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Abstract

The broad distribution of macroparasites and their thriving populations are

matters of health and economic concern. Macroparasites cause damage both

directly through their feeding habits, which impact host fitness, and indirectly

through the transmission of various infectious diseases of relevance to human

and domestic animal health and wildlife conservation. Because the impacts of

macroparasites on host health and the risk of disease transmission are directly

related to their abundance, understanding the drivers of macroparasite burden

is of relevance. Various host traits and environmental factors have been associ-

ated with differences in macroparasite abundance. In addition to these vari-

ables, spatial scale is increasingly incorporated to understand how these

drivers vary across space. However, variation in the relative importance of host

traits and environmental factors as predictors of abundance at different scales

is not well understood. To further clarify the relationship between scale and

drivers of macroparasite abundance, we investigated the effects of host traits

and environmental factors on flea abundance in rodents of the Chihuahuan

Desert in northwestern Mexico on three levels: within a single site, between

sampling sites with different vegetation types, and across the region. This par-

titioning allowed us to compare drivers at both local and regional scales. Fleas

provide a natural model to assess the interplay between host and environmen-

tal variables across scales because their life cycles alternate between on-host

and off-host environments and their hosts have varying ranges of distribution.

We sampled 1311 fleas from 674 rodent individuals of 14 different species

across 40 sampling plots between 2012 and 2013. Using generalized linear

mixed models, we found that flea abundance was associated with different

combinations of host traits such as size and sex. The specific combination of

predictive variables differed across species, while the effects on flea abundance

showed context and scale dependency, although this could only be tested at

the full level of analysis on the most abundant species, Dipodomys merriami.
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Sampling season was the only variable consistently significant across scales,

reflecting the far-reaching effects of large-scale, interannual environmental

fluctuations. These results emphasize that integrating spatial scale can

strengthen study design for monitoring macroparasite burden.
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INTRODUCTION

Macroparasites can reduce host fitness directly through
their feeding habits and indirectly through the transmis-
sion of various infectious diseases of relevance to human
and domestic animal’ health and wildlife conservation
(Wall & Shearer, 1997). The negative impact of macro-
parasites on their hosts is related to their abundance:
Higher burdens result in more consumption of host
resources and increased risk of disease transmission in
the case of vector macroparasites (Bethony et al., 2006;
Eisen & Gage, 2012). Therefore, understanding the
drivers behind macroparasite abundance has important
epidemiological implications.

Various environmental factors and host traits have
been extensively studied as drivers of macroparasite
abundance in vertebrates, with a few patterns reported
across different systems. For example, temperature and
humidity can modify macroparasite development and
mortality (Wilson et al., 2002). Host sex influences
macroparasite abundance through differences in host
behavior, size, and immune-modulating effects of sex
hormones (Zuk & McKean, 1996), with males typically
being more parasitized than females (Skorping &
Jensen, 2004). However, even widely observed patterns
are not universal and many studies report variation in
the role of host traits and environmental variables
between different host–parasite systems and even within
the same systems depending on location (Kiffner
et al., 2013, 2014). Furthermore, other studies have found
that the effects and relative importance of host traits and
environmental variables on macroparasite abundance
might be inconsistent across space (Cardon et al., 2011;
Young & Maccoll, 2016). Thus, while extensive research
has assessed the role of host traits and environmental
variables on macroparasite abundance, less is understood
about how the effect and relative importance of these
drivers change when considered across spatial scales.

Studies performed at a local scale capture small-scale
variability in the host’s biotic and abiotic environment.
However, hosts are subjected to spatiotemporal variation
in environmental conditions across their distribution
range (Penczykowski et al., 2016). This variation may

influence macroparasite abundance directly through
differences in environmental conditions such as soil
humidity or temperature across sites (Krasnov et al., 2001,
2002a) or indirectly through effects on resource availability
or host behavior (Khokhlova, 2004; Ostfeld et al., 2006).
Furthermore, spatiotemporal variation in individual-level
(sex, age, size, and reproductive status) and population-
level (density, age distribution, and sex ratio) host traits
will also differ across the host’s landscape. Thus, drivers of
macroparasite abundance show dependence on the host’s
spatiotemporal context.

