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As the range of Ixodes scapularis Say expands, host abundance and land use can play important roles in re-
gions where ticks and their associated pathogens are emerging. Small mammal hosts serve as reservoirs of 
tick-borne pathogens, with Peromyscus leucopus Rafinesque often considered a primary reservoir. A sympatric 
species Peromyscus maniculatus Wagner is also a competent reservoir and is notoriously difficult to differen-
tiate from P. leucopus. Anthropogenic land use can alter host and habitat availability, potentially changing tick 
exposure risk. We tested the hypotheses that tick infestation and pathogen prevalence differ between the two 
Peromyscus spp. and that host-seeking I. scapularis density and pathogen prevalence differ across land use 
and ecotone gradients. We live trapped small mammals and collected ticks across 3 land-use classifications 
and ecotones in Maine, an emergent area for tick-borne disease. We tested each small mammal and tick sample 
for Borrelia burgdorferi, Anaplasma phagocytophilum, and Babesia microti. While both Peromyscus spp. serve 
as hosts for immature ticks, P. leucopus exhibited a higher tick infestation frequency and intensity. We did not 
detect any significant difference in pathogen infection prevalence between the two species. The density of I. 
scapularis nymphs and the density of infected nymphs did not differ significantly between land-use types, 
though did differ across ecotones. We also noted a significant north/south gradient, with higher tick densities 
and pathogen prevalence at the southern end of the study area. Our study highlights the potential variability 
in tick density and pathogen prevalence across fine spatial scales within an emerging region for tick-borne 
disease.
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Introduction

In the United States and Canada, Ixodes scapularis Say 
(Acari: Ixodidae) is the primary vector of Borrelia burgdorferi 
(Spirochaetales: Spirochaetaceae), the causative agent of Lyme dis-
ease, as well as multiple other tick-borne pathogens including 
Anaplasma phagocytophilum (Rickettsiales: Anaplasmataceae) and 
Babesia microti (Aconoidasida: Piroplasmida) (Piesman and Eisen 
2007). In recent decades, sustained range expansion of I. scapularis 
from endemic areas to novel regions, particularly in the Northeastern 
and Midwestern United States, has increased the public health burden 
posed by this vector, and patterns of human disease have reflected this 

shift in tick distribution (Leger et al. 2013, Sonenshine 2018, Bisanzio 
et al. 2020, Gardner et al. 2020). At the landscape scale, increases 
in the spatial distribution and abundance of I. scapularis and its as-
sociated pathogens are frequently attributed to changes in climatic 
conditions and long-term trends of reforestation and fragmentation 
(Ogden et al. 2004, Simon et al. 2014, Sonenshine 2018). The es-
tablishment and persistence of ticks within their introduced range 
is dependent upon the availability of wildlife hosts among several 
key factors. In addition to facilitating tick movement across the land-
scape, wildlife hosts and human activity may also facilitate the ability 
of I. scapularis to persist in previously uninhabited areas.
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The invasion of novel regions by I. scapularis and the estab-
lishment of its associated pathogens may occur at varying rates 
and patterns depending on local factors related to host availability, 
landscape features, and climate (Hamer et al. 2010, Leighton et al. 
2012, Gardner et al. 2020). The white-footed mouse, Peromyscus 
leucopus Rafinesque (Rodentia: Cricetidae), is a primary reservoir 
of B. burgdorferi, A. phagocytophilum, B. microti, and several other 
tick-borne pathogens and is commonly parasitized by immature I. 
scapularis (Mather et al. 1989, Keesing et al. 2012). In addition to di-
rectly influencing pathogen dynamics, P. leucopus can potentially im-
pact the density of ticks with increases in mouse populations leading 
to subsequent increases in tick numbers (LoGiudice et al. 2003). In 
recent decades, P. leucopus populations have expanded northward at 
varying rates and are expected to continue to shift northward over 
the next several decades (Roy-Dufresne et al. 2013). This shift has 
resulted in greater sympatry and potential displacement of a closely 
related species, the woodland deer mouse, Peromyscus maniculatus 
Wagner (Rodentia: Cricetidae), which currently occurs at higher 
latitudes than P. leucopus (Long, 1996, Myers et al. 2009). While 
they occupy similar ecological niches and are notoriously difficult to 
differentiate morphologically, differences in foraging behavior and 
habitat selection have been noted (Garman et al. 1994, Lindquist et 
al. 2003, Cramer 2014, Leo and Millien 2017). Like P. leucopus, P. 
maniculatus is a competent reservoir of several tick-borne pathogens, 
including B. burgdorferi and A. phagocytophilum (Rand et al. 1993, 
Larson et al. 2018). Even with its known ability to serve as a reser-
voir of tick-borne disease, the relative importance of P. maniculatus 
plays in sustaining these pathogens and their tick vectors, particu-
larly in emerging regions, has not been widely characterized.

