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Abstract

Identifying the factors that affect host-parasite interactions is essential for
understanding the ecology and dynamics of vector-borne diseases and may
be an important component of predicting human disease risk.
Characteristics of hosts themselves (e.g., body condition, host behavior,
immune defenses) may affect the likelihood of parasitism. However, despite
highly variable rates of parasitism and infection in wild populations, identi-
fying widespread links between individual characteristics and heterogene-
ity in parasite acquisition has proven challenging because many zoonoses
exist over wide geographic extents and exhibit both spatial and temporal
heterogeneity in prevalence and individual and population-level effects.
Using seven years of data collected by the National Ecological Observatory
Network (NEON), we examined relationships among individual host condi-
tion, behavior, and parasitism by Ixodid ticks in a keystone host species, the
white-footed mouse, Peromyscus leucopus. We found that individual condi-
tion, specifically sex, body mass, and reproductive condition, had both
direct and indirect effects on parasitism by ticks, but the nature of these
effects differed for parasitism by larval versus nymphal ticks. We also found
that condition differences influenced rodent behavior, and behavior directly
affected the rates of parasitism, with individual mice that moved farther
being more likely to carry ticks. This study illustrates how individual-level
data can be examined using large-scale datasets to draw inference and
uncover broad patterns in host-parasite encounters at unprecedented spa-
tial scales. Our results suggest that intraspecific variation in the movement
ecology of hosts may affect host-parasite encounter rates and, ultimately,
alter zoonotic disease risk through anthropogenic modifications and natu-
ral environmental conditions that alter host space use.
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INTRODUCTION

A comprehensive understanding of the mechanisms
underlying host-vector interactions is crucial to improve
human health globally, as many of the pathogens that
cause human disease are zoonotic pathogens that infect
wildlife hosts (Jones et al., 2008). These pathogens are
often vectored by arthropods (e.g., mosquitos, ticks, fleas)
that parasitize vertebrate hosts. Indeed, fundamental to
the challenge of understanding the dynamics of zoonotic
diseases is that parasites are frequently highly aggregated
among individual hosts (Poulin, 2007), often leading to
extreme variation in parasite prevalence in time and
space. Such variation is observed at the intraspecific
and interspecific levels (i.e., superspreader individuals or
diluter species) (Martin et al., 2019), and may be spatio-
temporally variable (i.e., hotspots of pathogen preva-
lence) (Paull et al., 2012). To grapple with such extreme
heterogeneity in systems often characterized by multiple
hosts spread over large spatial scales, we must find a way
to understand the causes of variation in key components
of zoonoses, such as host-parasite encounters.

Particular behaviors may provide insight into varia-
tion in host-vector interactions at multiple levels of orga-
nization (Sih et al., 2018). For instance, individuals that
are more central in social networks or are highly mobile
may more often contact vectors and other hosts, making
them more likely to be superspreaders (Martin et al., 2019;
Paull et al.,, 2012). Similarly, species that are highly social
and, thus, readily acquire and transmit parasites, may be
termed “amplification hosts” (Paull et al., 2012). By con-
trast, species that are highly effective at killing parasites
may be “superdiluters” (Martin et al., 2019). Hotspots may
arise spatially at feeding sites, breeding grounds, or
watering holes, or temporally due to seasonal shifts in
behavior (i.e., migration, breeding, wintering grounds)
(Paull et al., 2012). To determine how and when behavior
underpins extreme variation in host—parasite contact, it is
important to appreciate that intrinsic and extrinsic factors,
too, can alter behavioral variation. In other words, conse-
quential behavioral variation can arise due to individual
condition differences (i.e., sex, age, body size, or reproduc-
tive status), consistent among individual differences
(i.e., personality, genetic/epigenetic factors) (Sih et al., 2004),
or spatial or temporal heterogeneity in the environment
(Guiden & Orrock, 2017; Lima & Dill, 1990). An additional
complexity is that intrinsic and extrinsic factors may inter-
act; some metrics of individual condition may depend on
the environment. As a result, studies capable of probing
how behavioral variation arises within the biotic and abiotic
milieu that characterizes ecological communities may be
particularly useful for understanding zoonotic disease
prevalence.

Rodents comprise a disproportionate number of zoo-
notic disease reservoirs (Han et al.,, 2015), and many
rodent species are key to maintaining enzootic cycles for
many tick-borne diseases. In North America, among the
most common and consequential are Lyme disease,
human granulocytic anaplasmosis, babesiosis, ehrlichiosis,
tick-borne relapsing fever, and Powassan viral encephalitis
(Barbour, 2017; Larson et al., 2021). These tick-borne dis-
eases are vectored by a family of ectoparasites known as
Ixodid ticks, or the hard-bodied ticks, which include the
blacklegged tick, Ixodes scapularis, the lone star tick,
Amblyomma americanum, and the dog tick, Dermacentor
variabilis, among others (Nieto et al., 2018; Tsao
et al., 2021). Encounters between rodents and Ixodid ticks
are fundamental to cycles of tick-borne diseases because
many of these diseases lack vertical transmission. As such,
larval ticks are typically infected only when feeding on an
infected rodent, and rodents become infected only when
they are parasitized by an infected tick. Heterogeneity in
tick burdens among individual rodent hosts depends on
various morphological and ecological attributes of individ-
uals (Devevey & Brisson, 2012). For instance, males are
generally more heavily parasitized than females, and
parasitism is generally higher in larger-bodied individ-
uals (Brunner & Ostfeld, 2008; Devevey & Brisson, 2012;
Gorrell & Schulte-Hostedde, 2008; Larson et al., 2018; Moore &
Wilson, 2002; Perez-Orella & Schulte-Hostedde, 2005).
Ultimately, however, parasite acquisition depends upon
the parasite and host being present in the same place at
the same time. Thus, the magnitude, location, and timing
of host movements should also strongly influence
host-parasite contact rates (Sih et al., 2018). Indeed,
individuals that are more trappable (i.e., potentially
bolder or ranging individuals), are more active or
exploratory, or more often share the same refuges as
others have been shown to carry greater parasite burdens
(Boyer et al., 2010; Hall, 2022; Wilder & Meikle, 2004).
Associations between host space-use and parasite acquisi-
tion may be particularly pronounced regarding contact
with juvenile Ixodid ticks because they are aggregated
in space and quest for hosts using an ambush strategy
(Leal et al., 2020; Ostfeld, Hazler, & Cepeda, 1996)
increasing the probability that individuals with greater
movements or larger home ranges will make contact
(Brunner & Ostfeld, 2008).

The white-footed mouse (Peromyscus leucopus) is
among the most abundant and geographically wide-
spread rodents in North America. As a primary host for
the larval stage of Ixodid ticks, such as the blacklegged
tick (I scapularis), P. leucopus is a reservoir for numerous
tickborne pathogens (Larson et al., 2018), and is the main
reservoir for the pathogen that causes Lyme disease,
the spirochete bacterium Borrelia burgdorferi (Kugeler
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et al.,, 2021; Lane et al., 1991; Schwartz et al., 2021).
Lyme disease is a public health concern throughout the
eastern and Midwestern US, where it is estimated that
476,000 are diagnosed and treated each year (Hahn
et al., 2016; Kugeler et al., 2021; Schwartz et al., 2021),
and up to 95% of blacklegged ticks feeding on P. leucopus
become infected with B. burgdorferi (Ostfeld, 2011).
P. leucopus is, therefore, an appropriate target species in
which to probe for generalizable trends between individual
host traits and parasite encounters. Despite the extensive
nature of B. burgdorferi and other zoonotic infections in
mice and humans, as well as the importance of rodent den-
sities in maintaining disease prevalence and human disease
risk (Ostfeld et al., 2006), we still know comparatively little
about the widespread roles of host conditions and behavior
in affecting parasitism, and whether these are geographi-
cally consistent over the host’s range. One possibility is that
generalizations remain elusive because of the logistical diffi-
culty of conducting studies to understand links between
behavior and parasitism across the large spatial and tem-
poral scales that characterize the dynamics of widespread
zoonoses. Indeed, these logistical difficulties are reflected
in the relatively local scales at which aforementioned stud-
ies examining ecological correlates of ectoparasite preva-
lence/burdens were performed. The recent creation of
large-scale vertebrate monitoring networks, such as the
National Ecological Observatory Network (NEON) provides
an unprecedented opportunity to evaluate the ecological
consequences of animal behavior (Brehm & Orrock, 2023)
at broad geographic scales.

