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Abstract

Vegetation plays a critical role in shaping fine-scale tick density by structuring local
microclimates, habitat resources, and host interactions that largely determine tick survival and
activity, with implications for tick-borne disease transmission. Tick burden in the United States
continues to increase, with annual reported tick-borne disease cases more than doubling from
2004 through 2019. These trends call for a broader scope of tick-mitigation strategies that go
beyond traditional prevention measures that focus on personal protection; and there is an
opportunity to inform habitat-level interventions. Here, we quantify fine-scale vegetation
structure across 48 subplots at tick surveillance sites in Western Massachusetts to assess local
habitat features associated with Ixodes scapularis density and potential for human-tick contact
risk. In assessing understory and overstory vegetation attributes, this study identified life stage-
specific differences in predicted tick density, with higher adult densities in areas with deeper leaf
litter and presence of invasive plant species and nymphs associated with high presence of
ferns. Both adult and nymphal Ix. scapularis were predicted at higher densities in relatively low
basal area forests (18.9 to 26.9 m?hectare). This study design provides a simple, low-cost
framework for organizations looking to incorporate tick-informed forest measurement ecology
into their public health tick surveillance protocols with minimal training.

1

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.


https://doi.org/10.64898/2026.10.14.26363243
http://creativecommons.org/licenses/by-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.10.14.26363243; this version posted October 20, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-ND 4.0 International license .

1. Introduction

The public health impact of tick-borne disease (TBD) has been increasing in recent decades
across many temperate areas, including the United States (U.S.).! In the northeastern U.S., the
blacklegged tick (/xodes scapularis) is the dominant vector of human disease agents and is
closely tied to forested areas.? The ecological drivers of tick survival and persistence operate
across multiple spatial scales, and associations between tick population density and
environmental/landscape factors have been demonstrated from the micro-environment (i.e.
vegetation and leaf litter) to the macro-scale (forest-level). Survival is linked to quantifiable
environmental factors, as Ix. scapularis spend the majority of their lives off-host, typically
feeding on mammalian hosts for a maximum of 25 total days?® out of an approximate 2-year
lifespan.* However, there is limited consensus on what constitutes high-quality off-host habitat
within acarological literature; furthermore direct comparisons are challenging due to variation in
spatial scale.

Previous studies have examined a diverse set of factors influencing tick populations, including
forest management, vegetation cover, overwintering survival conditions, forest fragmentation,
elevation, and aspect.®~12 Micro-scale environmental factors such as leaf litter depth, shrubs,
ferns, and understory vegetation cover have been associated with increasing Ix. scapularis
density in temperate forests and parks.8.19-13 Macro-scale features including deciduous forest,
closed forest canopies, forest fragmentation, and deciduous forest cover have also been
associated with increasing Ix. scapularis density, while pines and grasslands have been

associated with lower Ix. scapularis density.513

While personal protection is the mainstay for public health programming, a Centers for Disease
Control and Prevention (CDC) survey found that over a third of respondents in New England do
not engage in any personal protective measures,'# and a recent survey in the same region
found that a majority of households self-reported only using personal protection “sometimes.”'®
Consequently, there is a pressing need to incorporate other approaches, including landscape
management strategies that may complement the “holes” in personal protection.16

While specific guidance exists for land use managers to mitigate the risk of increasing TBD on
federal lands stemming from invasive plant species,!” several gaps remain. First, this guidance
is focused on federal agencies with extensive capacity for field surveys; and second, it provides
only limited information on mitigation strategies beyond habitat restoration, which may be
unfeasible or cost-prohibitive in many areas. Many local public health offices and individual
municipalities have insufficient resources to conduct intensive vegetation analysis or long-term
tick collection. Developing cost-effective and efficient strategies to quickly characterize
recreational/forested areas of potential higher tick risk for targeted interventions would benefit
both public land managers and local public health officials.

Using two years of tick collection data and a range of habitat-level, micro-scale vegetation
indices at each site, this study determines associations between rapidly collectable vegetation
metrics and tick densities. In our study, we define tick habitat as the 50-100 m scale area
comprising all off-host space and environmental conditions in which ticks engage in their natural
behaviors such as questing, molting, and diapause/quiescence. Associations were quantified
with three separate multivariable models to inform the distinct goals of routine public health
surveillance and ecological studies. Results are presented as a combined adult-nymphal model
to inform routine public health surveillance; and as two life stage-specific models to inform
ecological studies.
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2. Materials and Methods
2.1 Study area and site selection

The Pioneer Valley in Western Massachusetts, U.S., consists of the towns that surround the
Connecticut River across three counties (Franklin, Hampden, Hampshire). The region is a
complex landscape of paved development, suburban homes, second growth forest, and
widespread agrarian sites. Agricultural and other extractive land practices prior to the early 20th
century resulted in major forest loss, 1819 pbut as of 2017, over 50% of Massachusetts remains
forested, the majority of which is privately owned.29 These southern New England forests are
dominated by red maple (Acer rubrum), eastern white pine (Pinus strobus), northern red oak
(Quercus rubra), and eastern hemlock (Tsuga canadensis).2% Our study sites reflect this
composition, with most sited in oak-pine forests; specifically white pine/northern red oak/red
maple (Table 1). Common mammalian hosts at these sites include the white-footed mouse
(Peromycus leucopus), eastern chipmunk (Tamais striatus), northern short-tailed shrew (Blarina
brevicauda), woodland vole (Microtus pinetorum), and white-tailed deer (Odocoileus
virginianus).21-23

Communities throughout the Northeastern U.S. have extensive TBD burden: in 2023, tick-borne
infections affected over 77,000 people in the Northeast US, with over 23% of those cases in
southern New England (i.e., Connecticut, Massachusetts, Rhode Island).2* According to state-
level reporting, western Massachusetts (Berkshire, Franklin, Hampden, and Hampshire
counties) accounted for 8.4% of tick exposure emergency department visits during the same
time period,25 with about 11.8% of the state population.28

