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Abstract

The geographic range of the blacklegged tick, /xodes scapularis, and its associated human
pathogens have expanded substantially over the past 20 years putting an increasing number of
persons at risk for tick-borne diseases, particularly in the upper midwestern and northeastern
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United States. Prevention and diagnosis of tick-borne diseases rely on an accurate understanding
by the public and health care providers of when and where persons may be exposed to infected
ticks. While tracking changes in the distribution of ticks and tick-borne pathogens provides
fundamental information on risk for tick-borne diseases, metrics that incorporate prevalence

of infection in ticks better characterize acarological risk. However, assessments of infection
prevalence are more labor intensive and costly than simple measurements of tick or pathogen
presence. Our objective was to examine whether data derived from repeated sampling at
longitudinal sites substantially influences public health recommendations for Lyme disease and
anaplasmosis prevention, or if more constrained sampling is sufficient. Here, we summarize
inter-annual variability in prevalence of the agents of Lyme disease (Borrelia burgdorferis.s.) and
anaplasmosis (Anaplasma phagocytophilum) in host-seeking /. scapularis nymphs and adults at 28
longitudinal sampling sites in the Upper Midwestern US (Michigan, Minnesota, and Wisconsin).
Infection prevalence was highly variable among sites and among years within sites. We conclude
that monitoring infection prevalence in ticks aids in describing coarse acarological risk trends, but
setting a fixed prevalence threshold for prevention or diagnostic decisions is not feasible given the
observed variability and lack of temporal trends. Reducing repeated sampling of the same sites
had minimal impact on regional (Upper Midwest) estimates of average infection prevalence; this
information should be useful in allocating scarce public health resources for tick and tick-borne
pathogen surveillance, prevention, and control activities.

Keywords

Tick surveillance; Tick-borne disease; /xodes scapularis; Borrelia burgdorferi; Anaplasma
phagocytophilum

Introduction

Tick-borne diseases are an increasing public health burden in the United States. Of the
nearly 650,000 cases of vector-borne diseases reported in the United States from 2004 to
2016, more than 75% were tick-borne and a majority of those were associated with the
blacklegged tick, /xodes scapularis (Rosenberg et al., 2018). In addition to transmitting
Borrelia burgdorferi sensu stricto, the primary causative agent of Lyme disease, which is the
most commonly reported vector-borne disease in the United States, the tick also transmits
a less common agent of Lyme disease (Borrelia mayonii) and agents of anaplasmosis
(Anaplasma phagocytophilum), babesiosis (Babesia microti), hard tick relapsing fever
(Borrelia miyamotoi), ehrlichiosis (Ehrlichia muris eauclairensis), and a viral neuroinvasive
disease (Powassan virus) (Eisen and Eisen 2018). Although the reported geographic range
of each pathogen varies across the tick’s range, all have been identified in host-seeking /.
scapularis in the upper midwestern United States (Johnson et al., 2018). In the past two
decades, the geographic range of /. scapularis and its associated human pathogens have
expanded dramatically, resulting in an increase in reported tick-borne disease cases, most
notably in the Upper Midwest, Northeast, and Mid-Atlantic regions (Kugeler et al., 2015;
Eisen et al., 2016, 2017; Eisen and Paddock, 2021).
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Prevention and diagnosis of tick-borne diseases rely on an accurate understanding by the
public and health care providers of when and where persons are at risk for exposure to
human-biting ticks and their associated pathogens. However, national maps showing the
distribution and abundance of medically important ticks and their associated pathogens are
often incomplete, not current, or lack data entirely (Eisen and Paddock 2021). Efforts to
generate data to inform such maps have been hampered by a lack of standardized routine
tick-based surveillance. A recent survey of vector-borne disease professionals in the U.S.
revealed that fewer than half of respondents were engaged in routine active tick surveillance.
Most of those engaged in tick surveillance were focused on describing the distribution of
ticks, with fewer aiming to describe pathogen presence or prevalence within the targeted tick
populations. Cited barriers to conducting tick surveillance and pathogen testing included a
lack of guidance and funding constraints (Mader et al., 2021).

