeley.com/) (DOIs: https://doi.org//10.17632/s
v6f563gcp.1).
3. Results
3.1. Community composition and stability of on-host fleas
We detected 42,358 fleas on hosts for 2,687 out of 2,759 sampling events involving 803 unique California ground squirrels
across the 7 year study at two study sites; many individuals were
captured multiple times as juveniles and adults (Table 2). All collected fleas were identified as O. montana (N = 35,190 fleas) or H.
4

International Journal for Parasitology xxx (xxxx) xxx

J.E. Smith, I.B. Smith, C.L. Working et al.
Table 2
Mean ± S.E. flea abundance, prevalence, and community stability on hosts.

1
2

Age-sex category

Unique
individuals1
(hosts)

Captures
(trapping
events)

Total flea
abundance1
(mean ± S.E.)

Oropsylla
montana
abundance1
(mean ± S.E.)

Hoplopsyllus
anomalous
abundance1
(mean ± S.E.)

O. montana
prevalence1
(mean ± S.E.)

H. anomalous
prevalence1
(mean ± S.E.)

Community
stability2
(mean ± S.E.;
sample size)

Adult males

N = 203

N = 462

18.8 ± 0.9 fleas

0.98 ± 0.01

0.56 ± 0.02

N = 254

N = 1,013

0.1

0.97 ± 0.01

0.52 ± 0.02

Juvenile males

N = 287

N = 558

0.2

0.92 ± 0.01

0.66 ± 0.02

Juvenile females

N = 300

N = 726

2.6 ±
fleas
2.1 ±
fleas
3.4 ±
fleas
2.7 ±
fleas

0.2

Adult females

21.5 ± 1.0
fleas
19.0 ± 0.6
fleas
11.2 ± 0.5
fleas
9.7 ± 0.3 fleas

0.2

0.92 ± 0.01

0.64 ± 0.02

3.6 ± 0.7,
N = 81
2.7 ± 0.3,
N = 140
2.3 ± 0.2,
N = 130
2.2 ± 0.2,
N = 162

16.9 ± 0.5 fleas
7.8 ± 0.4 fleas
7.0 ± 0.3 fleas

Sampling unit is the number of unique hosts sampled for fleas at least once during the seven-year study.
Sampling unit is the number of unique hosts sampled for fleas on multiple occasions within at least one summer.

Table 3
Factors predicting flea abundance on California ground squirrels.
Overall flea abundance

Oropsylla montana abundance

Hoplopsyllus anomalous abundance

Fixed effects

Estimate ± S.E.

Fixed effects

Estimate ± S.E.

Fixed effects

Estimate ± S.E.

Age-category (adult)
Sex (male)
Hour of day
Day of year
Site (pristine)
Age * Site (adult)

0.70 ± 0.04c
0.11 ± 0.04b
0.05 ± 0.01c
0.003 ± 0.0008c
1.04 ± 0.11c
0.22 ± 0.08b

Age-category (adult)
Sex (male)
Hour of day
Day of year
Site (pristine)

0.81 ± 0.04c
0.11 ± 0.05b
0.06 ± 0.01c
0.002 ± 0.001a
0.85 ± 0.11c

Age-category (adult)
Sex (male)
Hour of day
Day of year
Day * Hour
Site (pristine)
Day * Site

0.32 ± 0.06c
0.08 ± 0.06
0.43 ± 0.16b
0.003 ± 0.01
0.01 ± 0.003c
0.86 ± 0.07c
0.01 ± 0.003c

Winter conditions (PC2: cool &
wet)
Winter conditions2

0.54 ± 0.17b

Winter conditions (PC2: cool &
wet)
Winter conditions2

0.20 ± 0.15
0.13 ± 0.06a

Winter conditions * Day
Winter conditions * Site
Winter conditions2 * Site

0.002 ± 0.0004c
0.14 ± 0.05b
0.08 ± 0.02c

Winter conditions * Site
Winter conditions2 * Site

0.17 ± 0.05b
0.09 ± 0.02c

Winter conditions (PC2: cool &
wet)
Winter conditions2

Spring/summer (PC1: cool & wet)
Spring/summer conditions2
Spring/summer conditions * Site