To identify tick-borne disease hotspots in the region and select study sites, human movement
data from an unpublished prospective spatial case control study?” in clinical patients was
analyzed using quantitative cluster detection in SaTScan.?® GPS-derived movement data was
collected from participants who had attached ticks before or during the study, and a control
group with no self-reported recent history of attached ticks. Spatiotemporal clustering of case
individuals was assessed with a retrospective space-time permutation model to detect
statistically significant clusters of case occurrences.?? Analyses were conducted across multiple
seasonal groupings and case-to-control ratios to provide “consensus” tick exposure hotspots.
These hotspots were evaluated for suitability as tick surveillance sites using GIS maps and site
visits, which considered accessibility, potential for flooding, landowner permission for sampling,
and feasibility for conducting tick dragging on 40x40 meter plots over multiple seasons. Six sites
were selected in Hampshire County, MA (Figure 1A).

2.2 Plot Configurations & Sampling

After identification of suitable sites, study-plot grids were established. Vegetation surveys were
performed at eight 3x3m subplots every 20m within overall 40x40m tick collection plots (Figure
1B). Vegetation surveys were conducted during August-October, prior to leaf fall, with a single
sampling event per plot. Seven out of the nine vegetation surveys were conducted in 2024, with
the remaining two late addition tick surveillance plots being surveyed in 2025. These surveys
captured both understory and overstory indices, aligned with previous studies.%-12 Specifically,
measurements of the overstory included basal area, percent canopy coverage, and presence of
mast species (Quercus spp./Juglans spp./Carya spp.). Basal area is the total cross-sectional
surface area per hectare if each live tree was cut at its diameter at breast height (DBH). To
calculate it, we used a variable-radius plot method, which only requires setting a plot center, in
contrast to fixed-radius plots, which would need a measured perimeter prior to finding basal
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area. To calculate basal area, the sampler stood at the center of the subplot, and pivoted 365°
while peering through the window of an angle gauge using a basal area factor of 10 (Jim-Gem
Cruz-All, PN 59795). Percent canopy coverage was assessed using a densitometer (GRS
model# D0001) at eight unique, equidistant points along the perimeter of each subplot. Based
on the total of positive canopy measurements, the percent canopy cover was calculated as per
manufacturer’s instructions.

Leaf litter depth was measured twice per subplot using a soil knife, and categorized as
deciduous, coniferous, or mixed. The height of the tallest plant was categorized as < 0.5m, 0.5-
1.0m, or > 1.0m. Invasive plant species were described on a 0-3 scale, ranging from “none
present” to “subplot entirely filled”. Specific invasive plant species were noted, including Asiatic
bittersweet (Celastrus orbiculatus), barberry (Berberis spp.), black locust (Robinia
pseudoacacia), Eurasian honeysuckle (Lonicera spp.) garlic mustard (Alliaria petiolata), glossy
buckthorn (Frangula alnus), common buckthorn (Rhamnus cathartica), multiflora rose (Rosa
muiltiflora), Norway maple (Acer platanoides), purple loosestrife (Lythrum salicaria), burning-
bush (Euonymus alatus), among others.

Understory presence/absence categories included berry species (Vaccinium spp./Rubus spp.),
coarse woody debris, short and tall brushy vegetation, tall grasses, forbs, and ferns. Short
brushy vegetation was a dense cover of short (< 76.2cm) shrubs that are easily passable and
tall brushy vegetation was a dense cover of tall shrubs which obstructed free passage. The
understory vegetation coverage was assessed on an ordinal 0-3 scale, including both native
and non-native species. Additional details are in supplemental materials (Table S3;
Supplemental files 1 and 2 - vegetation survey collection sheet & protocol).

Ambient site temperature and relative humidity were recorded with a data logger (HOBO
MX2300) at each tick sampling event; units were mounted permanently within a solar radiation
shield, logging data hourly. Cloud coverage and general weather conditions were recorded
manually at each tick sampling event.

Tick collection in 2024 occurred approximately every two weeks from June 25th through August
5th or nymphs, with no collections made during larval season, and resumed October 21
through November 25 for adults (2-7 total tick collections per site). Collections in 2025 took
place from Mar 19 - Aug 4; and Sept 30 - Nov 24 (13 total tick collections per site). Site
selection and placement in 2024 allowed for earlier sampling events in 2025. (Table 3; Table
S1) A total of nine 40x40m tick collection plots within six field sampling sites were used
throughout the study period. For tick collections, a 1-m? rubberized flannel drag cloth was used
to sample the perimeter of the plot, stopping every 10m to inspect the cloth for nymph or adult
stage ticks and discarding tick larvae.3? Sampling avoided dense thorny vegetation, wetlands, or
poison ivy when possible. Collected ticks were stored in 70% ethanol, and stored at 4°C. Later,
field-identified ticks were identified to species under a stereo microscope using standard
taxonomic keys.31:32
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Figure 1. Panel A. Location of field sampling sites in Hampshire County, Massachusetts. 2024-
2025. Basemap reference is Light Grey Canvas Map (2026).33
Panel B. Schematic of tick and vegetation plot survey plan,
Western Massachusetts, 2024-2025.
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Plot Size Description

A 40x40 | Eastern hemlock forest with an understory of American
witch-hazel, mountain laurel and blueberry. High
prevalence of coarse woody debris. A popular hiking trail
bisects the tick collection plot.

B 70x10 | Half of the plot is Oak - Hemlock - White pine forest,
dominated by northern red oaks. Understory contains
blueberry, eastern white pine, red maple, and glossy
buckthorn. The other half of the plot is a powerline right-of-
way, frequently cut with no overstory trees. Vegetation
present includes hay-scented fern and dense herbaceous
and woody vegetation. Near a hiking trail and adjacent to
agricultural fields.