Emergence and persistence of I. scapularis are also dependent on 
the availability of suitable habitat for both ticks and their wildlife 
hosts. At the local level, increased abundance of ticks and pathogen 
prevalence are positively associated with edge ecotones between 
forests and open-field plant communities (Maupin et al. 1991, Frank 
et al. 1998). Differences in vegetation assemblages within habitats, 
particularly those with shrub layers, deciduous leaf litter, and in 
some instances, invasive plant species, are also associated with el-
evated I. scapularis abundance (Ostfeld et al. 1995, Lubelczyk et 
al. 2004). Anthropogenic land-use changes can alter these fine-
scale factors and ultimately impact the expansion and persistence 
of ticks and tick-borne disease (Diuk-Wasser et al. 2021). Previous 
studies have examined the effects of land cover metrics, including 
forest cover and fragmentation, on the distribution and abundance 
of ticks over large spatial scales (Jackson et al. 2006, Li et al. 2012, 
Zolnik et al. 2015, Piedmonte et al. 2018). Comparisons of tick 
abundance based upon differing human land uses, such as agricul-
tural vs. reforested, have also been conducted at the broader land-
scape scale but have been less frequently attempted at finer, property 
level scales (Diuk-Wasser et al. 2021). Early Lyme disease research 
identified peridomestic settings as areas associated with particu-
larly high human risk and recreational areas as potential settings 
for high-risk tick encounters (Falco and Fish 1988, Maupin et al. 
1991, Hahn et al. 2018). While the processes that drive tick densities 
have been examined in many of the areas in which I. scapularis is 
established, factors including seasonality, habitat suitability, climate, 
host availability, and human land use may differ in areas where tick 
populations are emergent (Bouchard et al. 2011, Burtis et al. 2016). 
Examining some of the local drivers in emerging areas may provide 
new insight into the establishment and relative risk of tick-borne 
disease in human-dominated landscapes.

This study addressed two sets of hypotheses related to the local 
scale drivers of ticks and tick-borne pathogens in an emergent area 

for tick-borne disease. The first examines the potential differences 
between the roles of P. leucopus and P. maniculatus in the mainte-
nance of tick populations and in the tick-borne pathogen transmis-
sion cycle. The second assesses the effects of specific human land-use 
types and local-scale ecotones (i.e., forest, edge, open field) on I. 
scapularis in the lower Penobscot River Valley of Maine. Maine has 
experienced a prolonged and persistent increase in I. scapularis dis-
tribution and abundance, resulting in one of the highest incidences 
of Lyme disease in the country (Rand et al. 2007, Elias et al. 2020, 
2021; CDC 2022). As Maine is on the prevailing edge of I. scapularis’ 
northward expansion, there exists a north-south gradient of tick 
abundance within the state, thus making it an ideal location to 
study the interactions between ticks, wildlife hosts, and their shared 
ecotones within an emergent area for tick-borne disease. To examine 
these interactions, we compared tick infestation rates and tick-borne 
pathogen prevalence between P. leucopus and P. maniculatus to test 
whether these ubiquitous small mammal species play differing roles 
in the tick-borne pathogen transmission cycle. We also specifically 
tested the hypothesis that tick burdens and pathogen prevalence in 
Peromyscus spp., as well as the host-seeking density of infected I. 
scapularis nymphs differ across land-use types associated with spe-
cific human activities and across local ecotones (i.e., forest, edge, 
open field) within these land-uses. As P. leucopus and P. maniculatus 
are nearly indistinguishable morphologically, we also developed an 
assay to delineate between the two Peromyscus spp., while simulta-
neously testing for tick-borne pathogens.

Methods

Study Locations
We conducted tick dragging and small mammal trapping at 12 
study sites along the Penobscot River in Maine, encompassing 3 
different land-use classifications: agricultural/industrial, residential, 
and recreational (Fig. 1). As I. scapularis densities in Maine change 
along a latitudinal gradient, with higher densities in the southern 
and coastal parts of the state, study sites were interspersed along the 
Penobscot River within a distance of approximately 50 km from the 
Maine coast where the mouth of the river empties into the Atlantic 
Ocean, with an average distance of approximately 6 km from one 
another. Agricultural/industrial sites (n = 3) included a research 
farm, a commercial sand and gravel mining site, and a mixed-use 
site composed of a commercial marina and municipal gravel depot. 
While the land-use purpose differed between agricultural/industrial 
sites, they supported similar levels of human activity, presence and 
use of large equipment, as well as property characteristics (area and 
availability of different ecotones). For these reasons, we grouped 
them into a single land-use category. Recreational sites (n = 4) in-
cluded conservation lands that permitted and encouraged recreation 
through the construction of walking/hiking trails. We also sampled 
residential sites (n = 5), composed of single-family dwellings on 
low-density lots.

We chose study sites based on the availability of ecotones (i.e., 
forest, edge, open field) within each site, lot size (a minimum of 5 
acres), as well as a relatively uniform forest structure and tree spe-
cies composition. At each site, we sampled ticks and small mammals 
within an approximately 5-acre parcel with transects distributed 
among 3 local ecotones (forest, edge, and open field). Forest struc-
ture and composition were relatively consistent between sample sites, 
with forests primarily consisting of a mixture of tree age classes, 
including mature trees, saplings, and seedlings. Forest canopy com-
position included a diverse mixture of coniferous and deciduous spe-
cies, with red oak (Quercus rubra), balsam fir (Abies balsamea), red 