Incorporating spatial scale into the analysis of drivers
of macroparasite abundance can help clarify their effects
across scales and assess their relative importance across
levels of ecological organization. For example, Young
et al. (2015) found that environmental variables and host
traits driving flea abundance in small mammals of the
East African savanna had a higher predictive power
across species but were not significant at the individual
level. Linardi and Krasnov (2013) found that at lower
hierarchical levels (between individuals), flea and mite
abundance was affected by host and parasite traits and
environmental factors (although effects differed between
flea and mites), whereas at the higher levels (communi-
ties across a landscape), host traits and environmental
variables drove variation in ectoparasite abundance.

In this study, we assess whether host traits and envi-
ronmental variables have the same relative importance
and effect on macroparasite abundance across spatial
scales. We use fleas in rodent communities in a natural
reserve within the Chihuahuan Desert in northwestern
Mexico as a study system. Fleas (order Siphonaptera) pro-
vide a natural model to assess the interplay between host
and environmental factors at different scales, as their life
cycle alternates between on-host and off-host environ-
ment, requiring them to cope with the host’s immune
and behavioral responses, as well as with varying degrees
of environmental exposure (dependent on the host’s
burrowing/nesting habits and range) (Krasnov, 2008).
The broad distribution of some rodent species of the
Chihuahuan Desert will allow us to assess how variation
in host traits and environmental characteristics contrib-
utes to flea abundance at a local and a regional scale,
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across different levels of host traits: individuals within a
single site, between sites, and across host species within a
region. Furthermore, by comparing flea abundance in
sympatric rodents with a range of burrowing habits (fos-
sorial, semi-fossorial, or shallow), we can explore the role
of variation in microclimate conditions on flea abun-
dance within and between host species. These results will
enhance our understanding of host and environmental
effects on flea abundance across spatial scales and high-
light the importance of incorporating spatial context to
accurately assess the effects of drivers of macroparasite
abundance.

METHODS

Study region

The study was conducted in northwestern Chihuahua,
Mexico, in the Janos Biosphere Reserve (JBR), a nature
reserve located in the Chihuahuan Desert. The reserve
covers an extent of 5264.9 km2, with mosaics of grassland
and shrubland vegetation interspersed with patches of agri-
cultural land and human settlements (CONANP, 2013).
The dominant climate in this region is temperate and semi-
arid, with an annual average of 381 mm of rain, 77% of
which falls between April and August (CONANP, 2013).
Temperature varies seasonally, with annual fluctuations of
over 14�C.

Rodent sampling

We sampled nocturnal rodents between 2012 and 2013
over three sampling sessions (May and October 2012, and
May 2013), using Sherman traps (H.B. Sherman
8 � 8 � 23 cm, Tallahassee, FL) at four sampling areas
(either MV, RO, EC, or PV; see Figure 1). At each
sampling area, ten 7 � 7 grids with a 10-m spacing
between traps were set. Sampling plots were located
approximately 700–900 m apart from each other. Rodent
movement between grids (assessed by the presence of
individual rodents in multiple grids within a sampling
area) was monitored to ensure sampling plot indepen-
dence. Traps were baited with a mixture of oats and
vanilla extract and set for three consecutive nights at
each trapping grid, yielding 147 trap nights per site. After
use, each trap was cleaned with hospital-grade detergent.

Captured rodents were identified to species level
using taxonomic keys (Anderson, 1972; Reid, 2006). Body
mass, length, and sex of host were recorded. Reproduc-
tive status was established upon observation of descended
testes for males and perforated vagina or pregnancy

(determined by abdominal palpation) or lactation signs
for females (Gurnell & Flowerdew, 2006). Sampled
rodents were ear-tagged to avoid resampling. Most ani-
mals were released at the point of capture, although some
were euthanized for morphological voucher specimens to
verify identification. Procedures for trapping and han-
dling were approved by the Animal Care Committee of
the National Autonomous University of Mexico (UNAM)
and by the Secretariat of Environment and Natural
Resources (license number FAUT-0250) and followed the
standards set by the American Society of Mammologists
(Sikes & Gannon, 2011).