Using multi-site, multi-year data from NEON, we
examined relationships among individual conditions,
behavior, and presence of an ectoparasite. Via structural
equation modeling (SEM), we disentangled direct and
indirect relationships among condition traits (e.g., sex,
body mass, reproductive state), behaviors (e.g., movement
distance, trappability, trap diversity), environmental context
(forest type), and ectoparasite attachment (e.g., occurrence
of parasitism by juvenile Ixodid ticks) in P. leucopus. We
expected that individuals that were more trappable, used
more trap locations, and moved greater distances between
repeated trapping events would be more likely to be parasit-
ized by ticks because greater levels of movement activity
would be expected to increase encounter rates with
questing ticks. Alternatively, more movement may
result in less grooming behavior due to a limited time
budget, potentially also leading to increased parasitism
by ticks (Hart & Hart, 2018). We also expected that
reproductively-capable males would be most likely to be
parasitized by ticks, as these individuals might have the
weakest immune defenses (Hughes & Randolph, 2001).
This study should clarify whether such generally accepted
patterns as sex-biased parasitism hold up across years,

geographic regions, and forest types, where there may be
pronounced variation in the abundance and activity pat-
terns of rodents and ticks (Ostfeld, Hazler, &
Cepeda, 1996). Moreover, this work should elucidate
general relationships pertaining to individual correlates
of zoonotic disease transmission and the capacity for
behavioral variation to generate heterogeneity in patho-
gen/parasite prevalence in time and space.

METHODS
Dataset assembly
Small mammal trapping data

We examined small mammal live-trapping records from
NEON from 2013 through 2022 (NEON Doc. number:
NEON.DOC.000481). Briefly, NEON traps small mammals
using 100 Sherman live traps (H. B. Sherman, Inc.,
Tallahassee, FL, folding or non-folding, 3" x 3.5” x 9") laid
out in a trapping grid with 10 m spacing. Traps are baited
with a mixture of sunflower seeds and millet for three consec-
utive nights within each sampling period. Sampling timing
varies depending upon whether sites are deemed core or gra-
dient, but sampling at sites used in this study was performed
most commonly on a monthly or bimonthly basis between
the months of April and October. Upon capture, individual
small mammals are marked with a unique tag and identified
to species if possible. Morphology is assessed for age, sex, and
reproductive condition, and standard measurements are
taken (such as hind foot length and body mass).

To ensure that our findings were relevant for the most
prevalent zoonosis in North America, Lyme disease, we
filtered observations to NEON sites within the estimated
and established range of I scapularis (https://www.cdc.
gov/ticks/geographic_distribution.html). We included
only data from mammal trapping grids located within
forested habitats (obtained using the “nlcdClass” identi-
fier in the mammal trapping dataset), extracted only cap-
ture events, and removed observations where the trap
location was unknown or the individual was not tagged
(e.g., escapes or trap deaths). Since distinguishing between
P. leucopus and the closely related woodland deer mouse,
P. maniculatus, is difficult in the field (Stephens
et al., 2014), we initially retained all captures identified in
the field as either of the two species. We limited observa-
tions to individuals of known sex, and we excluded juve-
niles (juveniles constituted only ~3% of captures in the
NEON rodent-trapping data after all other data filtering
had been performed). Then, we performed a three-step pro-
cess to retain only individuals with a confident P. leucopus
taxonomic identification (Appendix S1: Figures S1-S9,
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Boxes S1 and S2). Though both Peromyscus species may act
as hosts of I scapularis and other Ixodid ticks (Larson
et al., 2018, 2021; Yen et al., 2024), we chose to focus on
P. leucopus due to their wider geographic distribution across
NEON sites.

Ectoparasite data

NEON added tick monitoring to the small mammal trap-
ping protocol in 2016, classifying ticks attached to the
face and ears of small mammals by life stage (i.e., larval,
nymphal, or adult ticks), as these are the primary loca-
tions where juvenile Ixodes ticks are observed attached to
mice (Main et al., 1982; Ostfeld et al., 1993). NEON began
estimating total tick count binned estimates in 2020, but
in this study, we refer to tick presence/absence on small
mammals only. Attached ticks are not identified to spe-
cies in the field, but NEON also samples tick abundance
and diversity using drag or flag sampling techniques at
regular intervals at core and relocatable sites (NEON Doc
number: NEON.DOC.014045). From drags performed in
forested habitat (deciduous forest, evergreen forest,
mixed forest, or woody wetlands) at the 16 NEON sites
we use in this study, a total of 472,832 ticks were col-
lected and identified to family and, if possible, species.
Of these, 100% belonged to the family Ixodidae, or
hard-bodied ticks. Over 95% were identified to the family
of hard ticks only (Ixodidae sp.). Of the ticks identified to
species, these were primarily identified to the genus
Amblyomma (primarily A. americanum; 73%) and Ixodes
(primarily I scapularis; 23%) and <1% were identified as
D. variabilis.

Individual movements, trappability, and
trap-use diversity

For all individual mice with two or more trapping obser-
vations, we estimated the distance in meters between
all consecutive trapping locations using the R package
“geosphere” (Hijmans et al., 2022). We interpret longer
movement distances between captures as being indicative
of greater activity. Because mice were sampled during
multiple three-day sessions, a movement event could
occur within a session or between a session. In our ana-
lyses, we did not distinguish between the two different
types of movement (within-session vs. between-session
movement) because the type of movement explained
less than 0.01% of the variation in movement distance
(see Appendix S2: Table S1 and Figure S1).

Trappability refers to the tendency of an individual
to be captured and, here, is used synonymously with

individual capture probability. Trappability is sometimes
interpreted as a measure of boldness (Boyer et al., 2010;
Carter et al., 2012; Patterson & Schulte-Hostedde, 2011;
Santicchia et al., 2018), but may also signify food motiva-
tion and whether an individual becomes “trap happy”
or “trap shy” after an initial capture event (Nichols
et al., 1984); indicating the tendency to alter behavior in
response to cost/benefit information. We calculated
trappability by dividing an individual’s total number of cap-
ture events by the total number of trap nights that occurred
during an individual’s residence time (i.e., between and
including the first and last observation of an individual).
Trappability scores are bounded between zero and one.
Estimates closer to one represent high trappability, while
estimates closer to zero represent low trappability.

For each mouse, trap-use diversity was calculated as
the number of different trap locations used divided by
the total number of capture events. Trap-use diversity is
used as a measure of an individual’s exploratory tendency
(Boyer et al., 2010), and estimates are bound between
zero and one. Estimates closer to zero represent a ten-
dency to utilize the same trap upon subsequent captures,
while estimates closer to one represent a tendency to uti-
lize a different trap upon subsequent captures. A higher
trap-use diversity (hereafter referred to as trap diversity)
score may be interpreted as evidence of more exploratory
movement behavior.

The three behavioral metrics obtained from the
rodent-trapping data encapsulate among individual
differences in space use, such as whether individual
space-use can be described as more “ranging” or
“restrained”. However, we acknowledge that qualities of
the individual and features of the environment will
directly affect these measures. For example, subadult
individuals may exhibit increased activity and space use
during natal dispersal (Hoset et al., 2011), males often
have larger home ranges than females and generally
move longer distances than females (Ostfeld, Miller, &
Hazler, 1996). Further, home range size (an indicator of
movement) may be predicted by rodent population den-
sity, and home ranges are generally smaller in years of
high rodent density (Wolff, 1985) or increased resource
availability (Stradiotto et al., 2009; Wolff, 1985). The
interconnectedness of multiple traits used in this study
necessitates the use of analytical methods that can deal
with such ecological complexity (Fan et al., 2016).

Structural equation models
We used piecewise SEM to identify the causal effects

(i.e., direct and indirect relationships) among morphol-
ogy, forest type, activity levels, exploratory behavior, and
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ectoparasite attachment. SEM is a form of path analysis
that defines complex statistical relationships among
nodes in a network (variables) connected through paths
(Lefcheck, 2016; Shipley, 2002). In an SEM, variables
can be defined as either predictor, response, or both.
Piecewise SEM is a recent development, and by using
local estimation to allow the implementation of random
effects, different correlation structures, and non-normal
distributions, these models offer greater statistical flexi-
bility than traditional SEMs (Lefcheck, 2016). For these
reasons, they are useful in ecological analyses where
relationships are complex and often suites of variables
with different error distributions are interrelated (Fan
et al., 2016).