1480 Journal of Medical Entomology, 2024, Vol. 61, No. 6

maple (Acer rubrum), sugar maple (Acer saccharum), and to a lesser 
extent birch (Betula spp.), aspen (Populus spp.), and spruce (Picea 
spp.) dominating. The understories included a subset of immature 
saplings of the dominant canopy species, as well as winterberry (Ilex 
verticillata), sumac (Rhus spp.), and a number of unidentified fern 
species. Three sites contained small infestations of Japanese barberry 
(Berberis thunbergii), an invasive plant associated with increased 
tick abundance (Lubelczyk et al. 2004, Elias et al. 2006, Williams 
and Ward 2010, Williams et al. 2017). Though present, barberry was 
not abundant and did not encompass a significant portion of the 
understory at any of these 3 sites. Open field ecotone at each site 
contained a mixture of grasses managed at varying levels, with some 
areas mowed frequently and grasses kept below 10 cm and others 
mowed infrequently with grasses reaching heights as high as 50 cm. 
We conducted sampling in open fields in which grasses were mini-
mally managed, with grass heights ranging from approximately 20 
to 50 cm within sites. The edge ecotone encompassed an approxi-
mately 10 m wide interface between open fields and forest ecotones 
centered on the forest edge.

Small Mammal Trapping and On-Host Tick Collection
To test the hypothesis that the infestation frequency (the number 
of tick-infested mice) and mean intensity (mean number of ticks 
on infested mice) of I. scapularis infestation on Peromyscus spp. 
differed between species and based upon land use and ecotone, we 
live trapped small mammals at each of the 12 study sites from June 
through October 2017 and 2018. We handled all animals in accord-
ance with approved University of Maine Institutional Animal Care 
and Use Committee (IACUC) protocols (IACUC protocol #A2016-
04-01). We conducted small mammal trapping sessions at each site 
3 times per year in an attempt to overlap with I. scapularis activity. 

We conducted the first trapping session in late June when nymphal 
I. scapularis are becoming active, the second in early August when 
both nymphal and larval I. scapularis are active, and a third session 
in early October when adult I. scapularis are most active. Within 
each of the study sites, we established 9 transects (3 transects per 
ecotone type) and deployed 10 Sherman LFA Folding Live Capture 
traps (H.B. Sherman Traps, Tallahassee, FL, USA) per transect. In 
each transect, we placed 10 traps at 10 m intervals, forming a 100 
m transect. In forested and open ecotones, we placed transects par-
allel to one another with approximately 10 m between them. Due 
to the limited width of edge ecotone, we placed transects end-to-
end with approximately 20 m between them. Although there was 
some variability between sites, we attempted to maintain a distance 
of at least 75 m between ecotone types. We baited traps with peanut 
butter and deployed them approximately 2 h before sunset (1830 h 
in June, 1800 h in August, 1630 h in October), checking for captures 
each morning within 2 h of sunrise (0650 h in June, 0730 h in 
August, 0830 h in October). During each of the trapping sessions, 
we deployed traps for 2 consecutive nights resulting in 2,160 trap 
nights per trapping session and a total of 6,480 trap nights. We did 
not deploy traps on rainy nights or if there was a forecast for rain. 
In instances of rain or forecasted rain, we delayed the deployment of 
traps until the next clear night.

Upon first capture, we anesthetized each individual small 
mammal by isoflurane inhalation. We transferred animals from 
the trap to a prepared gallon zipper-locking bag containing a small 
metal tea strainer with a cotton ball saturated in 1 mL of isoflurane 
(Piramal, Bethlehem, PA, USA, NDC 66794-013-25) and exposed 
animals until they could no longer right themselves; approximately 
30–45 s (Mathews et al. 2002, West et al. 2014). Once anesthetized, 
we recorded demographics (species, sex, and age class) and standard 

Fig. 1. Small mammal trapping / tick collection sites and major rivers of Maine, USA. Maine counties shaded based upon incidence rates of Lyme disease (annual 
cases per 100,000 people, averaged across years 2007–2021; Maine CDC 2023).
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body measurements (mass, body length, tail length, ear length, and 
hind-foot length) of each individual (Lindquist et al. 2003, Reid 
2006, Stephens et al. 2014et al.). We determined age class by body 
mass (juveniles were 12 g or less, subadults were 13–18 g, and adults 
were greater than 18 g). We then examined each individual for the 
presence of ticks of all life stages, systematically inspecting the head 
and neck, and collected all tick samples into vials of 70% ethanol 
(Brunner and Ostfeld 2008). Following tick sampling, we collected 
a tissue sample for pathogen testing and species identification by 
snipping a 3-mm portion from the outer margin of the left ear and 
placing it into a vial of 70% ethanol. Ear snips were also used to 
identify recaptures, for which we did not recollect measurements, 
tissue samples, or attached ticks upon initial recapture or during 
subsequent trapping sessions. We did not tag or mark individual 
small mammal captures in a way that would allow for individual 
identification, as estimation of population density was not a goal 
of this study. Upon completion of sampling, we released each small 
mammal at the site of capture.