Flea sampling

Each captured rodent was placed in a plastic chamber
with a cotton ball dosed with isoflurane. This method
anesthetizes both the host and its fleas, which dislodge
from their hosts (Himsworth et al., 2020). Animals in the
chamber were monitored to remove the lid and the cot-
ton ball as soon as motor activity nearly ceased, in order
to reduce the risk of death following anesthesia. Each
anesthetized animal was held stretched and thoroughly
combed within the chamber for 2 min with a standard-
ized number of passes to collect fleas that had not fallen

F I GURE 1 Map of the study sites within the Janos Biosphere

Reserve (red polygon outlines the study region) in the Chihuahuan

Desert. Sampling was conducted across a 1000-km2 area,

considering a total of 40 sampling locations distributed across four

sampling areas, to represent the local and regional ranges of

ecological conditions of the study region. Sampling areas

correspond as follows: Monte Verde (MV), Rancho Ojitos (RO),

Pancho Villa (PV), and El Cuervo (EC)
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off during anesthesia. Fleas were collected from the con-
tainer by hand and stored separately in microtubes con-
taining 70% ethanol and kept at �80�C until identification.
The plastic chamber was cleaned with water and detergent
after each use. Fleas were identified to species level using a
dissecting scope (SZx12 Olympus, Melville, NY) and taxo-
nomic keys (Acosta & Morrone, 2003; Hubbard, 1974).
Given the purposes of the research, all analyses were con-
ducted using total flea burden.

Environmental characteristics and
sampling season

Microclimate conditions in different vegetation types,
even within the same region, can lead to differences in
soil humidity and air temperature, parameters that have
been shown to affect flea development and mortality
(Krasnov et al., 2001, 2002a, 2002b). To explore the
potential role of differences in microclimate on flea abun-
dance, we recorded vegetation type at each sampling plot
as either grassland or shrubland (considering the classifi-
cation of previous analyses at the same sampling plots as
part of ongoing research in the study area [see Rubio
et al., 2015 for details]). Sampling session and year were
combined as a categorical variable with three levels,
corresponding to spring (May 2012 or May 2013) or
autumn (October 2012) fieldwork sessions, to account for
temporal variation between sampling sessions.

Statistical analysis

We examined three levels of analysis: across individuals
within a single site, between sites, and across species within
the region (see Figure 1 for a map of the study region and
see Appendix S1: Figure S1 for a visual representation of
the analysis at each scale). Flea abundance was considered
as the total number of individual fleas per host, expressed
as either the absolute number of fleas or the mean number
at the corresponding level (site or species). We considered
the number of fleas per individual to represent the success
of the fleas on the host once established (rationale discussed
in Appendix S1). Although we report flea abundance for all
host species (Appendix S1: Tables S1 and S2), statistical ana-
lyses were only conducted for host species where sample
size n > 30, with at least three individuals in each of the
levels of the factor variables. In addition to the previous
criteria, only species that were present in at least half of the
sampling locations in each sampling area were considered
for analysis between sites.

All analyses described in the following sections were
conducted using R v. 4.0.0 (R Core Team, 2020). Mixed

models were implemented with the package glmmTMB
(Brooks et al., 2017). All statistical analyses were
restricted to nonpregnant adults to avoid confounding
effects of weight gain and loss associated with pregnancy
and growth (Appendix S1: Table S3). Separate models
were run for each species at the local and between-site
levels. Fixed effects for each level are described in Appen-
dix S1: Table S4. Collinearity between explanatory vari-
ables in the final models was assessed using a variance
inflation factor test (VIF < 2). Continuous fixed effects
were mean-centered prior to analysis. The intraclass cor-
relation coefficient (ICC) was calculated as an indicator
of variation in flea abundance due to differences within
and between sampling plots, as a proxy to assess the role
of unspecified environmental variation associated with
local conditions of the sampling plots, either within a sin-
gle site or across the host’s landscape.

We used Nakagawa’s and collaborators’ R2 as an esti-
mator of the proportion of variance accounted for by the
final models (Nakagawa et al., 2017), implemented in the
package “MuMIn” (Barton, 2013). This metric distin-
guishes between variance due to fixed effects (R2

marginal)
and variance conditional both on fixed and on random
effects (R2

conditional). To estimate the relative importance
of the different variables on flea parasitism across scales,
we used Akaike’s information criterion weights (AICw),
considering only the subset of models with ΔAICc <2 for
model averaging and standardized predictor variables
(Schielzeth, 2010). Model averaging to obtain the relative
importance of predictors was performed using the
MuMIn package. Note that model inference is not based
on averaged coefficients but rather on a single competi-
tive model (as determined by model selection)
(Cade, 2015). The full set of models for each level of anal-
ysis is presented in Appendix S1: Tables S5–S7.