0.02 ± 0.08
0.03 ± 0.03
0.15 ± 0.02c

0.78 ± 0.10c
0.004 ± 0.0005c
0.07 ± 0.03b

Oropsylla montana abundance

0.01 ± 0.01c

Random effects
Identity
Year

X2
2795.2c
2923.2c

Spring/summer (PC1: cool & wet)
Spring/summer conditions2
Spring/summer conditions *
Site
Random effects
Identity
Year

Spring/Summer (PC1: cool & wet)
Spring/Summer conditions * Day
Spring/Summer conditions2

Random effects
Identity
Year

X2
5355.3c
5356.6c

0.06 ± 0.07

0.05 ± 0.06

0.01 ± 0.07
0.02 ± 0.03
0.19 ± 0.02c
X2
3259.1c
3351.9c

0.09 ± 0.05

For categorical fixed effects, the level of the variable being compared is shown in parentheses (e.g., for ‘‘Adult”, adults were compared to juveniles, and a positive estimate
indicates that adults had more fleas than juveniles). Statistically significant terms are in bold and superscript letters indicate p-values (a = P < 0.05, b = P < 0.01,
c = P < 0.00001).

O. montana was most abundant in summers after intermediate
winters (PC22: 0.04 ± 0.01, t = 3.38, P < 0.001) rather than in
summers after more extreme winter weather (PC2: 0.004 ± 0.0
3, t = 0.14, P = 0.89; Fig. 2A). Also at the pristine site, O. montana
was most abundant in years with the coolest and wettest spring/summer conditions (PC1: 0.03 ± 0.01, t = 2.64, P = 0.008) rather
than with intermediate spring/summer weather (PC12: 0.01 ± 0.
01, t = 1.44, P = 0.15). At the disturbed site, O. montana abundance
was greatest in years characterized by intermediate winter (PC22:
0.03 ± 0.01, t = 4.13, P < 0.0001) and spring/summer (PC12: 0.
009 ± 0.003, t = 2.63, P = 0.008) conditions rather than years with
extreme winter (PC2: 0.004 ± 0.02, t = 0.20, P = 0.85) or spring/summer (PC1: 0.004 ± 0.008, t = 0.51, P = 0.61) weather. The effects
of weather conditions on O. montana abundance were consistent
throughout each summer (Supplementary Table S2). Third, we
again detected significantly more O. montana on hosts trapped earliest each day, but it was most abundant early in the summer
(Table 3, Fig. 4A); these effects were additive (Supplementary
Table S2). Finally, its abundance also varied significantly among
years (Year: P < 0.00001, Table 3).

dance was significantly higher for more easily trapped squirrels
(e.g., hosts captured early in the day; Hour: P < 0.00001) as well
as on squirrels trapped late in the summer (Day: P < 0.00001,
Table 3); these effects were additive (Supplementary Table S1).
Finally, the random effect of year significantly explained flea abundance (Year: P < 0.00001, Table 3).
3.3. Determinants of on-host abundance for Oropsylla montana
Factors predicting on-host abundance for O. montana, the common flea species, largely mirrored those predicting overall flea
abundance. First, O. montana were significantly more abundant
on adults, on males, and on individuals residing at the pristine site,
but this time, all of these effects were additive and heavier squirrels of all age-sex categories had significantly more fleas (Tables
3, see Supplementary Table S2 for details). Second, as with total
flea abundance, the effects of winter (Site * PC2: P = 0.0007; Site
* PC22: P < 0.00001) and spring/summer (Site * PC1: P < 0.00001;
Site * PC12: 0.02 ± 0.01, P = 0.06) conditions on O. montana abundance varied between sites (Table 3, Fig. 2A-B). At the pristine site,
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Fig. 1. Mean on-host flea abundance for female (F) and male (M) California ground squirrels sampled multiple times while residing at the (A) disturbed or (B) pristine site at
Briones Regional Park in Contra Costa County, USA at two consecutive life history stages: as a juvenile (Juv) and as an adult (Ad). Although statistical models include all
individuals from the 7 year study, average values for the subset of individuals sampled across the lifespan (as both juveniles and adults) are plotted here because identity was
a strong predictor of on-host flea abundance (N = 1,322 captures of the week for 51 unique males and 99 unique females across the lifespan). The central line in each box and
whisker plot shows the median value while the bottom and top edges show the 25th and 75th percentiles, respectively. Whiskers extend up to 1.5 times the interquartile
range. Individual data points are overlaid.