C1 40x40 | Chestnut oak forest, dominated by chestnut oaks and
northern red oaks. Understory dominated by red maples,
eastern white pine, and American witch-hazel. Scattered
patches of lowbush blueberry and mountain laurel. Hiking
trails pass through the plot.

C2 40x40 | Comparable to C1. Trails that intersect this plot are
commonly used by mountain bikers
D1 40x40 | Oak - Hemlock - White pine forest, primarily dominated by

northern red oak, with an understory of red maple and
American witch-hazel with a dense covering of mountain
laurel.

D2 60x20 | Hemlock forest with very little understory. Heavy soil
compaction and many trails present. Adjacent to a popular
swimming site and a paved bike trail.

E1 40x40 | Oak - Hemlock - White pine forest, overstory largely
containing northern red oaks, eastern white pines. Ferns
and lowbush blueberries dominate the forest floor. Near
hiking trails.

E2 40x40 | Oak - Hemlock - White pine forest, containing eastern
white pines, northern red oaks, and some birch with
scattered patches of understory mountain laurel. High
prevalence of coarse woody debris. Near hiking trails.

F 40x40 | Successional northern hardwood forest, dominated by
overstory red maple and black birch. Understory vegetation
includes black cherry, shagback hickory, and red maple.
Some ferns and lowbush blueberries are present. Located
adjacent to a high-use accessible hiking trail.

Table 1. Overview of field sampling sites,
Western Massachusetts, 2024-2025.
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2.3 Data processing

Vegetation metrics from subplots were aggregated to capture overall plot characteristics, using
measures appropriate for each data distribution. Distributions were assessed with Shapiro—Wilk
tests for normality and generated Q—Q plots to visually assess deviations from Gaussian
distributions. Variables with W-statistics near unity and non-significant p-values (p = 0.05) were
classified as normal, while those deviating significantly from normality were categorized as
skewed. To allow for interpretable estimates for continuous metrics, optimal data driven-
breakpoints were determined using k-means (discretize within the arules package,3* testing 2-4
breakpoints and also as presence/absence), with final model choice guided via AIC. Metrics
with approximately Gaussian distributions (Leaf Litter Depth, Understory Vegetation Density,
Temperature, and Humidity) along with binary variables were summarized using means;
skewed variables, using medians (Percent Canopy Cover, Invasive Species Density); and
categorical variables using modal values (Basal Area, Leaf Litter Composition, Height of Tallest
Plant/Shrub in Plot).

During model development, some characteristics were recategorized to improve interpretability
of results, reduce collinearity, and optimize model AIC. Binary presence/absence variables
included berry species, coarse woody debris, short and tall brushy vegetation, tall grasses,
forbs, mast species, and invasive species. Invasive species (originally recorded on an ordinal 0-
3 scale), was recategorized as a binary presence/absence to stabilize model performance.
Additionally, ordinal variables included understory vegetation density, height of tallest plant,
ferns, and basal area. Plot-level fern measures were recategorized from presence/absence to
“low density” (present in < 50% of subplots) and high density (present in = 50% of subplots);
while basal area, measured as a continuous variable (implying a continuous impact on tick
density), was revised to an ordinal variable with three categories [35.2,43.1], [18.9,26.9],
[26.9,35.2], with optimal breakpoints determined by k-means. (Table 2)
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Plot characteristic Units Scale; and Variable Transformations
Leaf Litter Depth cm Continuous.
m?/hectare
B Al HEhe) = Ao transformed to%oggpeu%urise;s via k-means
26.9 - 35.2 9
35.2-431
Presence/absence; transformed to low density
o . 3
Ferns h(i)wh((<>55%£;))’ (present in < 50% of subplots) and high
gh (= ° density (present in >= 50% of subplots)
Temperature °C Continuous
Relative Humidity o .
(RH) %o Continuous
Percent Canopy % Continuous
Invasive Species 0to3 Ordinal; transformed to binary
Density presence/absence
Understory :
Vegetation Density OIDE liefie]
Berry Species .
(Vaccinium/Rubus) 071 Binary
Mast Species 0N Binary
Short Brushy .
Vegetation 07 Binary
Tall Brushy .
Vegetation ol S
None
: <0.5m :
Height of Tallest Plant 05-1m Ordinal
>1m
Coarse Woody Debris 0/1 Binary
Tall Grasses 0/1 Binary
Forbs oM Binary

Table 2. Vegetation metrics recorded at sampling sites; Western Massachusetts, 2024 -2025.
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2.4 Multivariable models

Multilevel (“mixed”) negative binomial models were used to quantify ecological factors
associated with tick density, using the R package g/mmTMB.3> These models provide unbiased

errors with the presence of repeated sampling and clustering within sites;36 site and sampling
day were included as random effects.

Three independent Ix. scapularis models were constructed: nymphs-only; adults-only (to
understand underlying ecological drivers) and nymph+adult combined (to support general
surveillance activities). For each model, factors with p<0.20 in bivariate analysis were included
in model building;3” Akaike Information Criteria (AIC) was used as the primary metric for model
parsimony. To minimize collinearity between ecological metrics, model selection also used
generalized variance inflation factor (VIF) from the R package performance.38 Many ecological
measures showed extensive collinearity (Figure 2); in order to filter these unstable models, only
models with a VIF value <339 were examined further as separation® was observed in this
dataset at higher VIF values. Model specification and adequacy were assessed using the R
package performance;3® and the DHARMa package was used to evaluate simulated model
residuals.*! Effect sizes are reported as exponentiated coefficients (providing incidence rate
ratios). All models included temperature and relative humidity to address residual confounding.
Analyses were performed with R Software, 4.4.2; all tests were two-tailed, with a = 0.05.