Across individuals within a locality

The number of fleas per host was modeled with either a
negative binomial or a Poisson error structure (Appendix
S1: Table S6). Only sampling locations from a single area
(RO in Figure 1) with the same habitat type across sam-
pling plots (shrubland) were considered for analysis at this
level. Fixed effects included sex, reproductive status, body
size, weight, and sampling season, with sampling plot as a
random effect. Previous to statistical modeling, we assessed
the correlation between morphometric variables (weight
and body length) (Appendix S1: Figure S2). Model compar-
ison was performed by backward stepwise elimination of
nonsignificant terms (p < 0.05) from a maximal model that
considered all terms and plausible biological interactions
(Appendix S1: Table S5). The significance of the variables
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and their interactions was evaluated using likelihood ratio
tests (LRTs). Further support for variables in the final
model was provided by inspecting their relative importance
according to model averaging results (Appendix S1),
although model coefficients in result tables are presented
for a single competitive model (lowest AIC value). Model
diagnostics and checks for overdispersion and zero inflation
were conducted using the package DHARMa (Hartig, 2016)
to ensure final models did not violate any assumptions
(Zuur et al., 2010).

Across sites

The response variable at this level of analysis was the
mean abundance of fleas per sampling location. Fixed
effects included habitat type at location (either shrubland
or grassland) and the morphometric variables explored at
the previous level, scaled appropriately. Note that data
from the two sampling sessions in 2012 were pooled after
checking for differences in mean abundance of fleas (see
Appendix S1 for details), so the categorical variable sam-
pling season variable has two levels. Finally, terms to rep-
resent conspecific host abundance or abundance of
demographic subgroups (males, females, and reproduc-
tive or nonreproductive individuals) were also included.
While host abundance has been associated with effects of
macroparasite abundance on a theoretical and empirical
level in some systems (Anderson & May, 1978; Stanko
et al., 2002), we wanted to assess the role of specific sub-
groups on flea abundance, as demographic structure
might be key to identifying drivers of abundance within a
population (see, e.g., Perkins et al., 2003). Separate sets of
models were run for each demographic subgroup. Addi-
tional methods, results, and further description of the
rationale for analysis at this level are included in Appen-
dix S1. We included sampling location as a random effect
to assess the contribution of within-location and
between-location variation. Model comparison for each
set was conducted as described in the previous section. It
is important to mention that although we only consid-
ered first capture individuals for our analysis, we moni-
tored recaptures to assess the movement of individuals
between sampling plots.

Across host species within region

To assess drivers of flea abundance across species within
the region, we used average flea abundance as a response
variable. This response variable was modeled with a
Gaussian distribution and identity link function. Fixed
effects included sampling season, body size, and mass,

while sampling area was considered a random factor. Only
results for the best-fit model are shown. Additionally, we
assessed the role of host identity on flea abundance to eval-
uate whether certain host species were associated with
higher flea abundance. For these models, we used total flea
counts on individuals as a response variable, modeled with
negative binomial distribution. Only species with at least
n > 30 individuals were considered for analysis at this level.
Fixed effects were included to control for variation associ-
ated with sampling season, vegetation type, and sex-related
biases. Morphometric variables were excluded due to high
collinearity (VIF > 2) with host identity. Additionally, sam-
pling area and location were considered random effects to
assess the proportion of variance explained by spatial differ-
ences within and between sampling sites within areas.

RESULTS

Fieldwork

We captured and sampled a total of 674 rodents belong-
ing to 14 species across three families (Cricetidae,
Heteromyidae, and Sciuridae) (Appendix S1: Table S1). A
total of 1311 fleas were collected from sampled rodents
(spring 2012: 98 fleas; autumn 2012: 400 fleas; and spring
2013: 813 fleas). Summary information and details of the
fleas found are presented in Appendix S1: Table S2. Three
host species, Dipodomys merriami, D. spectabilis, and
Onychomys arenicola, represented 66% of total individ-
uals sampled, 80% of individuals with at least one flea,
and between 37% and 92% of total individuals per sam-
pling locations. We did not trap any same rodents on dif-
ferent sampling grids throughout our fieldwork,
indicating that the separation between our sampling plots
was an adequate representation of the maximum move-
ment distance of the sampled species.