We used piecewise SEMs structured using the
“piecewiseSEM” package in program R (Lefcheck, 2016).
Our dataset contained some variables with repeated mea-
sures (i.e., body mass, movement distance, tick attach-
ment) and other variables that were invariant within an
individual (such as sex, trappability, plotID, and trap
diversity). To avoid pseudoreplication, we used just one
observation per individual and summarized each repeated

measure in the following ways: we used each individual’s
mean values for body mass and movement distance,
created a variable representing reproductive tendency
(i.e., the proportion of captures when the individual was
observed in a reproductive state), and estimated individual
occurrence of parasitism by a tick (i.e., the proportion of
captures when the individual had a tick attached to the
face or ears) at two tick life stages: larval and nymphal.
We extracted all complete observations for the following
variables (sex, average body mass, average movement dis-
tance, proportion of captures reproductive, occurrence of
parasitism by larval ticks, occurrence of parasitism by
nymphal ticks, trappability, and trap diversity). For aver-
age body mass only, we replaced missing values with
the mean value for the species (~1% of observations). The
final dataset used for SEM analyses contained 3956 indi-
vidual P. leucopus from 81 different trapping grids across
16 NEON sites around the Midwestern and eastern US
(Figure 1). The distribution of individuals across forest
types was as follows: 3253 individuals were present in
trapping grids in deciduous forest, 412 in evergreen forest
grids, 254 in mixed forest, and 37 in woody wetlands.
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FIGURE 1 Geographic extent of the National Ecological Observatory Network (NEON)’s small mammal trapping data used in this

study. Each circle represents one core NEON site. Site-level tick attachment is indicated in the figure legend (defined as the percentage of
white-footed mouse, Peromyscus leucopus, captures with one or more ticks attached).
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We created an SEM (base model) comprised of 5 linear
mixed models (with plotID as a random effect in each to
acknowledge the lack of independence of captures from
the same site, and account for spatial heterogeneity in
tick abundance) (Larson et al., 2021): (1) Movement dis-
tance as the response variable, (2) trappability as the
response variable, and (3) trap diversity as the response
variable. In each, condition variables suspected to influ-
ence behavior were specified as fixed effects (i.e., average
body mass, sex, and proportion of captures reproductive).
The last two models specified (4) parasitism by larval
ticks, and (5) parasitism by nymphal ticks as the response
variables, and forest type as a fixed effect. Due to the
uneven nature of these data among the forest types, we
classified grids as either deciduous (3253 individuals) or
not (703). We chose to use forest type rather than other
environmental parameters, because many parameters of
interest (i.e., precipitation or temperature during the
trapping period) would have been repeated measures,
and much of the variance in habitat structure or climate
differences between sites is explained by the random
effect of plotID. We used tests of directed separation to
assess each claim of independence in the model, and
restructured the model adding fixed effects if the test of
directed separation and Fisher’s C statistic indicated a
missing link was present (Lefcheck, 2016; Shipley, 2002).
In this restructured model we also removed any nonsig-
nificant fixed effects from the base SEM so as not to
overparameterize the model. Lastly, in the final,
restructured SEM, we tested five different interactions
specifying parasitism by ticks: (sex X proportion of captures
reproductive), (sex X average body mass), (sex X movement
distance), (proportion of captures reproductive X movement
distance), and (forest type X movement distance). We tested
each interaction in a separate competing model. We compared
these models with the restructured SEM without interactions,
and if an interaction term was significant and the model
was better supported (by Akaike’s information criterion
corrected for small sample sizes using a threshold of 2.0
AAIC;, Burnham & Anderson, 2002), we considered this
to be the final, best supported SEM. This SEM structure
allowed us to (1) examine the effects of intraspecific
behavioral differences on parasitism by ticks, (2) assess
whether individual conditions had a direct effect on par-
asitism or acted indirectly through behavior, and
(3) compare the morphological and behavioral corre-
lates of tick parasitism in P. leucopus. All continuous
variables were z-scaled and proportional response vari-
ables (i.e., trappability, trap diversity, and parasitism by
ticks) were logit-transformed (Warton & Hui, 2011). See
Appendix S3: Figure S1 for the original metamodel struc-
ture before paths were added based on suggestions from
modification indices.

RESULTS

We examined 3956 mice collected from 81 different trap-
ping grids across 16 NEON sites during 951 unique sam-
pling sessions, spanning a range of seven years
(Figure 1). Tick parasitism was prevalent in P. leucopus
(36% of individuals observed with a tick attached at least
once) and was higher for larval ticks than nymphal ticks
(31% vs. 9%, respectively); 34% of individuals were
observed with only larval ticks attached, 4.8% with only
nymphs attached, and 16% with both life stages attached.
Sex ratios of captures were male-biased (56% males).
For a full summary of the variables used in the SEM
structures, see Appendix S4: Table S1. For path diagrams
of all effect sizes, p-values, and R values, see Figure 2.

Behavior

Males moved farther between consecutive captures
than females (Appendix S5: Figure Sla; direct § = 0.13,
p < 0.01), and heavier individuals also moved farther
distances between consecutive captures than lighter ones
(Appendix S5: Figure Sla; direct p = 0.05, p < 0.01). Males
had higher trappability than females (Appendix S5:
Figure S1b; direct p = 0.03, p = 0.02), but heavy indi-
viduals were less likely to be repeatedly trapped than
light ones (Appendix S5: Figure S1b; direct § = —0.10,
p < 0.01). Males had greater trap diversity than females
(Appendix S5: Figure Slc; direct p = 0.05, p < 0.01,
indirect p = 0.05, total effect = 0.10), but individuals
with greater average body mass had lower trap diversity
(Appendix S5: Figure Slc; direct p = —0.07, p < 0.01, indi-
rect p = —0.12, total effect = —0.19). Trap diversity was
positively associated with average movement distance
between consecutive captures (direct p = 0.43, p < 0.01)
and negatively associated with individual mouse trappability
(direct p = —0.04, p = 0.01).

Tick occurrence on mice

Individual mice that moved greater distances between
consecutive captures were more likely to carry a larval
tick (Figure 3a; direct p = 0.03, p = 0.03), but individuals
with greater body mass had a lower occurrence of parasit-
ism by larval ticks (Figure 3b; direct p = —0.04, p = 0.03,
indirect p = 0.08, total effect = 0.04). Males that were
more often observed in a reproductive state were more
likely to have a larval tick, but this effect was absent for
females (Figure 3c; direct § = 0.08, p < 0.01), and males
had a higher overall occurrence of parasitism by larval
ticks than females (Figure 3; direct p = 0.05, p < 0.01,
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FIGURE 2

(a) Structural equation models showing direct and indirect relationships between individual conditions, behavior, and

parasitism by ticks in the white-footed mouse, Peromyscus leucopus. f§ values are the standardized effects sizes and represent the strength of

relationships between the variables. As continuous variables were scaled prior to analyses, these effects sizes can be directly compared. R>

values shown are the conditional R? for that response variable (conditional on both fixed effects and the random intercept of trapping

grid ID). Marginal R? values for trappability, average movement distance, trap diversity, parasitism by larval ticks, and parasitism by
nymphal ticks are 0.01, 0.02, 0.19, 0.01, and 0.02, respectively. (b) Direct, indirect, and total effects of average body mass on behavior
(trappability, trap diversity, average movement distance), and the occurrence of parasitism by larval and nymphal ticks.

indirect f = 0.004, total effect = 0.054). Individuals with
greater body mass were more likely to carry a nymphal
tick (Figure 3d; direct f = 0.04, p =0.02, indirect
B = 0.003, total effect = 0.043), and individuals that
moved farther between consecutive captures were more
likely to carry a nymphal tick (Figure 3e; direct § = 0.05,
p < 0.01). Parasitism by larval ticks was also positively
associated with parasitism by nymphal ticks (direct
B = 0.12, p < 0.01). All reported p terms are the standard-
ized estimates of effect size. As continuous variables were
z-scaled prior to analyses, the associated p terms represent
the strength of relationships between the variables and can
be directly compared. Therefore, the strongest direct effect on
occurrence of larval tick infestation prevalence was the inter-
action term of sex X reproductive condition, and the stron-
gest direct effect on occurrence of nymphal tick infestation
prevalence was the prevalence of infestation by larval ticks.