3. Results
3.1 Descriptive analysis- tick densities

We conducted 155 quadrat-based tick drag sampling observations across six sites in
Hampshire County, Massachusetts, between June 2024 and November 2025 (Fig. 1A). A total
of 622 Ix. scapularis ticks were collected with 241 nymphs and 371 adults (Table 3).
Additionally, a total of 111 Dermacentor variabilis individuals were collected, all adults (Table 3).

Tick density was highly heterogeneous across sampling locations: Site B accounted for the
majority of collections, contributing 57.4% (412) of total Ix. scapularis, and also had the highest
single-visit yield (56 specimens). At the other extreme, site D2 had the lowest density, with only
three Ix. scapularis sampled across the entire study period (Table 3 & Figure S1). Tick species
composition also varied among sites- notably, D. variabilis was entirely absent from two sites
(C2 and D2), despite each site being surveyed on 19 occasions (Table 3).
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. Density
Plot | Sflente” | Seecies | Stage |y O Tiks | PO,
100m
) Adult 2 15
A 15 Ix. scapularis |G oh | 6 38 55 2.3
D. variabilis Adult 0 0
Ix. scapularis e oY 182
B 18 Nymph 6 63 412 14.3
D. variabilis Adult 0 101
_ Adult 1 33
Ix. scapularis
C1 19 Nymph 2 22 59 1.9
D. variabilis Adult 0 1
) Adult 1 5
Ix. scapularis
C2 19 Nymph 2 19 27 0.9
D. variabilis Adult 0 0
) Adult 4 16
Ix. scapularis
D1 19 Nymph 1 2 26 0.8
D. variabilis Adult 0 3
) Adult 0 1
D2 19 . scapulans G moh | 0 2 3 0.1
D. variabilis Adult 0 0
IX. scapularis Adult N/A 25
E1 13 Nymph N/A 51 77 3.7
D. variabilis Adult N/A 1
Ix. scapularis Adult N/A 12
E2 13 Nymph N/A 16 29 1.4
D. variabilis Adult N/A 1
Ix. scapularis Adult ! !
F 20 Nymph 2 9 30 0.9
D. variabilis Adult 2 3
Ix. scapularis Adult s 296
Totals 155 Nymph | 19 222 | 723 N/A
D. variabilis Adult 2 109

Table 3. Overview values of the number of sampling events and ticks collected during

Year 1(2024) and Year 2 (2025) in Western Massachusetts.

N/A values indicate that a site was not sampled in a given year.
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3.2 Descriptive analysis- habitat metrics

The study sites varied in dominant understory vegetation; several sites (Plots A, E1, E2, F) were
dominated by ferns while others (Plots A, B, C1, C2, D1) had complete coverage of short brushy
vegetation. Sites also had several similarities- all shared the presence of mast species, short
and tall brushy vegetation and coarse woody debris, albeit at different levels. Additionally, this
study included several outlier sites with unique vegetation not reflected at other sites.
Specifically, Plot C2 had very high basal area relative to the others, with 43 m?/hectare, while
Plot D2 contained less understory vegetation overall, including coarse woody debris, forbs,
short and tall brushy vegetation. All sites had full canopy coverage except Site B (62.5%), which
included a powerline easement within its sampling area, and also lies directly adjacent to
wetlands and cornfields. Additional details on vegetation metrics by plot are in supplemental
materials (Table S2 & Table S4).

In addition to site-specific trends, many of the measured ecological indices were strongly
correlated with one another, showing both positive and negative associations. Figure 2 shows
all pairwise comparisons of factors captured in the vegetation indices. This figure utilizes a
range of comparisons between the data types, which have been normalized for comparisons.
Several of the measures show few strong correlations (e.g. mast species; leaf litter), indicating
these capture “unique” aspects of the ecology; while others (e.g. understory vegetation density;
tall grasses; basal area) are highly correlated with many other measures. This indicates these
metrics are all capturing subtly different aspects of the specific ecology at the study sites.

Leaf litter . 018 015 006 023 014 027 -006 -011 -003 -005 020 -026 -005 0.13
Leaf litter composition ~ 0.18 . 000 007 005 033 009 017 008 015 027 030 024 011 045
nvasive species 016 0.00 . 000 012 028 038 010 025 031 009 025 033 033 0.16
Understory Vegetation Density 0.06 0.07 0.00 . 038 037 027 022 035 024 0B84 018 022 028 038 Association
Height of Tallest Plant/Shrub  0.23 0.05 0.12 0.38 . 043 038 019 023 025 049 JOF2" 011 025 030 .
Basalarea 014 033 028 037 043 . 031 001 -028 -006 -028 -018 -0.24 -001 0.15
05
Percent Canopy Cover 027 0.09 [ 039 027 038 031 . -011 -016 -011 -005 011 -027 -0.18 0.11
Mast species -0.06 017 010 022 019 001 -0.11 . -005 -014 008 -0.05 0.06 -0.33 -033 00
Berry species  -0.11 008 025 035 023 -028 -0.16 -0.05 . 020 017 o008 008 -008 -002
Coarse woody debris  -003 015 031 024 025 -006 -0.11 -0.14 020 . 008 -012 001 024 021 05
Short brushy vegetation -0.06 027 009 ' 054 049 -028 -005 008 017 008 . 020 022 024 -006 I
Tall brushy vegetation 020 030 025 0.18 SO¥28 -0.18 011 -005 008 -012 020 . -0.13 -0.06 -0.08 -10
Tallgrasses 026 024 033 022 011 -024 027 006 008 001 022 -013 . 023 -0.12

Forbs -005 011 033 028 025 -001 -018 033 -008 024 024 -008 023-029

Fems 013 045 016 039 030 015 011 -033 -002 021 -006 -008 -0.12 029.