In 2018, the U.S. Centers for Disease Control and Prevention (CDC) issued guidance aimed
at standardizing tick and tick-borne pathogen surveillance and increased support to public
health partners to conduct tick surveillance (CDC, 2018; Eisen and Paddock 2021). The
recommendations describe a set of objectives that progressively increase the amount of
data available to support assessments of human risk of exposure to ticks and tick-borne
pathogens. Objectives range from describing the distribution of medically important ticks
to identifying the presence of human pathogens in ticks, and progress to quantifying tick
densities and the prevalence of pathogens in host-seeking ticks. While the utility of the data
increases with each escalating objective, the resources required to conduct tick surveillance
also intensify with those requiring pathogen detection being among the most costly and
time-consuming.

Tick and tick-borne pathogen surveillance data are commonly used to explain
epidemiological trends (primarily at coarse spatial scales), to guide tick bite prevention
recommendations and to establish a prior probability of exposure when diagnosing a tick-
borne disease (Pepin et al., 2012; Stromdahl and Hickling 2012; Dahlgren et al., 2016;
Moore et al., 2016; Bisanzio et al., 2020; Kugeler and Eisen 2020; O’Connor et al.,

2021; Eisen and Paddock 2021; Lantos et al., 2021). Recognizing resources are limited for
conducting tick and tick-borne pathogen surveillance, we sought to assess the feasibility of
scaling back tick testing without seriously compromising data used in public health practice.
Here, we describe spatial and temporal variation in the prevalence of the two most common
pathogens (B. burgdorferis.s. and A. phagocytophilum) in host-seeking /. scapularis nymphs
and adults in the Upper Midwest (for the purposes of this study, the Upper Midwest

is defined as a region including Michigan, Minnesota, and Wisconsin). Additionally, we
sought to determine if a less intensive approach yielded comparable regional (Michigan,
Minnesota, and Wisconsin) estimates of infection prevalence in host-seeking ticks compared
with multiple-year sampling of the same sites.

Specifically, in this study we analyzed historic /. scapularis nymphal and adult surveillance
records among sites in the Upper Midwest with multiple years of collections and pathogen
testing. We summarized inter-annual variability in infection prevalence of each pathogen
in host-seeking /. scapularis nymphs and adults at sites that were sampled at least three
years. We also assessed whether pathogen prevalence in one year is predictive of future
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years within the same site and whether pathogen prevalence changes significantly over time.
We further estimated regional and state averages and ranges in infection prevalence of each
pathogen by tick life stage and created random subsets of the data to assess the impacts of a
reduced sampling regime for estimating regional averages in infection prevalence.

Collection sites

Retrospective tick collection and pathogen testing records from three states in the Upper
Midwest were provided by state public health agencies or their academic partner institutions.
These data were used originally for public health tick surveillance or research, and in many
instances have been published in part or fully (Hamer et al., 2010, 2012, 2014; Pritt et

al., 2016; Bjork and Schiffman 2020), but not previously as a combined data set. From

2000 through 2019 host-seeking /. scapularis nymphs and adults were collected by dragging
at 34 forested sites, including edge habitat, in areas considered by the collectors to be

of public health concern. Drag sampling is recommended in areas where /. scapularis is
endemic or emerging, as the method reliably quantifies tick density and yields a highly
correlated measure of the human risk of contact with infected host-seeking ticks (Falco and
Fish 1992; Mather et al., 1996). Sites included novel areas of potential human exposure

to /. scapularis, areas where /. scapularis is newly established; areas where incidence of

1. scapularis-borne illnesses have changed over time; heavily used recreational areas; areas
where novel pathogens are suspected to be circulating; and representative habitat types

in areas where /. scapularis-borne infections are prevalent. Sites were sampled one or

more times per year during peak nymphal and/or adult activity periods. When sampling
was conducted more than once per year, the highest observed density per life stage was
considered the peak value.