DISCUSSION

A primary challenge in understanding the dynamics of
vector-borne zoonotic diseases is finding a means to predict

the encounters among hosts and vectors that determine
pathogen transmission. This endeavor is complicated by the
nature of zoonoses themselves, as the zoonotic diseases that
affect humans, such as B. burgdorferi (the agent causing
Lyme disease), play out in systems spanning large geo-
graphic expanses with the various important forces shap-
ing disease dynamics manifesting over weeks, months,
and even years. Using an unprecedented seven-year
dataset spanning the eastern and Midwestern US, we
found that individual host behavior and conditions are key
to understanding the likelihood of encounters between
P. leucopus and ticks carrying important zoonotic agents.
Our results have several important implications: First, they
illustrate how large-scale datasets can reveal broad
patterns about the roles of individual host conditions and
behavior in host-vector interactions across large spatial and
temporal scales. Second, by showing a clear role for individ-
ual movement in the occurrence of parasitism, they indicate
how factors that affect individual space use (e.g., resource
availability) can have important, often unappreciated influ-
ences on pathogen transmission (Stradiotto et al., 2009;
Svoboda et al., 2019; Wolff, 1985). Third, they highlight the
importance of local context as a driver of host—parasite
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FIGURE 3 Predicted relationship (and 95% CI) between individual behavior, individual conditions, and parasitism by ticks (proportion

of captures when an individual was observed with one or more ticks attached to the face or ears) in the white-footed mouse, Peromyscus

leucopus. (a—c) Male mice have greater occurrence of parasitism by larval ticks than females. (a, d) Mice that move farther on average have a
greater occurrence of parasitism by larval and nymphal ticks. (b, e) Larger-bodied individuals have a lower occurrence of parasitism by larval
ticks but greater parasitism by nymphal ticks. (c) Male mice that are more often observed in a reproductive state have greater parasitism by
larval ticks, but there is no relationship in females. Mean movement distance is in meters and mean body mass is in grams. Parasitism by
larval and nymphal ticks has been back-transformed from a logit-transformation.

encounters. Below, we discuss our results considering these
implications and explore future directions.

Host conditions and behavior predict
parasitism by ticks across large
geographic areas

Given the repeated observation of high levels of variation
in parasitism among hosts, there is a pressing need to
understand why all hosts are clearly not equal in their
likelihood of being parasitized. We found that individual
host conditions, specifically sex, body mass, and repro-
ductive condition, had both direct and indirect effects on
the occurrence of parasitism by ticks, but the nature of

these effects differed depending on tick life stage. Sex was
an important predictor of parasitism by larval ticks:
males were more likely to be parasitized than females,
and males also moved farther than females—which may
have increased their likelihood of encountering parasites
(Brunner & Ostfeld, 2008). Male sex-biased parasite diver-
sity/load has been observed across a wide range of taxa
(Moore & Wilson, 2002), including in white-footed mice
(Brunner & Ostfeld, 2008; Devevey & Brisson, 2012;
Larson et al., 2018) and our results suggest that this phe-
nomenon is likely caused by both direct and indirect
effects. For example, direct effects of sex on tick occur-
rence may result from immunosuppressant effects of
androgens or other hormones (Hughes & Randolph, 2001;
Muehlenbein & Bribiescas, 2005) or occur because males
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forego investment in immunity and, instead, increase fit-
ness by investing in higher mating rates (i.e., Bateman’s
principle; Rolff, 2002). When a tick attaches to a host for a
blood meal, the host’s immune system can mount a
response against components found in the tick’s saliva,
which may result in premature drop-off or even death of
the tick in situ (Pollock et al., 2012) and such resistance
can be acquired during prior tick infestations (Jones
et al., 2015) (but see Ribeiro, 1989, as anti-tick immunity
in natural tick hosts such as P. leucopus may be weak).
We observed higher rates of larval parasitism associated
with reproductive state in males only; therefore, it
is possible that, if elevated testosterone lowers the
immune response of reproductive males, this has a
greater affect than costly reproductive investment does
in females (Christe et al., 2000; Moore & Wilson, 2002).
Additionally, the lack of interaction between sex and
reproduction on parasitism by nymphal ticks may indi-
cate a less effective host immune response against
nymphal ticks, or could arise because peak activity of
the larval stage coincides with the timing of mouse
reproduction (Hamer et al., 2012). Given the important
differences in larval versus nymphal ticks in transmis-
sion of B. burgdorferi to humans (Tran et al., 2021), and
evidence that nymphal ticks are more likely than larval
ticks to be infected with tick-borne pathogens that lack ver-
tical transmission (Estrada-Pefia & De La Fuente, 2014),
examining the relationship between immunity and
stage-specific parasitism may be a profitable avenue for
future work. Moreover, as environmental variation can
influence immune function, for example, via differences
in diet composition (Blubaugh et al., 2023), seasonality
(Versteegh et al., 2014), and local climate regimes (per-
sonal communication, Assis, et al., 2024), additional
studies working at a broad geographic scope and across
a range of environments and/or climates will be particu-
larly important.

Indirect effects of sex on parasite attachment may
arise due to sexually dimorphic space use, home range
size, and differential dispersal in P. leucopus (Kirkland &
Layne, 1989; Ostfeld, Miller, & Hazler, 1996; Wolff, 1985).
We found that males moved farther between consecutive
capture events than females and had higher trap diversity
scores (i.e., were more likely to use a new trap upon subse-
quent captures than females). This observed increased
movement by male P. leucopus likely leads to higher
encounter rates with questing ticks, a possibility supported
by our finding that greater movement distance is associ-
ated with higher individual prevalence of parasitism by
both larval and nymphal ticks; Figure 3a,d, and also by
the observation that this effect is stronger for nymphal
than larval ticks. Since larval ticks are more clumped in
space than nymphs (thousands having emerged from one

single egg mass) (Devevey & Brisson, 2012), the effects of
movement distance on tick encounters should be weaker
for this life stage. Our results suggest that intraspecific var-
iation in the movement ecology of hosts may yield
unrecognized variation in host-parasite encounter rates.

Body mass was negatively related to parasitism by lar-
val ticks, but positively related to parasitism by nymphal
ticks (Figure 3b,e). This result may be a product of differ-
ing emergence times of larval and nymphal ticks (e.g., as
in the blacklegged tick life cycle; Sandbergtii et al., 1992)
and how this cycle coincides with the life cycle of
P. leucopus. Although tick phenology may vary geograph-
ically (Ogden et al., 2018, 2021), larval ticks and subadult
rodents (smaller than adults) are less abundant during
the early spring when nymphs are actively seeking hosts,
whereas many dispersing subadult mice are present dur-
ing the mid to late summer period when larvae are most
active (Lyman et al., 2001). Our finding that parasitism
by nymphal ticks is higher in larger-bodied individuals
but parasitism by larval ticks is higher in smaller-bodied
individuals (Figure 3b,e) may reflect these phenological dif-
ferences. Future work could further explore this potential
role of phenological matching by examining ecoregions
with differing rodent-breeding phenologies (McLean &
Guralnick, 2021).

Consistent differences in behaviors including move-
ment activity, boldness, and sociality affect parasite trans-
mission in a variety of host species (Hall, 2022). Although
we did not find that trappability or trap diversity were
related to parasitism in P. leucopus, several potential
explanations exist that can help inform future efforts.
First, high levels of variability in field-observed rodent
behavior (Brehm & Mortelliti, 2018) may make it difficult
to resolve statistical relationships. Another possibility is
that host space- and trap-use behaviors may play an
important role in an aspect of host-parasite interactions
that we were unable to examine (e.g., tick burdens).
Future work could examine whether trappability or trap
diversity affect the total tick burden on an individual
mouse, rather than the probability of being parasitized.
Additionally, understanding how other ecologically relevant
behaviors that we were unable to measure (i.e., grooming)
may covary with metrics used in this study (such as age,
sex, or movement behavior) may provide further insight.

Local interactions also depend strongly on
local conditions

Many zoonoses exist across large geographic scales
(Han et al.,, 2016), spanning large-scale variation in cli-
mate, habitat conditions, and host community assem-
blage. While our results indicate that host conditions
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and behavior may be useful for predicting large-scale
patterns in parasitism (Figure 2), they also indicate that
local (i.e., site-level) factors play a significant role in
affecting variation in parasitism. Specifically, we used
sampling grid as a random intercept in our models and
this random-effect term typically described a significant
portion of the variance in the response variables in our
SEM models (Figure 2). The importance of site-level var-
iation in factors other than host conditions and behavior
suggests an important role for aspects of tick ecology in
further honing models of host-parasite interactions.
Ticks are highly aggregated in both space and time
(Devevey & Brisson, 2012). Locally, aggregation of lar-
vae may derive from several thousand larvae emerging
from a single egg mass, and aggregation of nymphs is
likely a consequence of where they fall from a single host
after the larval blood meal (Devevey & Brisson, 2012).
High spatial heterogeneity in tick abundance (locally and
across the entire geographic range) may have limited our
ability to identify strong predictive relationships between
individual conditions, behavior, or forest context and the
occurrence of parasitism. Given the potential for signifi-
cant local variation in tick abundance and distribution, it
is possible that individual conditions and behavior may be
stronger predictors of parasitism by ticks, but only in loca-
tions where ticks are present in high densities. Sampling
of ticks is not performed on the same grids where NEON
samples small mammals, limiting our ability to test this
possibility. Working at two sites within the same locality
where they also quantified the spatial aggregation of
host-seeking I. scapularis larvae and nymphs, Devevey and
Brisson (2012) concluded that host characteristics, not tick
aggregation, played an essential role in variation in tick
burdens among hosts. This suggests that future studies
that link rodent behavior and conditions (Figure 2) with
local data on tick abundance and distribution could
help provide even greater predictive power regarding
host-parasite dynamics and disease prevalence.