Figure 2. Mixed correlation plot of ecological indices, Western Massachusetts, 2024-2025.
Note: Values normalized after calculation using different metrics depending on interaction:
nominal vs nominal uses a bias-corrected Cramer's V, nominal/numeric vs numeric with
Spearman correlation.
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Specifically, basal area and percent canopy coverage had a positive association with
understory-related metrics. The height of the tallest plant/shrub in the subplot was positively
associated with basal area, and with tall and short brushy vegetation in subplots. Short brushy
vegetation was positively associated with understory vegetation density, but had a negative
association with basal area. Additionally, fern abundance was positively associated with
understory vegetation density and leaf litter composition, while conversely ferns and forbs were
negatively associated with mast species. These relationships are consistent with expected
ecological trends- plant height and understory vegetation density are dependent on the
presence of short and tall brushy vegetation, which is moderated by basal area and percent
canopy cover.
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Figure 3. Distribution of plot-level variables included in final models,
Western Massachusetts, 2024-2025.
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3.3 Multivariable analyses

Three independent Ix. scapularis models were constructed: nymphs-only; adults-only (for
ecological factors) and nymph+adult combined (for surveillance purposes). The distributions of
variables included in the main models are shown in Figure 3; distribution of all other measured
factors are shown in Figures S2-S4.

Model 1. (Ix. scapularis, adults and nymphs combined)

In models including both adult and nymphal life stages (Table 4) leaf litter depth, fern density,
and basal area had a statistically significant association with tick density after adjustment for
temperature, relative humidity (RH), and year of sampling. Leaf litter depth and fern presence
had positive associations with tick density: with leaf litter depth having an incidence rate ratio
(IRR) of 1.64 (95% CI: 1.18 to 2.29; p < 0.001) while high fern density relative to low fern
density had an IRR of 5.77 (95% CI: 3.70 to 8.98; p < 0.001). Conversely, there was a negative
association between basal area and sampled Ix. scapularis. With the high basal area category
(35.2,43.1 m?¥ha) as reference, there was a positive association with sampled tick density with
the intermediate basal area category (> 26.9 to 35.2 m?/ha) having an IRR of 2.15 (95% CI: 1.09
to 4.25, p = 0.027), while the low basal area category (18.9 to 26.9) had an IRR of 11.3 (95%
Cl: 5.61t0 22.7, p < 0.001).

These results indicate that each centimeter of increasing leaf litter is independently associated
with a 1.6-fold increase in sampled tick density, and high-density fern areas have 5.8-higher
density of Ix. scapularis relative to low-fern sites. Additionally, categories of decreasing tree
density are associated with 2.2-fold and 11.3-fold, higher tick numbers relative to the highest
basal area sites within the study area. Lastly, there was an independent association with 2025
having higher tick density relative to 2024. No other measured factors had a statistically
significant association with tick density in this model.

Characteristic Category IRR 95% CI p-value
Leaf Litter Depth 1.64 1.18, 2.29 <0.001
Basal Area (m?/ha) High ( > 35.2to0 43.1) reference - -

Medium (> 26.9 to 35.2) 2.15 1.09, 4.25 0.027
Low (18.9 to 26.9) 11.30 5.61, 22.7 < 0.001
Fern density Low (< 50%) reference - -
High (= 50%) 5.77 3.70, 8.98 < 0.001
Year 2024 reference - -
2025 1.98 1.17, 8.98 0.011
Relative humidity (%) 1.01 1.00, 1.03 0.045
Temperature (°C) 1.00 0.97, 1.02 0.9

Table 4. Mixed model negative binomial regression for association between landscape metrics
and tick density (Ix scapularis, combined adults and nymphs),
Western Massachusetts, 2024-2025. Notes: Cl = Confidence Interval, IRR= incidence rate ratio.
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Model 2. (Ix. scapularis nymphs-only)

In models for nymphal Ix. scapularis density (Table 5), fern density and basal area were found
to have statistically significant associations with tick density, but with reduced effect sizes
compared to Model 1. Results were adjusted for temperature (IRR = 1.16; 95%CI: 1.10 to 1.22;
p< 0.001), relative humidity (not significant), and year. High fern density relative to low fern
density (3.60; 95% CI: 1.82 to 7.10; p = < 0.001) had positive associations with tick density,
while there was a negative association between basal area and sampled nymphs. With the high
basal area category as reference, there was no statistically significant association with nymphal
density at the intermediate basal area category with an IRR of 1.11 (95% CI: 0.44 t0 2.78; p =
0.8); but a significant association with the low basal area category areas with an IRR of 4.14
(95% CI: 1.56 to 11.0; p = 0.004).

The results of this model indicate that high density fern areas were associated with a 3.6-higher
density of nymphs relative to low-fern sites; and that low basal area category of tree density is
associated with 4.14 -fold higher sampled nymphal numbers relative to the highest tree density
sites within the study area. Year of sampling showed a larger impact relative to the adult-only
model and 2025 had a 3.7-fold higher incidence rate relative to 2024, adjusted for all other
factors in the model.

Characteristic Category IRR 95% ClI p-value
Basal Area (m?/ha) High (> 35.2 t0 43.1) reference - -
Medium (> 26.9 to 35.2) 1.11 0.44,2.78 0.8
Low (18.9 to 26.9) 4.14 1.56, 11.0 0.004
Fern density Low (< 50%) reference - -
High (= 50%) 3.60 1.82,7.10 < 0.001
Year 2024 reference - -
2025 3.73 1.71, 8.12 < 0.001
Relative humidity 1.02 1.00, 1.05 0.48
(%)
Temperature (°C) 1.16 1.10, 1.22 <0.001

Table 5. Mixed model negative binomial regression for association between landscape metrics
and tick density (/x. scapularis, nymphs only), Western Massachusetts 2024-2025.
Notes: Cl = Confidence Interval, IRR= incidence rate ratio.
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Model 3. (Ix. scapularis adults)

Models for adult Ix. scapularis (Table 6) identified contrasting factors associated with tick density
in comparison to models that included nymphs. Adult density retained the positive association
with leaf litter depth (IRR =4.19; 95% CI: 2.52 t0 6.96; p < 0.001) seen in Model 1, and had a
positive association with the presence of invasive species (11.8; 95% CI: 5.01 to 27.7; p <
0.001). With the high basal area category as reference, there was a statistically significant
association with tick density: the intermediate basal area category has an IRR of 4.25 (95% CI:
1.48 to 12.2, p = 0.007), while the low basal area category had an IRR of 6.47 (95% ClI: 2.24 to
18.7, p < 0.001).