Host-Seeking Tick Collection and Species 
Identification
To test the hypothesis that land-use and ecotone influence I. 
scapularis nymphal density and the density of infected nymphs 
(DIN), we collected host-seeking ticks from forest interiors, edge 
ecotones, and open fields within each study site. We conducted sam-
pling once at each site during July or early August in 2017, 2018, 
and 2019. We sampled each site between 0900 h and 1200 h and 
only under dry, clear weather conditions. We did not conduct field 
collections if it was raining or if the ground was wet from previous 
weather events. Within each ecotone type, we dragged a 1 m2 drag 
cloth at ground level along 5 separate 100 m transects, stopping 
every 10 m to examine the drag cloth for ticks. Within forested and 
open ecotones, transects were established parallel to one another and 
spaced approximately 20 m apart. Due to the limited width of edge 
ecotone, we arranged transects end-to-end with approximately 20 
m between them. We attempted to avoid overlapping tick sampling 
transects with small mammal trapping transects, as we did not want 
to remove ticks that may naturally encounter and attach to the small 
mammals that we were sampling. We removed all ticks attached to 
the drag cloths with forceps and stored them in vials of 70% eth-
anol. We transported all ticks back to the University of Maine where 
they were visually sorted by life stage. We identified both the on-host 
and host-seeking ticks to species and life stages using published keys 

(Clifford et al. 1961, Keirans and Litwak 1989, Durden and Keirans 
1996).

Molecular Pathogen Detection and Peromyscus 
Species Delineation
To test the hypotheses that pathogen prevalence was affected by land 
use and ecotone and differed between Peromyscus spp., we tested 
all Peromyscus ear tissue samples and all host-seeking I. scapularis 
nymphs for the presence of B. burgdorferi sensu lato. We also used 
a molecular test that we developed to delineate between P. leucopus 
and P. maniculatus, while simultaneously testing for B. burgdorferi 
sensu lato, A. phagocytophilum, and B. microti. We extracted DNA 
from tick samples and performed a multiplex quantitative poly-
merase chain reaction (qPCR) assay for pathogen detection using 
the procedures described in Rounsville et al. (2021). For pathogen 
testing and Peromyscus species delineation of small mammal tissue 
samples, we first extracted DNA using the protocol of the Qiagen 
(Germantown, MD, USA) DNeasy Blood and Tissue Kit (Cat no. 
69506) extraction kit. We then performed a multiplex qPCR assay to 
detect B. burgdorferi sensu lato, A. phagocytophilum, and B. microti 
and simultaneously delineate between P. leucopus and P. maniculatus.

For the initial reaction components, we used 5 µl Quantabio 
(Beverly, MA, USA) PerfeCTa qPCR ToughMix, 3 µl of primer and 
probe mixture (Table 1), and 2 µl of tissue sample DNA extract. We 
completed each qPCR in at least duplicate on a BioRad CFX 1,000 
thermal cycler (Hercules, CA, USA) with the following conditions: an 
initial 95°C burn-in for 3 min followed by 45 cycles of 95°C denatur-
ation (15 s) and 60°C annealing-extension (1 min). We also used neg-
ative DNA extraction and PCR controls, as well as synthetic positive 
controls from the target pathogens obtained from Integrated DNA 
Technologies (Coralville, IA, USA). To reduce the possibility of inac-
curate Peromyscus spp. assignments, we used tissue samples from two 
voucher specimens each of P. leucopus and P. maniculatus as positive 
controls. These voucher specimens were sourced from the University 
of New Hampshire mammal collection. We designed a single forward 
and reverse primer pair that will amplify a portion of the cytochrome 
oxidase subunit I gene from both Peromyscus spp. and two indi-
vidual fluorescently labeled probes that detect and report either P. 
leucopus (Cy5) or P. maniculatus (Cy5.5), respectively. These probes 
typically produced amplicons with critical thresholds (CTs) of 15–17 
and we recorded the species of origin of a sample if it produced an 
amplicon with one of these probes with a CT less than 25. If the 
Peromyscus amplicon produced a CT of greater than 25 or none at 

Table 1. Quantitative PCR primers and probes used to detect selected pathogens and delineate between Peromyscus leucopus and 
Peromyscus maniculatus

Target Type Sequence (5ʹ-3ʹ) Conc. (nM) Ref.

Borrelia burgdorferi sensu lato FWD CGAGTCTTAAAAGGGCGATTTAGT 350 Xu et al. (2016)
REV GCTTCAGCCTGGCCATAAATAG 350
Probe FAM—AGATGTGGTAGACCCGAAGCCGAGTG 175

Anaplasma phagocytophilum FWD ATGGAAGGTAGTGTTGGTTATGGTATT 650 Hojgaard et al. (2014)
REV TTGGTCTTGAAGCGCTCGTA 650
Probe HEX—TGGTGCCAGGGTTGAGCTTGAGATTG 350

Babesia microti FWD CGCGTGGCGTTTATTAGACTT 400 Wang et al. (2015)
REV CAAAGCCATGCGATTCGC 400
Probe ROX—CCAACCCTTCGGGTAATCGGTGATTC 225

Peromyscus FWD TTCTACTAACCACAAAGACATCGGGAC 350 This manuscript
REV TGATCGTCACCTAATAAGGCACC 350

Peromyscus leucopus Probe Cy5—GTATTTATTATTCGGAGCCTGAGCAGGA 275 This manuscript
Peromyscus maniculatus Probe Cy5.5—CCTATTGTTTGGGGCATGAGCTGGG 275 This manuscript
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all, we considered that particular sample to either have failed in DNA 
extraction or that the tissue sample was not from a Peromyscus spp., 
and removed it from the study. We recorded a tissue sample as posi-
tive for a pathogen if all of the following were true: pathogen DNA 
amplified in both the sample and duplicate, the amplicon produced a 
CT of less than 37.5, the difference between the two runs is less than 
3 CT’s, and both amplifications appear to have logarithmic growth. 
We applied differing thresholds for mice and pathogens to account 
for the higher concentration of mouse DNA in the tissue samples. We 
reran samples producing inconsistent results in at least duplicate and 
recorded samples as positive if they produced a positive pathogen re-
sult in half or more of the total runs for that sample.