Across individuals within a locality

Three species met the criteria for analysis at this level:
D. merriami, D. spectabilis, and O. arenicola. The negative
binomial distribution offered the best fit for D. merriami
and D. spectabilis flea abundance data, while O. arenicola
was best modeled by a Poisson distribution (Appendix S1:
Table S6). Sampling season was the only significant and
important variable across the three species, with the
strongest effects observed during the sampling season
corresponding to May 2013 in two of the three species
analyzed (Table 1). Different effects of host traits on flea
abundance were observed in D. merriami and O. are-
nicola; in the latter, flea abundance was higher in
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individuals of smaller body size (�0.02 [�0.04, �0.001
log units]). An interaction between sex and size was
detected in D. merriami, with larger-than-average
females presenting higher flea abundance than their
male counterparts (Figure 2). This interaction was signifi-
cant, as assessed by a LRT (χ 2 = 7.75, df = 1, p = 0.005),
with a relative importance greater than 0.5 (Table 1). How-
ever, the effect size on the response variable was small
(0.03 [0.01, 0.05] log units). Interestingly, while the ICC
value for D. merriami and O. arenicola was low (<0.001),
indicating larger within-grid variance than between-grid
variance, ICC for D. spectabilis had a value of 0.57, rep-
resenting a moderate correlation between observations in
the same grid. The relevance of the random effects in
D. spectabilis is further supported by the total variance
explained by the models, where R2

c accounted for 46%
of the variation in flea abundance, in contrast to the
proportion accounted for by R2

m (27%). The marginal
variance explained by the models for D. merriami (36%) or
O. arenicola (65%) did not change for R2

c.

Across sites

Analysis at this level was only conducted for one species,
D. merriami, as it met the selection criteria outlined in
the Methods section. Mean flea abundance in this species
across sites was negatively associated with male abun-
dance, while the third sampling season had a markedly

positive effect (Table 2). An interaction between vegeta-
tion and body size, where shrubland sites with larger-
than-average individuals were associated with a higher
mean flea abundance (compared to grassland sites with
larger-than-average individuals), was significant (LRT:
χ 2 = 11.89, df = 1, p = 0.001). All fixed effects had high
relative importance. The among-grid variance was larger
than within-grid variance (Table 2). Fixed effects,
according to the best-fit model, accounted for 79% of vari-
ation in the response variable, which increased when
considering the conditional R2 (86%).

Across host species within region

Sampling season was identified as the single most signifi-
cant and important variable associated with variation in
mean flea abundance across species. Specifically, the last
sampling season increased mean flea abundance across
species by 2.79 (1.01, 4.58) (Table 3). Sampling season
accounted for 19% of variation in mean flea abundance at
this level of analysis, a moderate result that did not
increase when considering the effect of the sampling site.
However, the within-site variance was very high
(σ 2 = 6.7). Models assessing the role of host identity on
flea abundance showed that specific host species were
associated with higher abundance (Appendix S1:
Table S8). Sampling season had a marked effect on flea
abundance across species (Figure 3).

TAB L E 1 Variables explaining flea abundance across individuals of Dipodomys merriami, D. spectabilis, and Onychomys arenicola at a

local scale, according to generalized linear mixed model results

Host species Fixed effect Estimate SE p RI σ 2 τ00 ICC R 2
m R 2

c

D. merriami Intercept �1.97 0.46 <0.001 1.00 0.82 <0.001 <0.001 0.36 0.36

Season 2 0.22 0.59 0.71 1.00

Season 3 3.05 0.48 <0.001 1.00

Size �0.02 0.01 0.03 0.83

Sex (F) �0.07 0.19 0.71 0.83

Size : Sex (F) 0.03 0.01 0.005 0.83

D. spectabilis Intercept �0.70 0.59 0.23 1.00 0.51 0.67 0.57 0.27 0.46

Season 2 1.72 0.51 0.001 1.00

Season 3 2.64 0.52 <0.001 1.00

O. arenicola Intercept 1.21 0.27 <0.001 1.00 0.31 <0.001 <0.001 0.65 0.65

Season 2 �0.82 0.36 0.02 1.00

Season 3 0.40 0.33 0.49 1.00

Size �0.02 0.01 0.03 1.00

Note: Parameter estimates and standard errors (SE) shown correspond to the single best fixed-effects model as measured by the lowest AIC and likelihood ratio
test comparison. Other models within 2 ΔAIC are reported in Appendix S1: Table S7.
Abbreviations: σ 2, within-group variance; τ00, between-group variance; ICC, intraclass correlation coefficient; R 2

c, conditional R
2; R 2

m = marginal R 2; RI, the
relative importance of the variable across models.
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DISCUSSION

In this study, we assessed how spatial scale affects the
role of host and environmental factors as drivers of flea
abundance. We found that the effect and relevance of
host traits differed across species and across scales,
highlighting a dependence on the host’s environmental
context (Tables 1 and 2). We also found evidence for con-
sistent effects of large-scale factors (sampling season) on
flea abundance across species (Table 3) and across scales.
While specific host species were associated with higher
flea abundance (Appendix S1: Table S8), variation within
and between sampling sites indicates an important role
of local-scale variability, although their contribution
toward accounting for flea abundance depended on the
host species and the scale of analysis (Tables 1 and 2).
Overall, these results underline that drivers of flea abun-
dance, particularly those associated with host traits,
exhibit variation across scales.