Fig. 2. The effect of seasonal weather conditions on the mean abundance of (A-B) Oropsylla montana and (C-D) Hoplopsyllus anomalous sampled from California ground
squirrel hosts (N = 803 unique individual squirrels) at the pristine (grey points and lines; N = 551 captures) and disturbed (black points and lines; N = 2,208 captures) sites at
Briones Regional Park in Contra Costa County, USA. Principal components load positively with cool and wet conditions in winter (PC2) and spring/summer (PC1), respectively,
for this 7 year study. Points represent annual values for each principal component and gray shading indicates 95% confidence intervals for on-host abundance for each flea
species.

(Supplementary Table S3). Nonetheless, as with other measures
of abundance, residents at the pristine site had the highest numbers of H. anomalous (Site: P < 0.00001). We found no significant
interactions among these effects (Supplementary Table S3).
Hoplopsyllus anomalous abundance was positively predicted by
that of O. montana, the most common flea detected on squirrels
(P < 0.00001, Table 3). That is, individuals with many O. montana
also had relatively high numbers of H. anomalous (and vice versa).
Interestingly, however, H. anomalous abundance was favored by
seasonal conditions that differed from those favoring O. montana.
Moreover, these strong seasonal effects of winter and spring/summer persisted regardless of capture site (Supplementary Table S3).
Specifically, H. anomalous was most abundant in years with warm,
dry (PC2: P = 0.02) and intermediate (PC22: P < 0.0001) winter