Data elements included site location, year of collection, peak number of nymphal and adult
1. scapularis collected per area sampled, number of nymphal and adult /. scapufaris tested for
B. burgdorferis.s. and A. phagocytophilum, and number of nymphal and adult /. scapularis
positive for B. burgdorferis.s. and A. phagocytophilum by site and year. For inclusion

of records in this study, site selection, tick collection and pathogen identification methods
had to conform to /. scapularis surveillance guidance published by the CDC (CDC, 2018).
Data were screened to exclude sites with less than three years of repeated sampling within

a sequential five-year period. One additional site in which sampling was conducted for

three consecutive years was excluded because sample sizes were extremely low (/= one,

two and five ticks tested per year), yielding consistently unreliable estimates of infection
prevalence. After screening, 28 sampling sites met the criteria for inclusion in the study for
one or more pathogen and life stage combinations. The geographic range of sites meeting

all data inclusion criteria is shown in Fig. 1. Within included sites, years where only one
tick or no ticks were tested were excluded from analyses. The inclusion of years where low
numbers of ticks were collected was done to ensure that sites with emerging tick or pathogen
populations were not excluded from our data set.
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Pathogen detection

Pathogen detection methods varied by state and entity performing the testing but met
minimum criteria for acceptability according to CDC /. scapularis surveillance guidance
(CDC 2018). Briefly, collected nymphal and adult ticks were tested individually using
molecular assays specific to B. burgdorferis.s. or A. phagocytophilum. Assays were
demonstrated to be species-specific by testing against genetically similar species or
designed according to previously published assays meeting the same criteria. While all
assays specifically targeted B. burgdorferisensu stricto, A. phagocytophilum assays did
not discriminate human-active (ha) variant or variant 1 (v1). Specific pathogen detection
methods used are listed in Supplemental Table 1.

Statistical analysis

To generate descriptive statistics, pathogen infection prevalence was calculated for B.
burgdorferis.s. and A. phagocytophilumby [. scapularis life stage, sampling site, and year.
Site specific 95% confidence intervals (95% C.1.) were calculated as Wilson score intervals,
which are applied to binomial data including small sample sizes, or point estimates close to
one or zero (Wilson 1927). State and regional (all states combined) averages were based on
these site-specific point estimates of infection prevalence and 95% confidence intervals were
derived assuming a t-distribution to account for small sample sizes (< 30 sites).

The resulting annual site-level point estimates were used in mixed effects models to
determine if infection prevalence increased or decreased over time. Only sites with at least
five years of continuous pathogen testing data were included. First, qualifying sites were
classified as ‘emerging,” or ‘established’ where an ‘emerging’ site was defined as any site
where the prevalence point estimates for the first three years of sampling were below the
lower 95% CI for the Upper Midwest region. Data were analyzed separately for each of
the four pathogen and life stage combinations, and each of these groups were split into
‘emerging’ and ‘established’ analyses for a total of eight models. Each model included
‘year’ as a fixed effect and “site” as a random effect, if more than one site was included

in the analysis. Recognizing that pathogen detection methods varied among sites and over
time, we included pathogen testing method as a second random effect. However, it did not
significantly improve Akaike information criterion (AlC) scores, indicating testing method
did not explain observed differences, and the variable was not included in the final models.

In addition to general linear trends that evaluated consistent increases or decreases in
infection prevalence over time, we applied an autocorrelation function (ACF) to determine
if the annual prevalence of pathogens was generally temporally autocorrelated within each
site which would indicate that infection prevalence in one year is predictive of observed
prevalence the following year.

We aimed to determine if limiting observations on each site to a single year significantly
affected estimates of regional infection prevalence compared against estimates that were
generated using the full dataset. We subsampled the full data set ten times. In these
subsamples, each site was limited to a single year that was selected randomly with
replacement from those available. For nymphs, the full dataset contained 25 sites that
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were sampled over multiple years (156 total yearly prevalence point estimates). Each
nymph subset contained all 25 sites which included approximately 16% of the observations
present in the full dataset. These subsamples were compared against estimates generated
using all 156 prevalence point estimates (i.e. the full dataset). For adults, the full dataset
contained 14 sites that were sampled over multiple years (117 total yearly prevalence

point estimates). Each adult subset contained all 14 sites which included approximately
12% of the observations present in the full dataset. These subsamples were compared
against estimates generated using all 117 prevalence point estimates. Differences between
the regional point estimates of the subsamples and full dataset were analyzed using analysis
of variance (ANOVA) and pairwise comparisons were made using post-hoc Tukey tests.
These analyses were only conducted with data for B. burgdorferi infected nymphs and adults
as fewer sites were sampled for A. phagocytophilum infected ticks.