Implications for zoonotic disease systems

Our finding that the magnitude of individual host move-
ments affects the occurrence of parasitism suggests that
factors influencing space use (such as resource availa-
bility, habitat fragmentation, or predator reintroductions)
may play a role in zoonotic disease transmission rates
(Buchmann et al.,, 2013; Preisser et al.,, 2007; Smith
et al., 2019; Stradiotto et al., 2009; Svoboda et al., 2019;
Wolff, 1985). For example, invasion by exotic shrubs
such as Rhamnus cathartica, or buckthorn, are shown to
alter the movement ecology of P. leucopus, leading to
increased space-use and disrupting the use of coarse

woody debris as refuge (Guiden & Orrock, 2017). If mice
in invaded forests move farther, our results suggest that
these mice will also have increased prevalence of para-
sitism by Ixodid ticks and perhaps tick-borne pathogens.

Tick-borne diseases pose significant threats to human
health worldwide and annual reports of tick-borne dis-
eases have more than doubled since 2004 (Rosenberg
et al., 2018). Lyme disease accounted for more than 80%
of all tickborne disease reports in the US during
2004-2016, and increasing prevalence of this disease in
historically Lyme-free regions such as the Great Lakes
region and southern Quebec has been attributed to north-
ward expansion by P. leucopus (Roy-Dufresne et al., 2013).
Further, Ixodid ticks and the diseases they transmit are
inherently sensitive to climate, which is thought to
contribute to observed poleward range expansion and
increased abundance of ticks in many regions (Ogden
et al., 2021). It is increasingly important to understand
the ecological and behavioral factors that drive encounters
between vectors and hosts, particularly as P. leucopus is
just one member of a complex community of tick hosts
and other zoonotic reservoirs (Brunner et al., 2008). For
example, the woodland deer mouse, P. maniculatus, may
serve as another important reservoir of tick-borne patho-
gens (Larson et al., 2018, 2021). This species is widely cap-
tured by NEON across North America. Although we were
unable to examine this species due to limited sample sizes
(see Appendix S6: Table S1, Figure S1), ongoing NEON
sampling continues to generate data that should help ame-
liorate sample-size limitations in the future. Moreover,
additions like increased molecular testing (for positive spe-
cies identification) and plans to quantify tick burdens will
also produce data that empower additional analyses.
Particularly, comparisons of reservoirs with varying space
use and habitat associations, such as P. maniculatus,
which are more arboreal than P. leucopus (Kirkland &
Layne, 1989), will allow us to better understand associa-
tions between animal movements and zoonotic disease
risk, as arboreal movements may limit encounters with
ground-questing Ixodid ticks.

Concluding remarks and future directions

The factors that shape encounters between disease vec-
tors and wildlife hosts affect the transmission of zoonotic
pathogens (Devevey & Brisson, 2012) and the success of
management efforts (Tsao et al., 2021). Understanding
how local parasite aggregation and density affect the
strength of associations between host behavior and para-
site encounter rates remains an important step for future
research, and including other host species with varying
movement ecologies should continue to elucidate the role
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that individual host heterogeneity plays in zoonotic dis-
eases. In demonstrating widespread associations between
behavior and parasitism, our work suggests that studies
seeking to link behavior to other aspects of zoonotic dis-
ease across broad geographic scales (e.g., infection) could
be very informative. As humans continue to modify land-
scapes in ways that alter the movement ecology and
space-use of individuals, such as by introducing invasive
plants (Guiden & Orrock, 2017), or changing predator
communities (Wirsing et al., 2021) our findings suggest
that these modifications may have unappreciated conse-
quences on parasite acquisition and, ultimately, pathogen
transmission. Furthermore, the magnitude of host move-
ments is only important for host-vector encounter rates
if hosts are active at the same time as vectors. Invasive
shrubs, for example, are shown not only to alter
space-use, but the timing of rodent activity (Guiden &
Orrock, 2019); allowing rodents to become active earlier
and stay active longer by dampening moon illumination.
Future work should incorporate rodent activity timing
among varied landscapes in models predicting parasitism
by ticks and infection rates.

Adding to a breadth of research performed at local
scales, our work has uncovered that generally supported
trends such as sex-biased parasitism, increased preva-
lence of parasites in reproductive males, and higher
host-tick encounter rates with greater ranging behavior
are apparent across much of the US. Furthermore, we
tease apart the direct and indirect effects of such factors
in driving parasite acquisition by mice, identifying that
male-biased parasitism reflects drivers that are separate
from sexually dimorphic morphology (i.e., body size) or
behavior (space-use).

AUTHOR CONTRIBUTIONS

Allison M. Brehm and John L. Orrock conceived the
study, Allison M. Brehm and John L. Orrock conceived
the study methodology with input from Lynn B. Martin
and Vania R. Assis, Allison M. Brehm performed data
extraction, processing, and analysis, Allison M. Brehm
drafted the initial manuscript with input from John
L. Orrock, all authors contributed critically to manuscript
revision and final draft preparation.

ACKNOWLEDGMENTS

This work was supported by the National Science
Foundation (award number 10S-2110031). We thank the
many small mammal biologists at the National Ecological
Observatory Network whose efforts made this work possible,
as well as lab-based researchers at the NEON biorepository.
We thank Jeb Owen for providing helpful feedback on an
earlier version of this manuscript, as well as an anonymous
reviewer. The National Ecological Observatory Network is a

program sponsored by the National Science Foundation and
operated under cooperative agreement by Battelle Memorial
Institute.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The following National Ecological Observatory Network
(NEON) datasets were utilized for this research: small
mammal box trapping (National Ecological Observatory
Network, 2023b), https://doi.org/10.48443/p4re-p954; ticks
sampled using drag cloths (National Ecological Observatory
Network, 2023c), https://doi.org/10.48443/3zmh-xx57;
NEON Biorepository Mammal Collection (DNA
Extracts) occurrence dataset (National Ecological
Observatory Network, 2023a), https://doi.org/10.
15468/6mxmvr.

ORCID
Allison M. Brehm ‘© https://orcid.org/0000-0001-7064-
8863

REFERENCES

Barbour, A. G. 2017. “Infection Resistance and Tolerance in
Peromyscus Spp., Natural Reservoirs of Microbes That Are
Virulent for Humans.” Seminars in Cell and Developmental
Biology 61: 115-122. https://doi.org/10.1016/j.semcdb.2016.
07.002.

Blubaugh, C. K., C. R. Jones, C. Josefson, G. A. Scoles, W. E.
Snyder, and J. P. Owen. 2023. “Omnivore Diet Composition
Alters Parasite Resistance and Host Condition.” Journal of
Animal Ecology 92(11): 2175-88. https://doi.org/10.1111/1365-
2656.14004.

Boyer, N., D. Réale, J. Marmet, B. Pisanu, and J. L. Chapuis. 2010.
“Personality, Space Use and Tick Load in an Introduced
Population of Siberian Chipmunks Tamias sibiricus.” Journal
of Animal Ecology 79(3): 538-547. https://doi.org/10.1111/j.
1365-2656.2010.01659.x.

Brehm, A. M., and A. Mortelliti. 2018. “Mind the Trap: Large-Scale
Field Experiment Shows That Trappability Is Not a Proxy for
Personality.” Animal Behaviour 142: 101-112. https://doi.org/
10.1016/j.anbehav.2018.06.009.

Brehm, A. M., and J. L. Orrock. 2023. “Extensive Behavioral Data
Contained Within Existing Ecological Datasets.” Trends in
Ecology and Evolution 38: 1129-33. https://doi.org/10.1016/j.
tree.2023.08.016.

Brunner, J. L., K. LoGiudice, and R. S. Ostfeld. 2008. “Estimating
Reservoir Competence of Borrelia burgdorferi Hosts: Prevalence
and Infectivity, Sensitivity, and Specificity.” Journal of Medical
Entomology 45(1): 139-147. https://doi.org/10.1603/0022-2585
(2008)45[139:ercobb|2.0.co;2.

Brunner, J. L., and R. S. Ostfeld. 2008. “Multiple Causes of Variable
Tick Burdens on Small-Mammal Hosts.” Ecology 89: 2259-72.