3.4. Determinants of on-host abundance for Hoplopsyllus anomalous
As with other measures of abundance, the effects of age, sex,
mass, and site of residence again influenced the abundance of H.
anomalous. In some cases, however, the direction and magnitude
of these effects differed from those found for O. montana. For example, juveniles had significantly higher numbers of H. anomalous
than adults (Age: P < 0.00001, Table 3; see Supplementary
Table S3 for details). Moreover, although males generally had more
H. anomalous than females, this effect was not statistically significant (Sex: P = 0.21, Table 3). In addition, although heavier males
had significantly more H. anomalous than lighter squirrels for both
juveniles and males (P  0.01), mass had no detectable effect on H.
anomalous numbers for females belonging to either age category
6
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Overall, we uncovered strong, but complex, effects of host age
and sex on flea loads which may be explained by differences in
the quality, exposure or immunocompentence among hosts
belonging to various age-sex categories (Tinsely, 1989; Zuk and
McKean, 1996; Hawlena et al., 2005). Regarding host quality, the
‘‘well-fed host” hypothesis predicts parasites should prefer adult
rodent hosts, which, on average, are usually larger and, thus, represent a good nutritional resource; the ‘‘poorly fed hypothesis” predicts a parasite preference for juvenile hosts who are, on average,
more susceptible to infestations (Hawlena et al., 2005). Within
each age category, heavier squirrels were generally parasitized by
more fleas, particularly by the common flea species, O. montana.
Interestingly, however, O. montana were also most abundant on
adult squirrels, but H. anomalous was found most often on juveniles. Our findings suggest that the two flea species follow opposing strategies for infesting hosts. These may indeed be attributed to
host nutritional value and susceptibility, but alternative sources of
ontogenetic variation (e.g., host exposure, sociality) should also be
explored before reaching a definitive conclusion. It is worth noting
that our findings differ from those in an earlier study, also in Contra Costa county from May to July; both flea species were mainly
on juveniles and only an average of two fleas were detected on
the 15 adults sampled (Bursten et al., 1997). In contrast, a recent
study from April to January in Fresno and Madera counties
reported host preferences matching ours (Hubbart et al., 2011).
With respect to the sex differences, we found that males had
significantly more fleas than females across the lifespan. These
findings are consistent with widely documented patterns of parasitism across vertebrates, including those for multiple rodent species (Morand et al., 2004). Male hosts typically have higher species
richness and abundance of parasites than female hosts. Our study
partially aids in resolving mixed findings of no sex differences
(Bursten et al., 1997), sex differences only for adults (Holdenried
et al., 1951; Rutledge et al., 1979), or sex differences for across
the lifespan (Lang, 1996) on the California ground squirrel. Our
ability to detect sex differences for adults – in addition to juveniles
– is likely due to our large sample size (N = 2,759 samples, 803
individuals) and ability to detect large numbers of fleas (e.g.,
15.4 ± 0.3 fleas/host). However, even with a large sample size,
we detected no effect of host sex on the flea prevalence.
Future studies should investigate if our finding that males have
the most fleas is best explained by sex differences in parasite exposure and/or immunocompetence (Tinsely, 1989; Zuk and McKean,
1996). With respect to exposure, because females are more
strongly connected in their belowground networks (Smith et al.,
2018) and have larger home ranges (Boellstorff and Owings,
1995), one would expect females to indirectly spread and pick up
flea larvae more often than males. One possibility is that females
compensate for increased exposure via grooming (Bursten et al.,
2000). In terms of the immune system, our study occurred outside
of the breeding season, a period of time when adult females have
higher basal stress levels than males (Hammond et al., 2019b), suggesting that high flea loads on males is not attributed to sex differences in glucocorticoid levels. Despite their reduced glucocorticoid
levels, males generally maintain higher levels of circulating testosterone during the summer (Holekamp and Talamantes, 1991); this
may sufficiently compromise the male immune system to increase
susceptibility (Zuk and McKean, 1996; Moore and Wilson, 2002;
Morand et al., 2004). Going forward, an integrative approach could
disentangle the potentially interactive effects of endocrinology
(Folstad and Karter, 1992), movement ecology (Kraft and Stapp,
2013; Dougherty et al., 2018; Sih et al., 2018), sociality (Fenner
et al., 2011; Godfrey, 2013; White et al., 2017), and grooming
(Hart, 1994; Hawlena et al., 2007; Hillegass et al., 2008) on parasite
loads and their associated fitness correlates for California grounds
squirrels.