All data analyses were conducted in R version 4.0.3 (R Foundation for Statistical
Computing, Vienna, Austria) or JIMP v. 13.2.1 (SAS Institute, Cary, N.C.). Mixed effects
models were constructed using the Ime4 package.

Prevalence of B. burgdorferi s.s. in |. scapularis nymphs

From 2004 to 2019 a total of 12,594 host-seeking /. scapularis nymphs were collected
from 25 sites across three states in the Upper Midwest. Sampling was conducted from
three to 12 years (median: six years) per site with two to 817 nymphs tested per site per
year (median: 69.5 nymphs tested per site per year). The mean site-specific prevalence

of B. burgdorferis.s. was as low as 1.40% (95% CI: 0.60-3.23%) at the Fenner Nature
Center in Michigan and as high 28.18% (95% ClI: 23.57-32.80%) at Tower Hill State Park
in Wisconsin. State specific mean prevalence of B. burgdorferis.s. ranged from 13.63%
(95% CI: 5.72-21.54%) in Michigan to 18.54% (95% CI: 14.32-22.76%) in Wisconsin. The
regional mean prevalence of B. burgdorferis.s. in host-seeking /. scapularis nymphs across
all sampling sites and years was 16.97% (95% CI: 13.96-19.98%) (Table 1, Supplemental
Table 2). Overall, 80% (20 of 25) and 60% (15 of 25) of site estimates were statistically
similar to state-specific and regional averages, respectively (Table 1).

Among 10 established sites for which we had at least five years of contiguous data,

the mixed effects model for B. burgdorferis.s. infected nymphs showed no statistically
significant temporal trend (= - 1.7, df = 84, p=0.10) in infection prevalence indicating
that infection prevalence was not consistently increasing or decreasing over time. Only
Fenner Nature Center in MI met our criteria for an emerging site and we detected no
statistically significant temporal trend (#= 0.34, df = 3, p=0.76), although data were limited
for this analysis with only five years of observations (Fig. 2). The ACF plots revealed no
temporal autocorrelation between sampling years for any site, meaning that prevalence in
one year was not predictive of prevalence in the next (Supplemental Figure 1).

There was no statistically significant difference when comparing the regional point estimates
of B. burgdorferis.s infection prevalence in nymphs generated using the full data set
(16.97% [95% CI: 14.12-19.83%]) to the subsets where each site was limited to a single
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year of data (d.f. = 10,264; F=1.26; p= 0.253). In pairwise comparisons, none of the
regional point estimates from the ten subsamples differed significantly (p>0.05) from the
regional point estimate derived from the full data set (Supplemental Figure 5).

Prevalence of B. burgdorferi s.s. in |. scapularis adults

From 2000 to 2019, a total of 8262 host-seeking /. scapularis adults were collected from

14 sites in three states. In Minnesota, all sites sampled for nymphs were also sampled for
adults, but in Michigan two additional sites with limited nymph data were included, and in
Wisconsin 14 sites were sampled for nymphs and an independent site (Stevens Point) was
sampled only for adults. Sampling years for adults ranged from three to 20 years (median
12 years) with two to 232 adults tested for B. burgdorferis.s. per site per year (median:

92.5 adults tested per site per year). Across all sampling sites and years, the regional mean
prevalence of B. burgdorferis.s. in host-seeking /. scapularis adults was 29.53% (95% CI:
22.08-36.98%). lonia Recreation Area in Michigan yielded the lowest infection prevalence
in adult ticks (3.57% [95% CI: 0.18-17.71%]), while Richard J. Dorer Memorial Hardwood
State Forest in Minnesota yielded the highest prevalence (45.07% [95% CI: 42.30-47.88%])
(Table 2, Supplemental Table 3). In total 85% (11 of 13 sites) and 64% (9 of 14 sites) of
site-specific estimates were statistically similar to state and regional estimates, respectively
(Table 2).