Statistical Analyses
We conducted all statistical analyses using R version #4.0.5 (R Core 
Team 2021). As we captured P. maniculatus at only 4 of our 12 study 
sites with the majority coming from 1 site, we confined the species 
comparison to this 1 site. Due to zero inflation in the tick counts 
collected from Peromyscus spp., we used a 2-stage hurdle model in 
the package “glmmTMB” (Brooks et al. 2017) to assess differences 
in on-host tick infestation between the 2 species. Using an initial 
binary model to distinguish between zero and nonzero values, the 
hurdle model then uses a zero-truncated negative binomial model 
to fit the nonzero values. Our model first assessed the difference in 
infestation frequency (number of tick-infested mice) of Peromyscus 
spp. with I. scapularis. The second stage of the model tested that, 
given the presence of ticks, there was a significant difference in the 
intensity of the infestation (mean number of ticks on infested mice). 
Tick burden was the response variable, Peromyscus species, sex, 
and age class were the main fixed effects, and month and year were 
random effects. We used a generalized linear mixed effects model in 
the package “lme4” (Bates et al. 2015) to analyze the difference in 
B. burgdorferi sensu lato prevalence between the Peromyscus spp.

Due to the low number of P. maniculatus observed across study 
sites, we confined our analysis of the effects of land-use, ecotone, 
and distance from the mouth of the river on I. scapularis infestation 
to P. leucopus only, again using a 2-stage hurdle model. Due to the 
low number of P. leucopus captures in the “open” ecotone (n = 5), 
we compared “edge” and “forest” ecotones only. In this model, tick 
burden was included as the response variable, fixed effects included 
land use, ecotone, and distance up river, and month and year were in-
cluded as random effects. We used a generalized linear mixed effects 
model in the package “lme4” (Bates et al. 2015) to analyze the im-
pact of land use, ecotone, and distance up river on B. burgdorferi 
prevalence in P. leucopus. While we report the infection prevalence 
for A. phagocytophilum and B. microti among the Peromyscus spp., 
we did not include these pathogens in the analysis, as blood samples 
were not available for testing. We used linear mixed effects models 
in the package “nlme” (Pinheiro et al. 2022) to analyze the impact 
of land-use, ecotone, and distance up river on the density of host-
seeking nymphs (DON) and DIN, with year included as a random 
effect. Due to the low number of host-seeking I. scapularis in the 
“open” ecotone, we made comparisons of DON, and DIN between 
“edge” and “forest” ecotones. We performed a square root transfor-
mation on DIN prior to running the mixed effects models to satisfy 
the model assumption of normally distributed residuals.

Results

Tick Infestation and Pathogen Prevalence Between 
Peromyscus spp.
We trapped 833 P. leucopus and 34 P. maniculatus (867 total) over 
the course of 6,480 trap nights during 2017 and 2018 across our 12 

study sites (Table 2). While P. leucopus captures were represented 
at each of the sample sites, P. maniculatus was captured from only 
4 of the sites, with the majority coming from one site. From this 
site, we trapped 61 P. leucopus and 25 P. maniculatus and collected 
a total of 160 immature I. scapularis specimens (114 larvae and 
46 nymphs) from the Peromyscus spp. during the 2-year sampling 
period. We collected I. scapularis from 77% (47/61 mice) of sampled 
P. leucopus and from 28% of P. maniculatus (7/25 mice). We 
detected a mean I. scapularis infestation intensity of 2.41 ticks per 
mouse (± 0.35 SE) on P. leucopus and 0.52 ticks per mouse (± 0.21 
SE) on P. maniculatus. Hurdle model analysis demonstrated that 
both the frequency (Z = 2.513, P = 0.012) and intensity (Z = -2.141, 
P = 0.032) of I. scapularis infestation was significantly higher 
for P. leucopus than P. maniculatus (Table 3). Across Peromyscus 
age-classes, infestation frequency was not significantly different, 
though we did detect a significantly higher mean infestation inten-
sity in Peromyscus adults (2.08 ticks per mouse ± 0.37 SE) than 
juveniles (1.00 tick per mouse ± 0.33 SE; Z = −2.522, P = 0.012). We 
compared 61 P. leucopus and 25 P. maniculatus for the presence of 
B. burgdorferi. Among P. leucopus samples, 35 (57%) were positive 
for B. burgdorferi, whereas 14 (56%) P. maniculatus samples were 
positive. We did not detect any significant difference in the pathogen 
prevalence between Peromyscus spp. for B. burgdorferi (Z = 0.198, 
P = 0.843).