weather (Table 3, Fig. 2C). Hoplopsyllus anomalous was most abundant in years with intermediate spring/summer weather (PC12:
P = 0.005) but constrained by cool and moist spring/summer
weather (PC1: P < 0.00001, Table 3, Fig. 2D). Hoplopsyllus anomalous abundance increased as the summer progressed (Fig. 3B), particularly on the squirrels trapped early in the day at end of the
season (Day * Hour: P < 0.00001, Table 3). Finally, its abundance
varied among years (Year: P < 0.00001, Table 3).
3.5. Determinants of prevalence for each flea species on hosts
The two species of fleas varied in their overall prevalence as
well as in the factors contributing to their distribution. First, when
we assessed prevalence of each flea species at the level of each
squirrel sampled, the median prevalence of O. montana was significantly higher than that of H. anomalous (1.0 ± 0.01 vs. 0.7 ± 0.02
captures; range = 0–1; Wilcoxon-signed rank test: Z = 1701,
P < 0.000001, N = 803 squirrels, Table 2). Second, when we assessed
the multiple factors contributing to the presence/absence of each
flea species for each capture event, the results from the linear
mixed effects models largely mirrored those revealed for abundance (Supplementary Table S4). As in the abundance models, host
age, and to a lesser extent host sex and mass, as well as study site,
hour, day, year, and seasonal factors were strong predictors of
prevalence (Supplementary Table S4). These models again revealed
strong differences in host fidelity and temporal divergence
between the flea species. Oropsylla montana was significantly more
prevalent on adults and H. anomalous was significantly more
prevalent on juveniles (Supplementary Table S4). Oropsylla montana was consistently prevalent throughout each summer, but H.
anomalous prevalence increased across days (Fig. 4).
3.6. Repeatability of host identity on flea abundance, prevalence and
community stability
Beyond the effects of age, sex, site and seasonal conditions, the
random effect of host identity significantly predicted on-host community stability (Chi-square = 124.8, d.f. = 1, P < 0.00001) as well as
abundance for: (i) total fleas (Fig. 5), (ii) O. montana, and (iii) H.
anomalous (Tables 3, P < 0.00001 for all three measures). Moreover,
repeatability estimates for community stability were particularly
high at 0.74 (ranging from 0.7 to 0.8, Table 4). Those for flea abundance ranged from 0.2 to 0.3. The 95% posterior credible intervals
for community stability and all three measures of flea abundance
did not overlap with zero, thereby indicating their statistical significance (Table 4). With regards to flea prevalence, the effects of host
identity were strongest for O. montana (Supplementary Table S4).
Repeatability measures were statistically significant for both O.
montana (0.11) and H. anomalus (0.07) prevalence (Supplementary
Table S5).
4. Discussion
Fleas were ubiquitous on California ground squirrels at our
study sites, with 97% of observations over 7 years carrying at least
one flea; our sampling regime may have even resulted in occasional false negatives (e.g., Eads et al., 2015, 2013). All squirrels
in our study likely harbored fleas. Given that these fleas can carry
zoonotic diseases, this very high prevalence is of great interest. In
particular, O. montana were found in almost every observation,
averaging 95% of captures for each individual sampled. Hoplopsyllus anomalous was also common but not as ubiquitous (59%). Flea
abundances were strongly associated with host traits (age, sex,
mass), environmental drivers, and host individual identity. Below,
we discuss the implications of each of these patterns.
7
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Fig. 3. Mean abundance of (A) Oropsylla montana and (B) Hoplopsyllus anomalous on California ground squirrels as a function of sampling day across the 7 year study
(N = 2,759 captures of 803 unique individual squirrels). These continuous data were entered directly into our statistical models. For visual representation only, data are
represented graphically based on monthly means for individuals sampled in the months of May (N = 270 individuals on 605 occasions), June (N = 581 individuals on 1,125
occasions), and July (N = 519 individuals on 1,029 occasions). For each box and whisker plot, the central line shows the median value while the bottom and top edges of the
box show the 25th and 75th percentiles, respectively. Whiskers extend up to 1.5 times the interquartile range. Individual data points are overlaid.

ment at the disturbed site might reduce flea abundance, perhaps
by disturbing microhabitats; consistent conditions within nests
and burrows importantly promote parasite abundance on birds
(Cantarero et al., 2013) and mammals (Krasnov, 2008; Hubbart
et al., 2011). Thus, mowing and other disturbances may offer a useful management tool for reducing flea numbers in areas subject to
human foot traffic. Second, it is highly unlikely that squirrels
picked up fleas from dogs visiting the disturbed site. Dogs in California usually only harbor cat fleas (Ctenocephalides felis felis (Rust
and Dryden, 1997)). Third, these differences also fail to correspond
with site level differences in glucocorticoids. Squirrels at the disturbed site had fewer fleas despite having higher baseline ‘‘stress”
levels. Although our current study lacks replication (disturbed versus pristine sites), our long-term data offer important baseline
information for understanding the effects of seasonal variation
and habitat modification in a plague-relevant system. We contribute to a growing understanding of the effects of human land
use patterns on fleas (Durden et al., 2004; Hubbart et al., 2011)
and, more broadly, environmental change on the risk of zoonotic
transmission (Patz et al., 2000). These findings are of particular
importance in the face of climate change as unpredictable periods
of rain and prolonged droughts become more common (Patz et al.,
2000; Greer et al., 2008; Cizauskas et al., 2017). Our results suggest
that dry conditions suppress the more abundant flea species (and
flea numbers overall) and therefore reduce host exposure. However, because stress associated with droughts can increase host
susceptibility to fleas (e.g., Eads et al., 2016), we expect the effects
of drought on parasite loads to be complex. Future efforts to predict flea incidence and mitigate associated plague risk should consider the interplay between seasonal conditions and human land
use practices.
Overall, our study reveals significant effects of individuality
among free-living hosts on flea community stability and numbers,
contributing to the small but growing literature quantifying consistent individual differences in ectoparasite loads for birds
(Boulinier et al., 1997), reptiles (Payne et al., 2020), primates
(Zohdy et al., 2017), and rodents (Boyer et al., 2010; Bohn et al.,