Buchmann, C. M., F. M. Schurr, R. Nathan, and F. Jeltsch. 2013.
“Habitat Loss and Fragmentation Affecting Mammal and Bird

d ‘1 °STOT 0L166£61

mofesay/:sdny woiy

ASUIIT SUOWWOY) dANLAI)) d[qeardde oY) Aq pauIsA0S a1e SA[ONIE Y (38N JO SA[NT J0§ AIRIQIT AUI[UQ A[IA\ UO (SUONIPUOI-PUR-SULI) W0 K[IM° KIRIqI[aur[uo//:sdiy) SUONIPUO) pue SWd [, 9y 23S [S70Z/S0/80] U0 A1eIqrT auruQ AS[IA ‘UOSIPRIAl - UISUOISIA JO ANSIATUN Aq 82+ K93/7001 "0 1/10p/wiod" Ko[im KIeIqIjaur[uo”



12 of 14

BREHM ET AL.

Communities-the Role of Interspecific Competition and
Individual Space Use.” Ecological Informatics 14(March):
90-98. https://doi.org/10.1016/j.ecoinf.2012.11.015.

Burnham, K. P., and D. R. Anderson. 2002. Model Selection and
Multimodel Inference: A Practical Information-Theoretic Approach,
2nd ed. New York, NY: Springer Verlag.

Carter, A. J., R. Heinsohn, A. W. Goldizen, and P. A. Biro. 2012.
“Boldness, Trappability and Sampling Bias in Wild Lizards.”
Animal Behaviour 83(4): 1051-58. https://doi.org/10.1016/j.
anbehav.2012.01.033.

Christe, P., R. Arlettaz, and P. Vogel. 2000. “Variation in Intensity
of a Parasitic Mite (Spinturnix myoti) in Relation to the
Reproductive Cycle and Immunocompetence of Its Bat Host
(Myotis myotis).” Ecology Letters 3(3): 207-212. https://doi.org/
10.1046/j.1461-0248.2000.00142.x.

Devevey, G., and D. Brisson. 2012. “The Effect of Spatial
Heterogenity on the Aggregation of Ticks on White-Footed
Mice.” Parasitology 139(7): 915-925. https://doi.org/10.1017/
S003118201200008X.

Estrada-Pefia, A., and J. De La Fuente. 2014. “The Ecology of Ticks
and Epidemiology of Tick-Borne Viral Diseases.” Antiviral
Research 108(1): 104-128. https://doi.org/10.1016/j.antiviral.
2014.05.016.

Fan, Y., J. Chen, G. Shirkey, R. John, S. R. Wu, H. Park, and
C. Shao. 2016. “Applications of Structural Equation Modeling
(SEM) in Ecological Studies: An Updated Review.” Ecological
Processes  5(19): 1-12. https://doi.org/10.1186/s13717-016-
0063-3.

Gorrell, J. C., and A. I. Schulte-Hostedde. 2008. ‘Patterns of
Parasitism and Body Size in Red Squirrels (Tamiasciurus
hudsonicus).” Canadian Journal of Zoology 86(2): 99-107.
https://doi.org/10.1139/Z07-123.

Guiden, P. W.,, and J. L. Orrock. 2017. “Invasive Exotic Shrub
Modifies a Classic Animal-Habitat Relationship and Alters
Patterns of Vertebrate Seed Predation.” Ecology 98(2): 321-27.
https://doi.org/10.1002/ecy.1678.

Guiden, P. W, and J. L. Orrock. 2019. “Invasive Shrubs Modify
Rodent Activity Timing, Revealing a Consistent Behavioral
Rule Governing Diel Activity.” Behavioral Ecology 30(4):
1069-75. https://doi.org/10.1093/beheco/arz050.

Hahn, M. B,, C. S. Jarnevich, A. J. Monaghan, and R. J. Eisen. 2016.
“Modeling the Geographic Distribution of Ixodes scapularis
and Ixodes pacificus (Acari: Ixodidae) in the Contiguous
United States.” Journal of Medical Entomology 53(5): 1176-91.
https://doi.org/10.1093/jme/tjw076.

Hall, R. J. 2022. “Animal Behavior and Parasitism.” In Ecology and
Evolution of Infectious Diseases, edited by V. Ezenwa, S. M.
Altizer, and R. J. Hall. New York, NY: Oxford University
Press.

Hamer, S. A., G. J. Hickling, J. L. Sidge, E. D. Walker, and J. L.
Tsao. 2012. “Synchronous Phenology of Juvenile Ixodes
scapularis, Vertebrate Host Relationships, and Associated
Patterns of Borrelia burgdorferi Ribotypes in the Midwestern
United States.” Ticks and Tick-borne Diseases 3(2): 65-74.
https://doi.org/10.1016/j.ttbdis.2011.11.004.

Han, B. A., A. M. Kramer, and J. M. Drake. 2016. “Global Patterns
of Zoonotic Disease in Mammals.” Trends in Parasitology 32:
565-577. https://doi.org/10.1016/j.pt.2016.04.007.

Han, B. A., J. P. Schmidt, S. E. Bowden, J. M. Drake, S. A. Levin,
and J. M. D. Designed. 2015. “Rodent Reservoirs of Future
Zoonotic Diseases.” Proceedings of the National Academy of
Sciences of the United States of America 112(22): 7039-44.
https://doi.org/10.5061/dryad.7th4q.

Hart, B. L., and L. A. Hart. 2018. “How Mammals Stay Healthy in
Nature: The Evolution of Behaviours to Avoid Parasites and
Pathogens.” Philosophical Transactions of the Royal Society B:
Biological Sciences 373(1751): 20170205. https://doi.org/10.
1098/rstb.2017.0205.

Hijmans, R. J., C. Karney, E. Williams, and C. Vennes. 2022.
“Geosphere: Spherical Trigonometry.” R Package Version
1.5-18.

Hoset, K. S., A. L. Ferchaud, F. Dufour, D. Mersch, J. Cote, and
J. F. Le Galliard. 2011. “Natal Dispersal Correlates With
Behavioral Traits That Are Not Consistent Across Early Life
Stages.” Behavioral Ecology 22(1): 176-183. https://doi.org/10.
1093/beheco/arq188.

Hughes, V. L., and S. E. Randolph. 2001. “Testosterone Depresses
Innate and Acquired Resistance to Ticks in Natural Rodent
Hosts: A Force for Aggregated Distributions of Parasites.”
Journal of Parasitology 87(1): 49-54. https://doi.org/10.1645/
0022.

Jones, C. R., J. L. Brunner, G. A. Scoles, and J. P. Owen. 2015.
“Factors Affecting Larval Tick Feeding Success: Host, Density
and Time.” Parasites and Vectors 8(1): 340. https://doi.org/10.
1186/s13071-015-0955-6.

Jones, K. E., N. G. Patel, M. A. Levy, A. Storeygard, D. Balk, J. L.
Gittleman, and P. Daszak. 2008. “Global Trends in Emerging
Infectious Diseases.” Nature 451(7181): 990-93. https://doi.
0rg/10.1038/nature06536.

Kirkland, G. L., and J. N. Layne. 1989. Advances in the Study of
Peromyscus (Rodentia). Lubbock, TX: Texas Tech University
Press.

Kugeler, K. J., A. M. Schwartz, M. J. Delorey, P. S. Mead, and A. F.
Hinckley. 2021. “Estimating the Frequency of Lyme Disease
Diagnoses, United States, 2010-2018.” Emerging Infectious
Diseases 27(2): 616-19. https://doi.org/10.3201/eid2702.202731.

Lane, R. S., J. Piesman, and W. Burgdorfer. 1991. “Lyme
Borreliosis: Relation of Its Causative Agent to its Vectors and
Hosts in North America and Europe.” Annual Reviews in
Entomology 36: 587-609. https://doi.org/10.1146/annurev.en.
36.010191.003103.

Larson, R. T., G. M. Bron, X. Lee, T. E. Zembsch, P. N. Siy, and
S. M. Paskewitz. 2021. “Peromyscus maniculatus (Rodentia:
Cricetidae): An Overlooked Reservoir of Tick-Borne Pathogens
in the Midwest, USA?” Ecosphere 12(11): 1-15. https://doi.org/
10.1002/ecs2.3831.

Larson, S. R, X. Lee, and S. M. Paskewitz. 2018. “Prevalence
of Tick-Borne Pathogens in Two Species of Peromyscus
Mice Common in Northern Wisconsin.” Journal of
Medical Entomology 55(4): 1002-10. https://doi.org/10.1093/
jme/tjy027.