These results indicate that each 1-cm increase in leaf litter depth is associated with a 4.2-fold
increase in adults; and the presence of invasive species is independently associated with an
11.8-fold increase in adult density. The middle basal area category was associated with a 4.3-
fold greater rate of tick collection, while the lowest density areas had a 6.5-fold higher adult
density relative to the densest forests in the study area. There was no statistically significant
difference in the sampling rate comparing 2025 with 2024 in adjusted models.

Characteristic Category IRR 95% CI p-value
Leaf Litter Depth 4.19 2.52, 6.96 < 0.001

Basal Area (m?/ha) High (> 35.2t043.1) reference - -
Medium (> 26.9 to 35.2) 4.25 1.48,12.2 0.007
Low (18.9 to 26.9) 6.47 2.24,18.7 < 0.001

Invasives present No reference - -
Yes 11.8 5.01, 27.7 <0.001

Year 2024 reference - -

2025 1.07 0.48, 2.37 0.9
Relative humidity 0.998 0.998, 0.999 < 0.001
(%) x Temp

Table 6. Mixed model negative binomial regression for association between landscape metrics
and tick density (Ix. scapularis, adults only), Western Massachusetts, 2024-2025.
(Notes: Cl = Confidence Interval, IRR= incidence rate ratio).
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4. Discussion

This study’s results quantify the impact of fine-scale variation across forest vegetation structures
on tick abundance, highlighting opportunities to directly impact microhabitat conditions for vector
control. Vegetation predictions varied between the life-stage specific models and the combined
life-stage models. For the “nymphal stage” model, leaf litter depth was not associated with
density, while fern density had a positive association. Conversely, in the “adult only” model, leaf
litter depth and invasive species presence was positively associated with density while fern
density did not show a statistically significant relationship. This contrast in ecological niche may
be due to physiological differences between lifestages; adult Ix. scapularis are much more
resistant to desiccation than nymphs.42 Across all models, predicted Ix. scapularis density
declined with increasing basal area. Although some of the aforementioned vegetation indices
were consistent across models, the magnitude of effect varied between life stages.*3 Increased
leaf litter has been associated with higher tick densities in previous studies,®-'2 and our findings
are consistent with these observed patterns in adult ticks. However, leaf litter depth did not have
a significant association with nymphal density in our study plots. Our findings are consistent with
studies in New Jersey which suggest complex dynamics along shrub-leaf litter interfaces, where
nymphs migrate to find optimal moisture regimes, while adults are less prone to move along
these gradients.** The specific ecology of our study sites (all had at least minimal leaf litter)
could potentially mask any associations.

Fern presence may contribute to suitable tick habitat by increasing ground-level shading and
maintaining local moisture conditions. Related studies in Maine (with a different analytical
framework) reported positive associations with ferns.!" In this study, the positive association
with high fern density was seen in the combined life stages and nymph models (IRRs of 5.77
and 3.60 respectively), but not with the adult model alone. This suggests that nymphs may
benefit from the combined microclimate and questing structure effects of ferns within the
understory during the warmer summer months, but these structures may be less impactful for
adult ticks during the cooler fall sampling season. However, our data are unable to separate
these two processes. Seasonal climatic shifts may also have a role in habitat preference and
activity; the nymph population peaks in late spring and early summer, while adults are most
active in the cooler fall and early spring months.#® Alternatively, these patterns may reflect life
stage-specific differences in capture probability within fern-dominated habitats, driven by
changes in behavior and questing capacity of Ix. scapularis.

In contrast with previous studies 24647 which did not find a significant association, or found a
positive correlation between tick density and basal area, our study found lower basal area was
associated with higher predicted Ix. scapularis density within mixed deciduous-coniferous
forests. This may reflect indirect effects of stand structure on understory development, as higher
basal area has been associated with reduced understory vegetation, 12 potentially limiting host—
tick encounter rates. In this study, basal area produced highly consistent effect estimates across
models and the observed effect gradient of basal area is striking. This “dose dependence” of
tick density with specific categories of timber density strengthens the proposed biological
rationale for the observed decades-long increases in tick density, and suggests that there is an
“optimal” tree stand density that supports Ix. scapularis ecology. This is consistent with studies
in Ixodes persulcatus (the Eurasian taiga tick) showing maximum densities 12-25 years after
forest clearing, with a gradual decay out to > 80 years post-logging.8

In comparable studies exploring the associations of basal area on tick densities, study design
variations make direct comparisons difficult. Many of these studies focused on disturbed/logged
sites and impacts of ecological succession on tick density, whereas our study sites are less
dynamic.”4749 In addition, other studies included only the nymph stage,”-'2 which could
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influence the results, as we found higher IRR values in both the adult-only and combined life
stage models compared to nymph-only models. Additionally, previous studies used mean tick
densities as a response variable'2 compared with the unaggregated tick counts used in this
analysis. These details suggest important nuances in assessing the impact of basal area in
different settings.