Across individuals within a locality

Host traits at a local scale (across individuals within a
locality) were predictive of flea abundance in two of the
three species analyzed. Specifically, in D. merriami,
larger-than-average females presented higher flea abun-
dance than larger-than-average males (Figure 2). Inter-
estingly, larger size and male hosts are more frequently
associated with higher parasite burdens in rodents
and other vertebrates (Eads et al., 2020; Johnson &
Hoverman, 2014). However, given the lack of size dimor-
phism in D. merriami and no effects of reproductive sta-
tus, the interaction between sex and size in this species
might be related to behavioral differences between males
and females. Indeed, patterns of movement in this spe-
cies, which are wider in males, have been proposed as a

F I GURE 2 Plots showing model predictions for flea

abundance in individuals of Dipodomys merriami, D. spectabilis,

and Onychomys arenicola at a local scale (single site). Variables

shown correspond to those in the top model for each species, as

determined by model comparison. Each plot shows the marginal

effects with the nonfocal variables held constant. Plots were made

using the package ggeffects (v1.1.1; Lüdecke, 2018). Note: The plot

showing the interaction between size and sex in D. merriami (M for

male and F for female) shows predicted results only for the third

sampling season

TAB L E 2 Variables explaining mean flea abundance in Dipodomys merriami across sites, according to generalized linear mixed model

results

Host species Fixed effect Estimate SE p RI σ 2 τ00 ICC R 2
m R 2

c

D. merriami Intercept 1.53 0.38 <0.001 1.00 0.04 0.13 0.79 0.79 0.86

Season 3 2.49 0.25 <0.001 1.00

Size �0.06 0.04 0.07 1.00

Vegetation (shrubland) �0.54 0.33 0.10 1.00

Male abundance �0.22 0.05 <0.001 1.00

Size : vegetation (shrubland) 0.16 0.04 <0.001 1.00

Note: Parameter estimates and standard errors (SE) shown correspond to the single best fixed-effects model as measured by the lowest AIC and likelihood ratio
test comparison. Other models within 2 ΔAIC are reported in Appendix S1: Table S7.
Abbreviations: σ 2, within-group variance; τ00, between-group variance; ICC, intraclass correlation coefficient; RI, the relative importance of the variable across
models.
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mechanism to escape parasitism pressure (Behrends
et al., 1986). The size was also associated with variation
in flea abundance in O. arenicola, with larger individuals
harboring fewer fleas than smaller ones, a pattern hypoth-
esized to correspond to better defenses against parasites in
larger individuals (Kiffner et al., 2013; Sheldon &
Verhulst, 1996).

Sampling season was the only variable associated
with flea abundance in D. spectabilis. Indeed, sampling
season had a large effect on individual-level flea abun-
dance across all three species analyzed (Table 1), with
the third sampling season, corresponding to spring 2013,

showing the most positive effect, whereas spring 2012
had an overall lower mean flea abundance (Figure 3),
indicating a strong effect of annual variation over seasonal
variation. The first period of our fieldwork coincided with
the end of the most severe drought on record in northwest-
ern Mexico (Murray-Tortarolo & Jaramillo, 2019), generat-
ing large-scale conditions of low humidity and high
temperatures, which have been observed to decrease larval
survival significantly and induce desiccation in adult fleas
(Krasnov et al., 2002a, 2002b). Thus, under drought condi-
tions, we would expect to see lower flea abundance, as
observed in this study, particularly in rodent species with
shallow burrows, which are more exposed to aboveground
conditions.