Leal, B., E. Zamora, A. Fuentes, D. B. Thomas, and R. K. Dearth.
2020. “Questing by Tick Larvae (Acari: Ixodidae): A Review of
the Influences That Affect Off-Host Survival.” Annals of the
Entomological Society of America 113: 425-438. https://doi.org/
10.1093/aesa/saaa013.

d ‘1 °STOT ‘0L166£61

mofesay/:sdny woiy

ASUIIT SUOWWOY) dANLAI)) d[qeardde oY) Aq pauIsA0S a1e SA[ONIE Y (38N JO SA[NT J0§ AIRIQIT AUI[UQ A[IA\ UO (SUONIPUOI-PUR-SULI) W0 K[IM° KIRIqI[aur[uo//:sdiy) SUONIPUO) pue SWd [, 9y 23S [S70Z/S0/80] U0 A1eIqrT auruQ AS[IA ‘UOSIPRIAl - UISUOISIA JO ANSIATUN Aq 82+ K93/7001 "0 1/10p/wiod" Ko[im KIeIqIjaur[uo”



ECOLOGY

| 13 of 14

Lefcheck, J. S. 2016. “PiecewiseSEM: Piecewise Structural
Equation Modelling in R for Ecology, Evolution, and
Systematics.” Methods in Ecology and Evolution 7(5): 573-79.
https://doi.org/10.1111/2041-210X.12512.

Lima, S. L., and L. M. Dill. 1990. “Behavioral Decisions Made
Under the Risk of Predation: A Review and Prospectus.”
Canadian Journal of Zoology 63(4): 619-640.

Lyman, R. L., E. Power, and R. J. Lyman. 2001. “Ontogeny of Deer
Mice (Peromyscus maniculatus) and Montane Voles (Microtus
montanus) as Owl Prey.” The American Midland Naturalist
146(1): 72-79.

Main, A. J., A. B. Carey, M. G. Carey, and R. H. Goodwin. 1982.
“Immature Ixodes dammini (Acari: Ixodidae) on Small
Animals in Connecticut, USA.” Journal of Medical Entomology
19(6): 655-664. https://doi.org/10.1093/jmedent/19.6.655.

Martin, L. B., B. A. Addison, A. G. D. Bean, K. L. Buchanan, O. L.
Crino, J. R. Eastwood, A. S. Flies, et al. 2019. “Extreme
Competence: Keystone Hosts of Infections.” Trends in Ecology
and Evolution 34(4): 303-314. https://doi.org/10.1016/j.tree.
2018.12.009.

McLean, B. S., and R. P. Guralnick. 2021. “Digital Biodiversity Data
Sets Reveal Breeding Phenology and Its Drivers in a Widespread
North American Mammal.” Ecology 102(3): €03258.

Moore, S. L., and K. Wilson. 2002. “Parasites as a Viability Cost of
Sexual Selection in Natural Populations of Mammals.” Science
297: 2015-18. https://doi.org/10.1126/science.1074196.

Muehlenbein, M. P., and R. G. Bribiescas. 2005. ‘“Testosterone-Mediated
Immune Functions and Male Life Histories.” American Journal
of Human Biology 17(5): 527-558. https://doi.org/10.1002/ajhb.
20419.

National Ecological Observatory Network. 2023a. “NEON
Biorepository Mammal Collection (DNA Extracts).” Occurrence
Dataset. https://doi.org/10.15468/6mxmvr accessed via the NEON
Biorepository Data Portal, https://biorepo.neonscience.org/.

National Ecological Observatory Network. 2023b. “Small Mammal
Box Trapping (DP1.10072.001), RELEASE-2023.” https://doi.
org/10.48443/pare-p954.

National Ecological Observatory Network. 2023c. “Ticks Sampled
Using Drag Cloths (DP1.10093.001), RELEASE-2024.” https://
doi.org/10.48443/3zmh-xx57.

Nichols, J. D., J. E. Hines, and K. H. Pollock. 1984. “Effects of
Permanent Trap Response on Capture Probability on Jolly-Seber
Capture-Recapture Model Estimates.” The Journal of Wildlife
Management 48(1): 289-294. https://doi.org/10.2307/3808491.

Nieto, N. C., W. Tanner Porter, J. C. Wachara, T. J. Lowrey,
L. Martin, P. J. Motyka, and D. J. Salkeld. 2018. “Using Citizen
Science to Describe the Prevalence and Distribution of Tick Bite
and Exposure to Tick-Borne Diseases in the United States.”
PLo0S One 13(7): €0199644. https://doi.org/10.1371/journal.pone.
0199644.

Ogden, N. H., C. Ben Beard, H. S. Ginsberg, and J. I. Tsao. 2021.
“Possible Effects of Climate Change on Ixodid Ticks and the
Pathogens They Transmit: Predictions and Observations.”
Journal of Medical Entomology 58(4): 1536-45. https://doi.org/
10.1093/jme/tjaa220.

Ogden, N. H., G. Pang, H. S. Ginsberg, G. J. Hickling, R. L. Burke,
L. Beati, and J. I. Tsao. 2018. “Evidence for Geographic
Variation in Life-Cycle Processes Affecting Phenology of the
Lyme Disease Vector Ixodes scapularis (Acari: Ixodidae) in the

United States.” Journal of Medical Entomology 55(6):
1386-1401. https://doi.org/10.1093/jme/tjy104.

Ostfeld, R. 2011. Lyme Disease: The Ecology of a Complex System.
New York, NY: Oxford University Press, Inc.

Ostfeld, R. S., C. D. Canham, K. Oggenfuss, R. J. Winchcombe, and
F. Keesing. 2006. “Climate, Deer, Rodents, and Acorns as
Determinants of Variation in Lyme-Disease Risk.” PLoS
Biology 4(6): 1058-68. https://doi.org/10.1371/journal.pbio.
0040145.

Ostfeld, R. S., K. R. Hazler, and O. M. Cepeda. 1996. “Temporal and
Spatial Dynamics of Ixodes scapularis (Acari: Ixodidae) in a
Rural Landscape.” Journal of Medical Entomology 33: 90-95.
https://doi.org/10.1093/jmedent/33.1.90.

Ostfeld, R. S., M. C. Miller, and K. R. Hazler. 1996. “Causes and
Consequences of Tick (Ixodes scapularis) Burdens on
White-Footed Mice (Peromyscus leucopus).” Journal of
Mammalogy 77(1): 266-273. https://doi.org/10.2307/1382727.

Ostfeld, R. S., M. C. Miller, and J. Schnurr. 1993. “Ear Tagging
Increases Tick (bwdes dammini) Infestation Rates of White-Footed Mice
(Peromyscus leucopus)” Joumal of Mammalogy 74(3): 651-55. https://doi.
0rg/10.2307/1382286.

Patterson, L. D., and A. I. Schulte-Hostedde. 2011. “Behavioural
Correlates of Parasitism and Reproductive Success in Male
Eastern Chipmunks, Tamias striatus.” Animal Behaviour
81(6): 1129-37. https://doi.org/10.1016/j.anbehav.2011.02.016.

Paull, S. H, S. Song, K. M. McClure, L. C. Sackett, A. Marm
Kilpatrick, and P. T. J. Johnson. 2012. “From Superspreaders
to Disease Hotspots: Linking Transmission Across Hosts and
Space.” Frontiers in Ecology and the Environment 10: 75-82.
https://doi.org/10.1890/110111.

Perez-Orella, C., and A. I. Schulte-Hostedde. 2005. “Effects of Sex
and Body Size on Ectoparasite Loads in the Northern Flying
Squirrel (Glaucomys sabrinus).” Canadian Journal of Zoology
83(10): 1381-85. https://doi.org/10.1139/205-126.

Pollock, N. B., L. K. Vredevoe, and E. N. Taylor. 2012. “How Do
Host Sex and Reproductive State Affect Host Preference and
Feeding Duration of Ticks?” Parasitology Research 111(2):
897-907. https://doi.org/10.1007/s00436-012-2916-8.

Poulin, R. 2007. ““Are There General Laws in Parasite Ecology?” Parasitology
134(6): 763-776. https://doi.org/10.1017/S0031182006002150.

Preisser, E. L., J. L. Orrock, and O. J. Schmitz. 2007. “Predator
Hunting Mode and Habitat Domain Alter Nonconsumptive
Effects in Predator-Prey Interactions.” Ecology 88(11): 2744-51.
https://doi.org/10.1890/07-0260.1.

Ribeiro, J. M. C. 1989. “Role of Saliva in Tick/Host Interactions.”
Experimental & Applied Acarology 7: 15-20.

Rolff, J. 2002. “Bateman’s Principle and Immunity.” Proceedings of
the Royal Society B: Biological Sciences 269(1493): 867-872.
https://doi.org/10.1098/rspb.2002.1959.