Tick Infestation and Pathogen Prevalence of 
Peromyscus leucopus Across Land-Use and Ecotone
From the 833 P. leucopus trapped across the 12 study sites, we col-
lected I. scapularis from 53% (159/299 mice) of P. leucopus in res-
idential sites, 47% (116/249 mice) in recreational sites, and 38% 
(109/285 mice) in agricultural/industrial sites. Our hurdle model 
analysis indicated a significant difference in I. scapularis infesta-
tion frequency, with higher rates of infestation in residential settings 
than in recreational (Z = 3.6, P < 0.001) or agricultural/industrial 
sites (Z = 3.643, P < 0.001). Though the mean infestation intensity 
was higher in residential sites (1.66 ticks per mouse ± 0.16 SE) than 
in recreational (1.47 ticks per mouse ± 0.16 SE) or agricultural/in-
dustrial (1.34 ticks per mouse ± 0.18 SE) sites, the infestation in-
tensity was not statistically different across land-use type (Table 
4). Within edge and forest ecotones, we collected ticks from 48% 
(219/457 mice) and 44% (165/376 mice) of P. leucopus, respec-
tively. We detected a significantly higher mean I. scapularis infes-
tation intensity in edge ecotones (1.68 ticks per mouse ± 0.14 SE) 
than in forest ecotones (1.27 ticks per mouse ± 0.14 SE; Z = −3.527, 
P < 0.001). The infestation frequency was not significantly different 
across ecotones (Table 4). The distance north from the mouth of 
the Penobscot River was significant in determining tick infestation 
frequency, with more P. leucopus parasitized by ticks at sites closer 
to the mouth of the river (Z = 4.978, P < 0.001; Table 4). Pathogen 
infection prevalence was relatively evenly distributed across land-
use types (Fig. 2a). Mixed effects modeling showed that pathogen 
prevalence was not significantly different across land-use types for 
B. burgdorferi (Table 5). Among the different ecotones, pathogen 
prevalence was also relatively evenly distributed (Fig. 2b). The prev-
alence of B. burgdorferi was not significantly different between edge 
and forest ecotones (Table 5).

Host-Seeking Tick Collection and Pathogen 
Prevalence
We collected and tested a total of 1,190 I. scapularis nymphs during 
tick dragging sessions in 2017, 2018, and 2019. The density of 
nymphs (DON) per 1,000 m2 was slightly higher in recreational 
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sites (24.5 nymphs/1,000 m2) than agricultural/industrial (22.5 
nymphs/1,000 m2) or residential (19.7 nymphs/1,000 m2), however, 
our mixed effects modeling showed these densities were not statisti-
cally different (Table 6). We did not detect significant variation across 
ecotone (Table 6), with forested ecotones maintaining a DON of 34.1 
nymphs/1,000 m2 and edges with a DON of 30.2 nymphs/1,000 m2. 
Distance up river did significantly affect DON, with higher questing 
nymphal densities at sites closer to the mouth of the river (Table 
6). Across the entire study area and over 3 years (2017–2019), we 
detected B. burgdorferi in 420 nymphs (35.3%), A. phagocytophilum 
in 90 nymphs (7.6%), and B. microti in 20 nymphs (1.6%). We also 
noted annual differences in infection prevalence, with B. burgdorferi 
detected in 34% of I. scapularis nymphs in 2017, 31% of nymphs in 
2018, and 41% in 2019. The DIN was relatively even across land-use 
types with 9.39 infected nymphs/1,000m2 (SE = 1.57) in recreational 
sites, 7.85 infected nymphs/1,000m2 (SE = 1.40) in agricultural/in-
dustrial sites, and 6.43 infected nymphs/1,000m2 (SE = 0.89) in res-
idential sites (Fig. 2c). We detected no significant difference in DIN 
across land-use type (Table 7). We detected a significant difference 
in DIN across ecotones for B. burgdorferi, with forested ecotones 
(13.03 infected nymphs/1,000m2 ± 1.25 SE) maintaining a higher 
DIN than edge ecotones (10.17 infected nymphs/1,000m2 ± 0.86 SE; 
Table 7; Fig. 2d). We did not detect a significant difference in DIN 
across ecotones for A. phagocytophilum or B. microti. The distance 
from the mouth of the Penobscot River significantly influenced DIN 
for all 3 pathogens, with higher DIN at sites closer to the mouth of 
the river (Table 7).

Discussion

The complex relationships between ticks, wildlife hosts, and their 
shared ecotones are important to the ability of both vector and path-
ogen to persist in previously uninhabited areas. Here, we demonstrate 
that, while similar morphologically and in their ecological roles, P. 
leucopus and P. maniculatus differ in tick infestation frequency and 
intensity but not in pathogen prevalence within our study area in 
an emergent region for tick-borne disease. This supports previous 
studies that found higher rates of I. scapularis parasitization on P. 
leucopus in other emerging regions for tick-borne disease (Bouchard 
et al. 2011, Larson et al. 2018). The tick encounter rate and the sub-
sequent number of ticks that feed upon the two Peromyscus spp. is 
regulated in part by mouse densities and the occurrence and abun-
dance of other potential host species. Although Peromyscus spp. were 
not marked and recaptured and thus we were unable to calculate 
population size estimates, P. leucopus was far more abundant than P. 
maniculatus or any other small mammal species within the confines 
of the study. Though both species are relatively ubiquitous within 
their ranges, P. leucopus tends to favor deciduous and mixed forests, 
as well as fragmented landscapes (Adler et al. 1987, Anderson et al. 
2006) while P. maniculatus is more of a habitat generalist (Garman 
et al. 1994). As our study sites primarily contained deciduous and 
mixed forests and were relatively fragmented, they may have favored 
the presence of P. leucopus. While P. leucopus was infested more 
frequently and intensively with immature I. scapularis, we found no 
significant difference in pathogen infection prevalence between the 
Peromyscus spp. Although this may be a result of the small number 
of infected P. maniculatus in our study, it contradicts findings in the 
Midwest that noted a significantly higher B. burgdorferi infection 
prevalence in P. maniculatus (Larson et al. 2021).