Invasive species density was retained only in the adult-stage model, suggesting a life stage-
specific relationship with adult tick abundance. The absence of this relationship in the nymphal
life stage model suggests that invasive vegetation may be linked more strongly to the ecological
processes affecting adult ticks than to factors influencing immature stages. Since invasive
vegetation can influence both microclimate and host species composition, disentangling direct
vegetation effects from broader habitat processes will require more detailed studies over a
longer time period. Prior studies have identified several species of note in this regard, especially

Japanese barberry8.11:50 and Eurasian honeysuckle.81"

Despite extensive consideration in the ecology literature, variation in spatial scales makes
comparison between studies challenging. Environmental data regarding ticks has been
assessed on scales from 1m? for microclimate and understory studies, all the way to >5km? for
landscape composition.4? Different forest types,>! soil classifications, climates and host
dynamics®? may also further obfuscate trends. Recent work modeling the effect of spatial scales
on density of Ix. scapularis nymphs (DON) showed greatest exploratory power at smallest
scales; DON was most accurately predicted at a scale of 100m.53 However, with varying
methods of data collection and spatial aggregation, it is unclear what scale may be best for
predicting tick density and overall TBD transmission. Although these results are promising, more
research would have to be conducted to determine what level of observation and variables are
most impactful. Examining determinants of “pathogenic landscapes”, small-scale tick habitat
features, and human land use patterns in the context of tick density patterns will help us create
further interventions to complement personal protection.®* While this is a key goal of practical
public health, our study design cannot assess the potential causal impact of vegetation
management.

The inclusion of more factors may be one reason for why this work identifies different
associations than other studies. By considering a broad range of vegetation characteristics,
some variables may describe similar effects on tick density and were therefore removed from
consideration to avoid including factors that were too closely related. Expanding habitat scope
thus requires more statistically rigorous ecological data analysis to more holistically evaluate the
complex relationships between ticks and their environments. Prior studies assessing
relationships between vegetation characteristics and tick density have historically relied on
standard GLM,%® GLMM, %% or zero-inflated®” multivariable models. As ecological modelling
approaches continue to develop, adoption of modern analytical methods can support emerging
study designs. Our analysis evaluates many vegetation metrics to characterize ecosystem-scale
effects that may be difficult to capture using some previous approaches. Distinct from similar
methods used in Conte et al.” which used generalized linear mixed models implemented in the
g/mmTMB modeling package,3® inferences in our study are made at the scale of aggregated
vegetation conditions rather than individual observations, and the reported incident rate ratios
reflect this level of analysis.

The vegetation metrics developed in this study were designed to be simple and feasible in most
settings, and require minimal training without sacrificing analytical utility. A 2024 survey of land
trust organizations across the northeast and midwestern United States found that 36% of
respondents used vegetation modification techniques, but a lack of trained personnel accounted
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for a significant barrier to increasing tick surveillance or control activities.%® This study used a
simple 0-3 ordinal scale and binary presence/absence for most vegetation metrics to reduce
invested time while still recording key vegetation features and sufficient replicants. In mixed
deciduous-coniferous forests in New England, our evidence supports that basal area seems to
be a strong predictor of risk. Basal area is a metric that can easily be incorporated into routine
entomological surveillance- a simple metal angle gauge ($20 USD) can be used with minimal
training. This can provide a straightforward way for health districts and land managers to assess
potential tick exposure risks. The associations found between leaf litter, fern cover, and tick
density suggest that these habitat characteristics may provide practical indicators for landscape-
scale surveillance. These variables can be quantified quickly in the field and require minimal
equipment to facilitate a standardized assessment across potential sites toward sustainable tick
control. However, before basal area can be considered as a summary metric for acarological
risk, it should be assessed in a wider range of ecologies and across different forest succession
trajectories.

While our study provides important insight into the association between vegetation and tick
density, there are several limitations that may impact our conclusions. Firstly, fixed quadrilateral
plots in our study made placement within the greater landscape challenging. Although we had
many potential sampling locations from our previous spatial hotspot analysis, many were
ultimately excluded due to extensive wetlands, poison ivy or thorny plants that overlapped with
our large square plot. These limitations mean other areas of highest risk may not have been
included on the plots. Secondly, peak nymphal activity was not captured in 2024, but
subsequently was in 2025. Thirdly, tick sampling using dragging/flagging techniques may be
influenced by local climate, environmental conditions, and dragging speed: with slower speeds
yielding higher nymph collections compared to faster sampling speeds.5° Standardized
sampling protocols for this work minimize these differences. However, these caveats compound
as single-drag per event sampling, as used in this study, was estimated to capture
approximately only 5.9 to 6.3% of the nymphal population.5° Finally, vegetation indices were
generally characterized using a binary Presence/Absence framework for efficient field activities.
As a result, this allowed for sampling for multiple subplots per tick collection plot, providing more
comprehensive measures of the micro-ecology. Our binary collection provides a directly
interpretable estimate for associations; however, it may obscure ecologically important
relationships where thresholds may exist.

The factors identified here as being most strongly associated with tick density (basal area;
presence of ferns; and invasive species) suggest multiple avenues for public health programs,
including vegetation management in high usage areas; signage within higher-risk ecologies; and
public British Broadcasting Corporation campaigns highlighting areas and times of highest risk.
To date, studies have shown large impacts on nymphal density after removal of invasives over a
5-year sample period in the Midwestern US,%0 but trials in other ecologies and assessing
epidemiological outcomes should be a key priority. There have also been few studies evaluating
the impact of “risk area” signage on reducing tick exposures, and findings from these are
mixed.61 Operational research to optimize risk messaging, including trailnead signage for public
health outcomes in a range of settings is an urgent need, as studies suggest different
demographic groups may require specific, targeted communications for behavior change.6263

While our study site locations were determined by human usage patterns, this work was unable
to include quantifiable metrics for land use. Integrating human behavior and land usage patterns
with forest cover metrics is a critical area to understand epidemiologically highest-risk areas.t4
In contrast to other vector-borne diseases like malaria, where sustained control and prevention
strategies have been central to mitigation of transmission, tick-borne disease management has
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historically prioritized research and personal protection over large-scale interventions.
Landscape-scale focused vegetation management strategies may represent an underutilized
approach for reducing tick populations and associated human infections.65
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Supplemental Information