Rosenberg, R., N. P. Lindsey, M. Fischer, C. J. Gregory, A. F.
Hinckley, P. S. Mead, G. Paz-Bailey, et al. 2018. “Vital Signs:
Trends in Reported Vectorborne Disease Cases—United States and
Territories, 2004-2016.” Morbidity and Mortality Weekly Report
67(17): 496-501. https://doi.org/10.15585/mmwr.mmé6717el.

Roy-Dufresne, E., T. Logan, J. A. Simon, G. L. Chmura, and
V. Millien. 2013. “Poleward Expansion of the White-Footed
Mouse (Peromyscus leucopus) under Climate Change:
Implications for the Spread of Lyme Disease.” PLoS One 8(11):
€80724. https://doi.org/10.1371/journal.pone.0080724.

d ‘1 °STOT ‘0L166£61

dny woiy

mofesay/:

ASUIIT SUOWWOY) dANLAI)) d[qeardde oY) Aq pauIsA0S a1e SA[ONIE Y (38N JO SA[NT J0§ AIRIQIT AUI[UQ A[IA\ UO (SUONIPUOI-PUR-SULI) W0 K[IM° KIRIqI[aur[uo//:sdiy) SUONIPUO) pue SWd [, 9y 23S [S70Z/S0/80] U0 A1eIqrT auruQ AS[IA ‘UOSIPRIAl - UISUOISIA JO ANSIATUN Aq 82+ K93/7001 "0 1/10p/wiod" Ko[im KIeIqIjaur[uo”



14 of 14

BREHM ET AL.

Sandbergtii, S., T. E. Awerbuchj, and A. Spielman. 1992. “A
Comprehensive Multiple Matrix Model Representing the Life
Cycle of the Tick That Transmits the Agent of Lyme Disease.”
Journal of Theoretical Biology 157: 203-220.

Santicchia, F., C. Gagnaison, F. Bisi, A. Martinoli, E. Matthysen,
S. Bertolino, and L. A. Wauters. 2018. “Habitat-Dependent
Effects of Personality on Survival and Reproduction in Red
Squirrels.” Behavioral Ecology and Sociobiology 72(8): 1-13.
https://doi.org/10.1007/s00265-018-2546-y.

Schwartz, A. M., K. J. Kugeler, C. A. Nelson, G. E. Marx, and A. F.
Hinckley. 2021. “Use of Commercial Claims Data for
Evaluating Trends in Lyme Disease Diagnoses, United States,
2010-2018.” Emerging Infectious Diseases 27(2): 499-507.
https://doi.org/10.3201/eid2702.202728.

Shipley, B. 2002. Cause and Correlation in Biology: A User’s Guide to

Path Analysis, Structural Equations, and Causal Inference.

Cambridge: Cambridge University Press.

A., A. Bell, and J. Chadwick Johnson. 2004. “Behavioral

Syndromes: An Ecological and Evolutionary Overview.”

Trends in Ecology and Evolution 19: 372-78. https://doi.org/10.

1016/j.tree.2004.04.009.

Sih, A., O. Spiegel, S. Godfrey, S. Leu, and C. Michael Bull. 2018.
“Integrating Social Networks, Animal Personalities, Movement
Ecology and Parasites: A Framework with Examples from a
Lizard.” Animal Behaviour 136(February): 195-205. https://doi.
org/10.1016/j.anbehav.2017.09.008.

Smith, J. A., E. Donadio, J. N. Pauli, M. J. Sheriff, O. R. Bidder, and
A. D. Middleton. 2019. “Habitat Complexity Mediates the
Predator-Prey Space Race.” Ecology 100(7):1-9. https://doi.
0rg/10.1002/ecy.2724.

Stephens, R. B., E. M. Anderson, S. R. Wendt, and J. K. Meece.
2014. “Field Identification of Sympatric Peromyscus leucopus
noveboracensis and P. maniculatus gracilis in Wisconsin from
External Measurements.” The American Midland Naturalist
171(1):  139-146.  https://doi.org/10.1674/0003-0031-171.
1.139.

Stradiotto, A., F. Cagnacci, R. Delahay, S. Tioli, L. Nieder, and A.
Rizzoli. 2009. “Spatial Organization of the Yellow-Necked
Mouse: Effects of Density and Resource Availability.” Journal
of Mammalogy 90(3): 704-714. https://doi.org/10.1644/08-
MAMM-A-120R1.1.

Svoboda, N. J, J. L. Belant, D. E. Beyer, J. F. Duquette, and P. E.
Lederl. 2019. “Carnivore Space Use Shifts in Response to
Seasonal Resource Availability.” Ecosphere 10(7): 1-21.
https://doi.org/10.1002/ecs2.2817.

Tran, T., M. A. Prusinski, J. L. White, R. C. Falco, V. Vinci, W. K.
Gall, K. Tober, et al. 2021. “Spatio-Temporal Variation in

Sih

Environmental Features Predicts the Distribution and Abundance
of Deodes scapularis.” International Journal for Parasitology 51(4):
311-320. https://doi.org/10.1016/j.ijpara.2020.10.002.

Tsao, J. I, S. A. Hamer, S. Han, J. L. Sidge, and G. J. Hickling. 2021.
“The Contribution of Wildlife Hosts to the Rise of Ticks and
Tick-Borne Diseases in North America.” Journal of Medical
Entomology 58(4): 1565-87. https://doi.org/10.1093/jme/tjab047.

Versteegh, M. A., B. Helm, E. J. Kleynhans, E. Gwinner, and B. L
Tieleman. 2014. “Genetic and Phenotypically Flexible Components
of Seasonal Variation in Immune Function.” Journal of
Experimental Biology 217(9): 1510-18. https://doi.org/10.
1242/jeb.097105.

Warton, D. I., and F. K. C. Hui. 2011. “The Arcsine Is Asinine: The
Analysis of Proportions in Ecology.” Ecology 92(1): 3-10.
https://doi.org/10.1890/10-0340.1.

Wilder, S. M., and D. B. Meikle. 2004. “Prevalence of Deer Ticks
(Ixodes scapularis) on White-Footed Mice (Peromyscus
leucopus) in Forest Fragments.” Journal of Mammalogy 85(5):
1015-18. https://doi.org/10.1644/020.

Wirsing, A. J., M. R. Heithaus, J. S. Brown, B. P. Kotler, and O. J.
Schmitz. 2021. “The Context Dependence of
Non-Consumptive Predator Effects.” Ecology Letters 24:
113-129. https://doi.org/10.1111/ele.13614.

Wolff, J. 1985. “The Effects of Density, Food, and Interspecific
Interference on Home Range Size in Peromyscus leucopus and
Peromyscus maniculatus.” Canadian Journal of Zoology 63:
2657-62.

Yen, I, A. Gardner, and A. Mortelliti. 2024. “In the Lyme Light:
Individual Trait Determinants of Borrelia burgdorferi Infection
in Peromyscus Mice.” Journal of Mammalogy 105(1): 143-156.
https://doi.org/10.1093/jmammal/gyad108.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Brehm, Allison M.,
Vania R. Assis, Lynn B. Martin, and John

L. Orrock. 2025. “Individual Variation Underlies
Large-Scale Patterns: Host Conditions and
Behavior Affect Parasitism.” Ecology 106(1): e4478.
https://doi.org/10.1002/ecy.4478

d ‘1 °STOT ‘0L166£61

dny woiy

mofesay/:

ASUIIT SUOWWOY) dANLAI)) d[qeardde oY) Aq pauIsA0S a1e SA[ONIE Y (38N JO SA[NT J0§ AIRIQIT AUI[UQ A[IA\ UO (SUONIPUOI-PUR-SULI) W0 K[IM° KIRIqI[aur[uo//:sdiy) SUONIPUO) pue SWd [, 9y 23S [S70Z/S0/80] U0 A1eIqrT auruQ AS[IA ‘UOSIPRIAl - UISUOISIA JO ANSIATUN Aq 82+ K93/7001 "0 1/10p/wiod" Ko[im KIeIqIjaur[uo”



	Individual variation underlies large‐scale patterns: Host conditions and behavior affect parasitism
	Abstract
	INTRODUCTION
	METHODS
	Dataset assembly
	Small mammal trapping data
	Ectoparasite data
	Individual movements, trappability, and trap‐use diversity

	Structural equation models

	RESULTS
	Behavior
	Tick occurrence on mice

	DISCUSSION
	Host conditions and behavior predict parasitism by ticks across large geographic areas
	Local interactions also depend strongly on local conditions
	Implications for zoonotic disease systems
	Concluding remarks and future directions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