Given the similarity in B. burgdorferi infection prevalence, P. 
maniculatus may serve as a “rescue host” in emerging regions like 
Maine, facilitating the expansion and maintenance of tick-borne Ta
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pathogens in the absence of the primary reservoir, P. leucopus. 
Previous studies have noted the ability of other small mammal 
species, including shrews and eastern chipmunks, to act as rescue 
hosts for B. burgdorferi when white-footed mouse populations 
are low (LoGiudice et al. 2003, Brunner et al. 2008). Though P. 
leucopus is now abundant in much of southern and coastal Maine, 
P. maniculatus is more common in the central and northern parts of 
the state. As I. scapularis continues its northward expansion, suit-
able hosts like P. maniculatus may act as rescue hosts in the absence 
of P. leucopus. Although B. burgdorferi can be maintained in enzo-
otic cycles among I. scapularis and rescue hosts prior to the arrival 
of P. leucopus, establishment of P. leucopus may increase the effi-
ciency of the transmission cycle within small mammal communities 
by increasing the opportunities for ticks to feed on a highly com-
petent reservoir, resulting in higher infection prevalence within tick 
and small mammal host populations (Hamer et al. 2010, Simon et al. 
2014). The arrival of and subsequent colonization by P. leucopus may 
thus increase the reservoir importance of P. maniculatus during the 
period of sympatry. Our study adds to the growing body of literature 

identifying P. maniculatus as a potential host for I. scapularis and 
reservoir of tick-borne pathogens along the northern edge of tick 
and tick-borne pathogen range expansion.

Though land-use change and land cover features are important 
factors in the emergence and maintenance of tick-borne disease 
(Gardner et al. 2020, Diuk-Wasser et al. 2021), we found mixed 
results for the impacts of specific land-use activities and local, site-
scale ecotone types on I. scapularis abundance and infection prev-
alence. The frequency of I. scapularis infestation on P. leucopus 
was highest among residential settings, however, the intensity of 
infestation did not significantly differ between land-use types. The 
B. burgdorferi infection prevalence among P. leucopus also did 
not significantly differ across land-use types. Previous studies have 
identified peridomestic settings as particularly high-risk areas for 
human exposure to tick-borne pathogens, partially due to a com-
bination of available tick habitat and high levels of human activity 
(Connally et al. 2006, 2009). While we did find moderate evidence 
for elevated tick infestation and pathogen prevalence among small 
mammals in residential settings, neither the density of host-seeking 

Table 3. Hurdle model analysis of Ixodes scapularis infestation rates on Peromyscus leucopus and Peromyscus maniculatus with sex, and 
age-class as additional fixed effects and year and month included as random effects

Zero-inflation model (infestation frequency)

Estimate Std. Error Z P

Species—P. maniculatus  1.955  0.778  2.513  0.012*
Sex—Male −0.671  0.707 −0.950 0.342
Age-Class—Juvenile −3.281 10.659 −0.308 0.758
Age-Class—Subadult −0.088  0.682 −0.128 0.898

Conditional model (infestation intensity)

Estimate Std. Error Z P

Species—P. maniculatus −0.884 0.413 −2.141  0.032*
Sex—Male  0.069 0.188 0.366 0.715
Age-Class—Juvenile −1.036 0.411 −2.522  0.012*
Age-Class—Subadult −0.157 0.196 −0.799 0.424

*P < 0.05.

Table 4. Hurdle model analysis of Ixodes scapularis infestation rates on Peromyscus leucopus with land-use, ecotone, and distance up river 
included as fixed effects and year and month included as random effects

Zero-inflation model (infestation frequency)

Estimate Std. Error Z P

Land-use—Recreational 0.775 0.215 3.600 <0.001*
Land-use—Ag/Industrial 0.662 0.182 3.643 <0.001*
Ecotone—Forest 0.155 0.154 1.010 0.312
Distance Up River 0.245 0.049 4.978 <0.001*

Conditional model (infestation intensity)

Estimate Std. Error Z P

Land-use—Recreational 0.002 0.086 0.024 0.981
Land-use—Ag/Industrial 0.119 0.104 1.599 0.110
Ecotone—Forest −0.229 0.065 −3.527 <0.001*
Distance Up River −0.008 0.020 −0.405 0.686

“Residential” is the reference level for the land-use category and “Edge” is the reference level for the ecotone category.
*P < 0.05.
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nymphs (DON) nor the DIN was significantly different across 
land-use types. The moderate differences in tick infestation and 
pathogen prevalence between land-use types may be a function of 
site selection, as each site was similar in size, vegetation community 

structure, and all fell within a relatively fragmented landscape mo-
saic. It seems, that provided ample suitable ecotone within a site, 
the type of human activity had little effect on tick abundance or 
pathogen infection prevalence.