Variation between sampling plots encompasses differ-
ences in variables such as substrate type or vegetation
cover, which in turn affect parameters such as soil
humidity and temperature that are relevant to flea devel-
opment and survival (Krasnov, 2008). Although our study
did not measure these directly, our models did indicate a
role for variation between sampling plots at a local scale
in D. spectabilis (Table 1) whose ICC shows a moderate
correlation between observations from the same sam-
pling plot. This implies that conditions within plots are
more similar than conditions in other plots, even within the
same sampling area. Such small-scale effects in plot-to-plot
variation might be more relevant for flea abundance of fos-
sorial or semi-fossorial species such as D. spectabilis, as
small variation in these conditions could influence the bur-
row’s microenvironment (Kay & Whitford, 1978).

Across sites

The interaction between size and vegetation type
observed at this level indicates that, while body size is a
consistent predictor of flea abundance in D. merriami at
both local and across-site levels, its effect is context-
dependent: Mean flea abundance was higher at sites with
larger-than-average specimens only at sites with shrub-
land, with the reverse pattern at grassland sites (Table 2).
Increased near-surface air temperature at nighttime

TAB L E 3 Variables explaining mean flea abundance across species, according to generalized linear mixed model results

Host species Fixed effect Estimate SE p RI σ 2 τ00 R 2
m R 2

c

Across species Intercept 1.03 0.64 0.11 1.00 6.7 <0.001 0.19 0.19

Season 2 0.50 0.91 0.59 1.00

Season 3 2.79 0.91 0.002 1.00

Note: Parameter estimates and standard errors (SE) shown correspond to the single best fixed-effects model as measured by the lowest AIC. Other models
within 2 ΔAIC are reported in Appendix S1: Table S7.
Abbreviation: σ 2, within-group variance; τ00, between-group variance; ICC, intraclass correlation coefficient; RI, the relative importance of the variable across
models.

F I GURE 3 Model predictions for flea abundance across

sampling seasons in host species with n > 30 individuals. The third

sampling season was associated with higher flea abundance across

all of the analyzed species. Between-species comparison also shows

that model predictions indicate a lower overall flea abundance for

species such as Chaetodipus penicillatus and Dipodomys merriami,

with more variable burdens for D. spectabilis, Onychomys arenicola,

and Peromyscus maniculatus. 2012_1 = spring 2012;

2012_2 = autumn 2012; and 2013_1 = spring 2013. Each plot

shows the marginal effects with the nonfocal variables held

constant. The predicted effects were estimated using the ggpredict

and the ggplot functions in the ggeffects package (Lüdecke, 2018)
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has been reported in shrubland as compared to grassland
vegetation in the Chihuahuan Desert (D’Odorico et al.,
2010), resulting in local warming effects that could
increase flea growth or reproductive parameters (Krasnov,
2008). This effect could be particularly marked on hosts
with shallow burrows, such as D.merriami, where there are
no significant differences between burrow and ambient
atmosphere (Burda et al., 2007). Interestingly, while
between-site variance was not relevant in D. merriami at
a local scale (which included only sites with shrubland
vegetation) (Table 1), across-site models for D. merriami
(considering multiple locations with either shrubland or
grassland vegetation) show that flea abundance at this
level is affected by variation between sites (Table 2).
Sampling season was also associated with flea abun-
dance, showing the same effects as at the local scale.
Finally, mean flea abundance in D. merriami across sites
was negatively associated with male host abundance in
this species (Table 2). While host abundance and macro-
parasite abundance have long been known to correlate
(Anderson & May, 1978), the demographic structure of
host species populations is seldom considered, despite a
potential role as drivers of parasite abundance; for
example, large and sexually mature males of Apodemus
flavicollis were found to drive Ixodes ricinus tick abun-
dance (Perkins et al., 2003). Although longitudinal data
would be required to understand the dynamics of rodent
populations, our results suggest that higher abundance
of male D. merriami could be associated with lower flea
abundance, in line with other results that have found
that specific demographic subgroups can drive ectopara-
site abundance.

Across host species within the region

No host traits were found to be associated with mean
flea abundance across species within the study region
(Table 3). Our results at this scale differ from those
obtained from a similar study with rodents in Africa
(Young et al., 2015), where the authors found that
body mass accounted for a large proportion of the
variation in mean flea burden across species. Addi-
tionally, the small amount of variation explained by
models at this scale contrasts with the moderate-to-
high variation accounted for by models at the previous
scales (Tables 1 and 2). Furthermore, model results
indicate high within-sampling-area variance (Table 3),
suggesting that heterogeneities in the environmental con-
text of the host, or in individual or across-site host traits,
are important determinants of flea abundance, which
are not represented by a high-level pooling of data at a
regional scale.