Theory predicts that: (i) features of the abiotic environment
(e.g. moisture, seasonality, darkness, environmental stability;
Ryba et al., 1986; Wimsatt and Biggins, 2009) should generally
limit parasite numbers and (ii) when two parasite species specialize on the same host species, each parasite should partition themselves temporally to avoid interspecific competition (Lindsay and
Galloway, 1997). Indeed, we detected strong but opposing effects
of seasonal conditions on the incidence of each flea species on
hosts. Although seasonal factors and site differences had major
influences on overall flea abundance, they had opposing effects
on each flea species. Whereas O. montana was more prevalent in
cold, wet and humid conditions, the opposite pattern occurred
for H. anomalous. Specifically, total flea abundance (and that of O.
montana alone) was greatest in summers following winters with
intermediate weather, particularly at the pristine site. In contrast,
H. anomalous did best at both sites in summers following extremely dry winters and in years with intermediate spring and summer conditions. Our findings extend work suggesting that H.
anomalous is more tolerant to warm and dry conditions than O.
montana (Stewart and Evans, 1941; Lang, 1996; Hubbart et al.,
2011). Despite this evidence of niche partitioning, the two species
were positively associated in their abundances. That is, some hosts
simultaneously had high numbers of both flea species while other
hosts had relatively few fleas of either species. Taken together,
these patterns suggest that differences in the physiological tolerances, rather than competitive ability, most strongly shape distributions of each flea species on California ground squirrels.
The seasonal effects on parasite loads also varied between sites,
suggesting that human modification of landscapes can affect the
relative abundance of even some of the smallest and seemingly
most resilient members of ecological communities – rodents and
fleas. Although their physical resilience and potential for rapid
population growth makes fleas particularly robust to environmental challenges (Bourne et al., 2018), our finding that hosts had consistently more fleas at the pristine (versus disturbed) site offers
several insights about the negative effects of anthropogenic disturbances on fleas. First, our data suggest that vegetative manage8
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Fig. 5. Mean ± S.E. on-host flea abundance for California ground squirrels captured.
For visual purposes only, we plot the subset of individuals captured on at least five
occasions. On average, these 125 individuals were sampled on the first capture of
the week on 11 ± 0.5 occasions (range: 6 to 33 samples per individual) over a
3.0 ± 0.1 year-period (range: 1 to 6 years). Individuals are ranked from those with
the highest to the lowest mean number of on-host fleas across the 7 year study
(N = 88 females; 39 males). These data reflect the statistically significant and
repeatable effects of individual identity on flea burdens in all of the statistical
models even after controlling for the effects of age, sex, site membership, and
seasonal conditions.
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Table 4
Repeatability estimates of host identity on flea abundance and community stability.
Mean repeatability estimates for community stability from 671 annual measures on
414 individuals and abundance measures on 803 individuals (sampled over a total of
2,759 captures). The 95% credible intervals are given in parentheses and significant
terms whose 95% credible intervals did not overlap zero are in bold.
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Fig. 4. Mean prevalence of (A) Oropsylla montana and (B) Hoplopsyllus anomalous
detected on California ground squirrels as a function of sampling day across the
7 year study (N = 2,759 captures of 803 unique individual squirrels). The smoothed
line reflects the mean value for each sampling day of the year and gray shading
indicates 95% confidence intervals for the prevalence of each species of fleas
detected on potential squirrel hosts.