Fig. 2. a) Pathogen infection prevalence among Peromyscus leucopus across different land-use types. b) Pathogen infection prevalence among P. leucopus 
in forest and edge ecotones. c) Density of infected nymphs (DIN) across different land use types. d) Density of infected nymphs (DIN) across forest and edge 
ecotones.

Table 5. Mixed effects model assessing differences in pathogen infection prevalence in Peromyscus leucopus for Borrelia burgdorferi 
across land use categories and ecotone type

Borrelia burgdorferi

Estimate Std. Error Z P

Land use—Recreational −0.281 0.200 −1.408 0.159
Land use—Ag/Industrial −0.312 0.175 −1.784 0.075
Ecotone—Forest 0.084 0.146 0.571 0.568
Distance Up River −0.175 0.046 −3.755 <0.001*

“Residential” is the reference level for the land-use category and “Edge” is the reference level for the ecotone category.
*P < 0.05.

Table 6. Summary of mixed effects model assessing the impacts of land-use, ecotone, and distance up river on the density of Ixodes 
scapularis nymphs (DON) with year as a random effect

Mixed effects model

Estimate Std. Error DF t-value P

Land-use—Recreational 1.519 2.597 65 0.585 0.560
Land-use—Ag/Industrial 3.269 2.659 65 1.229 0.223
Ecotone—Forest 3.889 2.101 65 1.851 0.069
Distance Up River −3.071 0.627 65 −4.902 <0.001*

“Residential” is the reference level for the land-use category and “Edge” is the reference level for the ecotone category.
*P < 0.05.
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Within site-scale ecotone types, edge ecotones have frequently 
been identified as areas of elevated risk for human exposure to ticks 
and tick-borne pathogens (Frank et al. 1998, Jackson et al. 2006). 
While we found that tick infestation intensity on P. leucopus was 
highest in edge ecotones, DIN for B. burgdorferi was significantly 
higher in forested ecotones. The difference we detected in tick in-
festation on P. leucopus may be a function of the arbitrary distance-
based definition we used to designate the edge ecotone. Klein and 
Cameron (2012) noted the importance of characterizing the gradient 
of changes in vegetation in defining the edge ecotone, rather than 
relying on an arbitrary distance-based definition. Additionally, while 
we attempted to place traps at a sufficient distance to minimize in-
dividual P. leucopus overlap between ecotones, it is possible that in-
dividual mice may have utilized multiple ecotones. Our host-seeking 
results support previous studies that have contradicted the paradigm 
that edge ecotones harbor higher I. scapularis abundance than forest 
interiors (Horobik et al. 2006, Mason et al. 2022). Though these 
edge ecotones may not support greater tick densities, they may still 
pose a significant tick encounter risk as areas of high human activity.

As an emergent region along the expansion front for I. scapularis 
and its associated pathogens, Maine exhibits a north/south gradient 
of tick abundance and pathogen infection prevalence (Rounsville et 
al. 2021). We found that the location of each study site in relation to 
the distance from the mouth of the river also had significant impacts 
on both on-host and host-seeking tick densities, as well as pathogen 
infection prevalence. We detected higher tick densities and infection 
rates at sites closer to the mouth of the river indicating a north/south 
gradient of tick abundance and infection prevalence across a rela-
tively small spatial scale. Our selection of sites along the Penobscot 
River may have influenced tick and small mammal host dynamics, as 
landscape features, including rivers, have been positively correlated 
with the invasion of I. scapularis and dispersal by white-tailed deer 
and migratory birds (Cortinas and Kitron 2006, Talbot et al. 2019, 
Gardner et al. 2020). Our study highlights the potential for vari-
ability in tick density and pathogen prevalence across fine spatial 
scales within an emerging region for tick-borne disease.

Given the expanding geographical distribution of ticks and 
tick-borne pathogens, understanding the ecological relationships 

between ticks, wildlife hosts, and their shared ecotones is critical. We 
observed significant differences in regard to tick infestation frequency 
and intensity between closely related and sympatric Peromyscus spp. 
As these two Peromyscus spp. are notoriously difficult to differen-
tiate, we developed a molecular method for delineating between P. 
leucopus and P. maniculatus, while simultaneously testing for tick-
borne pathogens. Though much of the focus of tick-borne pathogen 
research has focused on P. leucopus, we highlight the importance of 
considering the role of P. maniculatus, particularly along the northern 
front of tick-borne disease range expansion. Future research should 
also examine the expanding distribution of P. leucopus in Maine and 
other areas of overlap with P. maniculatus to further elucidate the 
ways P. leucopus affects the efficiency of the tick-borne pathogen 
transmission cycle. We examined I. scapularis abundance and infec-
tion prevalence across both an ecotone and land-use gradient, finding 
varying impacts of human land-use and fine-scale local ecotones. As 
human behavior plays a significant role in tick encounter risk, future 
studies should attempt to incorporate the nuanced relationships be-
tween host availability and changing landscape dynamics in order to 
better understand the underlying mechanisms and facilitate targeted 
approaches to tick management.
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