Among the five established sites with > five years of contiguous sampling there was no
statistically significant temporal trend (#= 0.66, df = 55, p=0.51) in B. burgdorferis.s.
infection prevalence, indicating infection prevalence was stable over time. However, the
model that included the three emerging sites showed a statistically significant positive
temporal trend (¢= 3.1, df = 30, p= 0.004) or consistent increase in infection prevalence
over time (Fig. 3). The autocorrelation function plots revealed no statistically significant
temporal autocorrelation between sampling years for any sites regardless of its status as an
emerging or established site (Supplemental Figure 2).

There was no statistically significant difference when comparing the regional point estimates
of B. burgdorferis.s infection prevalence in adults generated using the full data set (29.53%
[95% CI: 22.77-36.29%]) to the subsets where each site was limited to a single year of data
(df =10,143; £=0.383, p=0.952). In pairwise comparisons, none of the regional point
estimates from the ten subsamples differed significantly (p>0.05) from the regional point
estimate derived from the full data set (Supplemental Figure 5).

Prevalence of A. phagocytophilum in I. scapularis nymphs

From 2005 to 2019, 7562 nymphs collected from 10 sites in Minnesota and Wisconsin were
tested for A. phagocytophilum. Among sites included in estimates of A. phagocytophilum
prevalence, the number of years included per site ranged from four to 12 (median: eight
years). From each site and year, the number of nymphs tested ranged from six to 738
(median: 84.25 nymphs tested). The regional mean prevalence of A. phagocytophilum in
host-seeking /. scapularis nymphs across all sampling sites and years was 6.57% (95%

Cl: 4.47-8.66%) and was as low as 2.67% (95% CI: 1.23-5.69%) at McCaslin Brook in
Wisconsin, and as high as 9.98% (95% ClI: 8.18-12.12%) at Camp Ripley in Minnesota
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(Table 3, Supplemental Table 4). Site-specific estimates were statistically similar to state
specific averages for 90% of sites (9 of 10) and 80% (8 of 10 sites) were statistically similar
to the regional average (Table 3).

Among the five established sites for which >five years of contiguous data were available,
results of the mixed effect model for A. phagocytophilum infected nymphs showed no
statistically significant temporal trend (£= — 0.05, df = 44, p=0.96) in infection prevalence,
indicating that infection prevalence was not increasing or decreasing consistently over time.
Only American Legion Northern Highland in Wisconsin met our criteria for an emerging
site and we detected no statistically significant temporal trend (¢= 1.03, df = 3, p=0.38),
although data were limited for this analysis with only five years of observations (Fig.

4). Autocorrelation function plots revealed no significant temporal autocorrelation between
sampling years by site (Supplemental Figure 3).

Prevalence of A. phagocytophilum in I. scapularis adults

From 2005 to 2019, 6381 adult ticks were collected from five sites in Minnesota and
Wisconsin. The number of years sampled per site ranged from 10 to 20 (median 16 years per
site) and the number of adults tested per site per year ranged from eight to 232 (median 93.7
adults tested per year). The regional mean prevalence of A. phagocytophilum in host-seeking
1. scapularis adults across all sampling sites and years was 8.59% (95% CI: 5.01-12.17)
(Table 4, Supplemental Table 5). All site-specific prevalence estimates were statistically
similar to the state and regional averages (Table 4).

Results of the mixed effect model for four established sites showed a marginally statistically
significant positive temporal trend (¢= 1.9, df = 42, p=0.06) in infection prevalence. Only
Stevens Point in Wisconsin was classified as ‘emerging’ and data were analyzed in a linear
model which detected a statistically significant positive trend (= 3.1, df = 18, p=0.007) in
infection prevalence (Fig. 5). Autocorrelation function plots revealed no significant temporal
autocorrelation between sampling years by site (Supplemental Figure 4).