In terms of host identity effects, three species were
associated with higher flea abundance: D. spectabilis, O.
arenicola, and Peromyscus maniculatus (Appendix S1:
Table S8). Different host species differ in behavioral
characteristics such as territoriality, which modifies
movement and contact patterns, and burrowing habits,
which fundamentally define flea exposure to the environ-
ment, which is, in turn, affected by variation in the
microenvironmental conditions of the host’s surround-
ings (Lareschi & Krasnov, 2010). Despite the diversity of
life-history traits, sampling season had significant and
consistent effects across all species studied. Interestingly,
although there is a marked effect of sampling season on
flea abundance across species, abundance in rodent spe-
cies with shallow or simple burrows such as D. merriami
and P. maniculatus reaches lower values during the sam-
pling season associated with direct and post-drought
effects (sampling seasons 1 and 2) according to model
predictions (Figure 3). It is also interesting to note that,
despite reports of higher flea abundance in spring and
summer months as compared to fall or winter months in
the ecoregion (L�opez-Pérez et al., 2018), flea abundance
during the second sampling season (autumn 2012) was
four times higher than abundance in the first sampling
season (spring 2012). Interannual season comparison
shows that flea abundance during the third sampling sea-
son (corresponding to spring 2013) was eight times
higher than sampling during spring 2012. While we note
that the extraordinary climatic conditions associated with
drought might not be representative of typical year-to-
year seasonal variation in the study system, the signifi-
cance of sampling season effects highlights that temporal
variation, particularly if driven by large-scale interannual
fluctuations, has far-reaching effects on flea abundance
across all species included in the analysis.

CONCLUSIONS

In agreement with current knowledge of drivers of flea
abundance, we found that both host and environmental
variables, with specific combinations differing among
host species, drive flea abundance. However, we found
that drivers of flea abundance also varied across space,
highlighting the context dependency of host traits at local
spatial scales, and the far-reaching effects of large-scale
annual fluctuations. Indeed, although significant, the
effect size of host traits on flea abundance was small, par-
ticularly at the local scale, and most noticeable on the
third sampling season for some variable combinations
(Figure 2). Thus, through its strong influence on flea
abundance, environmental variation (associated with
drought conditions in the case of our study) could be
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modifying the effect of host traits on flea abundance.
Long-term empirical data would be essential to deter-
mine whether the effects we observed vary in magnitude
across years, particularly because our data were collected
during nonstandard conditions. However, this does not
preclude interest in the result that large-scale environ-
mental fluctuations can have significant effects on flea
abundance regardless of the scale of analysis and the
species (with the important caveat that none of the
species we analyzed have deep burrows that could
buffer against drastic changes in aboveground condi-
tions). Indeed, changes in weather patterns and in the
frequency of extreme weather events worldwide due to
climate change are expected to modify both macro-
parasite abundance and disease transmission (see,
e.g., Eads et al., 2016).

Although the generality of our findings to other
macroparasite systems would require further empirical
research accounting for differences in transmission
mode, dispersal capabilities, and a more comprehensive
range of habitats, our results indicate that investigations
of macroparasite abundance need to consider both large-
scale fluctuations in environmental conditions and con-
text dependence of effects of host traits across scales to
accurately assess the relative importance of the factors
that affect flea abundance and even disease dynamics. In
this regard, a study by Ben Ari et al. (2011) analyzed the
limitations of assuming scale independence and linearity
in drivers of plague dynamics at large scales and found
that effects at a given scale cannot be accurately extrapo-
lated from effects observed at smaller scales, further
highlighting the importance of understanding drivers
across scales.

While our results might overlook specific host–flea
interactions, focusing on total burden can help to eluci-
date the most significant drivers of abundance within
and between spatial scales, and is of relevance not only
for fleas, given the presence of macroparasites with vary-
ing degrees of host specificity in any given host assem-
blage. Indeed, generalist fleas represented 20% of the
sampled fleas in our system, while fleas that not only
show family-level specificity but can also parasitize sym-
patric rodents represented 44% of samples (Appendix S1:
Table S2).

Our results highlight potential lines of research, but
further exploration considering longitudinal study
design, broader parasite groups, and geographic areas
would be desirable to continue advancing our under-
standing of the effect of scale on the drivers of macro-
parasite abundance. Understanding these links will
further expand our capacity to monitor the abundance
of macroparasites and mitigate their ecosystem and
health impacts.
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