Community stability
Total on-host abundance
Oropsylla montana abundance
Hoplopsyllus anomalous
abundance

Repeatability (95% credible
interval)

P-value

0.74
0.24
0.20
0.26

<0.0001
<0.0001
<0.0001
<0.0001

(0.68,
(0.19,
(0.15,
(0.19,

0.79)
0.28)
0.24)
0.31)

community stability was highly repeatable across years – is particularly striking in this system. Repeatable flea loads over time may
be attributed to particular individuals occupying burrow systems
with more favorable conditions for fleas than other burrow systems (Krasnov et al., 2004a, 2004b). Alternatively, these consistent
individual differences in parasitism could be attributed to behavioral type (e.g., shy versus bold individuals; Sih et al., 2018), pace
of life syndromes (e.g., low versus high investment in immunity;
Réale et al., 2010), and social network connectivity (Fenner et al.,
2011; Godfrey, 2013; White et al., 2017). These factors could be
particularly relevant in this study species; individuals vary consistently in boldness (Holding et al., 2020), physiology (Hammond
et al., 2019b), and social connectedness (Smith et al., 2018).
Flea load repeatability on hosts has important implications for
epidemiology. First, behavioral factors such as exploration and
boldness may explain inter-individual differences in parasite mea-

2017). Interestingly, studies on free-living rock-dwelling gerbils,
Cairo spiny mice, and Gunnison’s prairie dogs (Krasnov et al.,
2006a; Eads et al., 2016) failed to find evidence for this potential
phenomenon. Thus, more studies are required to understand the
extent to which our findings are generalizable across rodent hosts
and to uncover the biological drivers of repeatable flea loads in
host populations for which this pattern exists. Nonetheless, the
maintenance of consistent individual differences is particularly
interesting when it occurs over long enough periods for the parasites to turnover repeatedly. Our sampling found repeatability in
flea loads even across years (i.e., across many flea generations)
despite the high potential for individuals to vary in flea loads over
time and we regularly removed all fleas (without replacement) as
part of our sampling regime. Notably, since we removed fleas at
each sample point, the fact that some individuals picked up
numerous fleas over and over across their lifespan – and that flea
9
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sures. For example, tree squirrels show a positive association
between trappability and gastrointestinal parasites (Santicchia
et al., 2019). Because ground squirrels caught early in the day
(e.g., most trappable individuals) had the most fleas, a similar pattern might occur in California ground squirrels. Such individual differences may mask effects when researchers only sample a small
number of hosts (i.e., short-term sampling may only reflect flea
loads of the most easily trapped individuals). Second, repeated
measures on known individuals also permitted us to study parasite
loads on specific individual hosts across time and environmental
conditions. Not only are these approaches more ethical for animal
welfare and protective of these native ecosystem engineers, they
also permitted inferences unavailable from destructive sampling
(i.e., sacrificing hosts or destroying burrows). Finally, the finding
that host identity consistently predicted all parasite measures here
also has practical management implications for interventions
aimed at targeting specific individuals to mitigate disease. More
generally, it underscores the need to integrate the explicit effects
of host identity into theoretical models aimed at explaining parasite (and disease) dynamics/transmission.
In conclusion, our findings elucidate the multiple factors contributing to community stability, abundance, and prevalence for
two flea species that together make up the plague nexus for California ground squirrels. First, applying a trait-based approach
(Johnson et al., 2015) revealed the importance of age and sex on
the incidence of periodic parasites on a mammalian host. Second,
we uncovered divergent niches between the two flea species and
their dynamic responses to multiple abiotic factors. Third, despite
this variation, we revealed strong evidence for consistent individual differences in flea loads. Our research supports the notion that
some hosts may impose a disproportionately large effect on parasite persistence (Modlmeier et al., 2014). Whereas community
level studies have made extensive progress identifying variation
in parasite loads among different host species (Russell et al.,
2018), we are unaware of previous studies that reveal the role of
intraspecific host identity in predicting flea loads across time. More
broadly, our findings contribute novel insights to the literature by
documenting – to our knowledge for the first time – consistent
host heterogeneity within a major complex for amplifying epizootic plague on the west coast of the United States, and emphasize the need to incorporate such effects in studies of
parasitology going forward.

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijpara.2020.12.001.
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