Plot Year Month
A 2024 Nov - Nov
2025 Mar - Nov
5 2024 Jul - Nov
2025 Mar - Nov
2024 Jul - Nov
C1
2025 Mar - Nov
2024 Jul - Nov
C2
2025 Mar - Nov
2024 Jul - Nov
D1
2025 Mar - Nov
2024 Jul - Nov
D2
2025 Mar - Nov
2024 Apr - Nov
E1
2025 Apr - Nov
2024 Apr - Nov
E2
2025 Apr - Nov
. 2024 Jun - Nov
2025 Mar - Nov

Table S1. Overview of plot sampling dates.
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Leaf .
. Basal Relative
i Litter Area Col\:/z:g o | Invasives | Temperature °C Humidity
Dieppidy (m?/ha) (%) 9€ | presence | Mean + (Range) Mean +
(cm) ° (Range)
A 4.5 36.4 0.9 0 16.3° 60.2%
(4.9° - 29.2°) (33.8% - 86.0%)
B 3.3 18.9 0.1 1 17.8° 50.9%
(5.8° - 30.5°) | (24.4% - 76.8%)
C1 3.1 304 0 0 18.33° 54.8%
(7.1°-29°) | (31.5% - 79.9%)
C2 2.7 43 0 0 18.6° 54.1%
(6.8° - 28.8°) (32.3% -77.2%)
D1 3.6 25.5 0 0 16.5° 65.8%
(5.9°-28.1°) | (34.6% - 95.1%)
D2 2.8 25.8 0 0 16.02° 66.8%
(4.9°-28.1°) | (35% - 95.3%)
E1 3.8 28.7 0.5 0 17.3° 52%
(5.8°-31°) (25.7% -69.2%)
E2 3.6 327 1 0 17.6° 55.9%
(5.6°-31°) | (29.6% - 75.1%)
F 1.5 29.5 0.5 1 20.2° 54.7 %
(24°-27.3°) | (17.6-84.8)

Table S2. Overview of vegetation indices by study plot

(summary values from subplots) Western Massachusetts, 2024-2025.
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Characteristic

Details

Mast Species

Oak, hickory or walnut species of any age within the subplot (either leaning in and
providing canopy coverage, or growing within the subplot)

Berry species

Vaccinium and Rubus species present within or leaning into the subplot

Coarse woody
debris

Downed trees or large branches (at least 10cm in diameter and 1m in length)

Short brushy
vegetation Dense cover of short (< 0.76m) shrubs that are easily passable
Tall brushy Dense cover of tall shrubs (= 0.76m) which obstructs free passage. May require
vegetation flagging

Grasses, rushes, sedges (graminoids) and other weeds measuring 8 inches or
Tall grasses greater in height

Ground cover

Low-growing vegetation < 0.91m; fully covers ground in 50% or more of area

vegetation being evaluated
Nongrass, herbaceous flowering plants present. e.g. milkweed, goldenrod, aster,
Forbs etc.
Table S3. Presence/Absence Key. Details of vegetation indices,
Western Massachusetts, 2024-2025.
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Figure S1. Ixodes scapularis totals and sampled densities,

Western Massachusetts, 2024-2025.
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Plot | Leaf | LeafLitter |Understory| Basal |Invasive|Percent| Mast | Berry |Coarse|Forbs| Short | Tall Tall Ferns | Height of
Litter | Composition | Vegetation | Area |Species | Canopy |Species|Species | Woody Brushy | Brushy | Grasses Tallest Plant
Depth Density | (m"2/ | Density | Cover Debris Veg. | Veg. in Plot.
(cm) (0-3) [hectare) (%)

A | 453 Mixed 2.37 36.4 0 100 0.625 | 0.75 1.0 |0625| 1.0 0.5 0 0.875 >1m
3.28 Mixed 2.0 18.9 1 62.5 | 0.625 1.0 0.875 1 1.0 0.5 0.75 0.125 <0.5m

C1 | 3.15 | Deciduous 2.37 30.4 0 100 1.0 1.0 0.5 0 1.0 1 0.25 0 >1m

C2 | 2.67 | Deciduous 1.62 43.0 0 100 1.0 0.375 | 0625 | 0.25 | 1.0 0.75 0.5 0 >1m

D1 | 3.65 | Deciduous 1.87 25.5 0 100 1.0 0.375 | 0625 | 0.25 | 1.0 1 0 0 >1m

D2 | 2.83 Mixed 0.65 25.8 0 100 0.75 0 0.5 |0.375| 05 |0.375| 0.125 0 >1m

E1 | 3.78 Mixed 2.37 28.7 0 100 0.875 0.5 0.75 |0.625| 0.625 | 0.625 0 0.5 >1m

E2 | 3.58 | Coniferous 212 32.7 0 100 0.5 025 | 0625 | 05 | 075 | 0.75 0 1.0 0.5-1m

F 1.54 | Deciduous 212 29.5 0.5 100 0.625 | 0.375 | 0.75 [0.875| 0.875 | 0.25 0.5 0.5 <0.5m

Table S4. Summarized plot vegetation indices used for multivariable models for tick densities,
Western Massachusetts, 2024-2025.
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Figure S2. Overstory and understory composition strip plot of aggregated continuous and

ordinal values observed from the vegetation survey, Western Massachusetts, 2024-2025.
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Figure S3. Plant species presence strip plot of averaged presence/absence values
observed from the vegetation survey, Western Massachusetts, 2024-2025.
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Figure S4. Understory composition strip plot of averaged presence/absence values
observed from vegetation survey, Western Massachusetts, 2024-2025.
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