Discussion

Consistent with previous studies from other endemic regions, the prevalence of B.
burgdorferis.s. and A. phagocytophilum were both highly variable in ticks among sites and
among years within individual sites in the upper Midwest (Piesman et al., 1999; Eisen et al.,
2004; Diuk-Wasser et al., 2012; Keesing et al., 2014; Prusinski et al., 2014; Feldman et al.,
2015; Johnson et al., 2018). At sites considered “established,” prevalence of B. burgdorferi
s.s. exhibited high interannual variability, but there were no discernable increasing or
decreasing trends over time. Prevalence of A. phagocytophilum in host-seeking nymphs
remained stable over time at ‘established’ sites, but a slight marginally significant increase
in infection prevalence was noted across sites where host-seeking adults were tested.
Similarly, no temporal trends for either B. burgdorferior A. phagocytophilum infection
prevalence were detected at the ‘emerging’ nymphal sites, although only a limited number
of observations were analyzed. However, a significant positive temporal trend in infection
prevalence was detected in adults for both pathogens in sites classified as ‘emerging’. At
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all sites regardless of pathogen or tick life stage, infection prevalence in one year was not
predictive of the next, according to ACF analysis.

In addition to sharing a common vector, B. burgdorferiand A. phagocytophilum share a
common primary reservoir host, the white-footed mouse (Peromyscus leucopus). Compared
with B. burgdorferithe infectious period for A. phagocytophilum in white-footed mice is
transient (Telford et al., 1996; Stafford et al., 1999; Levin and Ross, 2004). This contributes
to explaining why prevalence of A. phagocytophilum is generally lower than B. burgdorferi
in host-seeking nymphs and adults. Neither pathogen is transmitted transovarially (Piesman,
1989; Teglas and Foley, 2006). Thus, acquisition is limited to single blood feeding events per
life stage, with adults having two opportunities to acquire infection and nymphs only one.
As a result, prevalence of infection is typically higher in adults. With higher prevalence of
infection in adults, we were more likely to detect significant trends in adults than nymphs.
However, in most cases due to differences in contiguous yearly sampling data, both life
stages were not assessed for temporal trends at the same sites. Therefore, it is not clear

if observed positive temporal trends observed in adults reflects the higher prevalence of
infection, or differences in sites included in the nymphal compared with adult tick mixed-
effect models.

The high degree of spatial and temporal variability in pathogen prevalence in ticks suggests
that identifying and adhering to a fixed and precise prevalence threshold for prevention or
diagnostic decisions is not feasible. However, coarse level estimates of pathogen prevalence
(e. g., state or regional estimates) provide sufficient data for most public health purposes. We
showed that sampling the included sites for as little as a single year yielded similar regional
estimates of infection prevalence to multi-year sampling of the same sites. This implies

that Upper Midwest regional estimates based on reduced sampling effort (i.e., as little as a
single year of sampling per site) are comparable with more extensive longitudinal sampling
of sites. Resampling sites with low infection prevalence may provide useful information
regarding an emerging site but is unlikely to strongly impact regional estimates or public
health messaging at larger scales. This suggests that tick sampling and testing efforts can be
scaled to optimize scarce public health resources.

In addition to providing valuable data explaining ecological drivers of variation in
acarological risk indices (e.g., host-seeking tick densities, infection prevalence, densities

of infected host-seeking ticks) (Schulze and Jordan 1996; Jones and Kitron 2000; Ostfeld

et al., 2001, 2006; Ginsberg et al., 2004; Elias et al., 2011; Ogden et al., 2018; Larson et

al., 2021), longitudinal sampling of ticks and tick-borne pathogens from fixed sites provides
insights into the complexity of characterizing acarological risk. Our long-term sampling data
show that at any given location, the peak abundances of nymphs or adults is highly variable,
as is the prevalence of infection in host-seeking ticks. Specifically, within a single site, we
observed up to a 160-fold difference among years in the density of host-seeking nymphs and
up to a 6.9-fold difference among years in the density of host-seeking adults. Site-specific
point estimates of the prevalence of B. burgdorferis.s. in host-seeking nymphs varied as
much as 6.9-fold among years within a single site.
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Factors that influence variation in estimates of host-seeking tick density derived from drag
or flag sampling at a single site include (1) seasonal and diel timing of tick collections
(Schulze and Jordan 1996, 2003; Diuk-Wasser et al., 2006; Thomas et al., 2020), (2)

number of sampling occasions that are used to estimate the seasonal peak (Dobson et

al., 2014), (3) host composition (Daniels et al., 1993; VanBuskirk and Ostfeld 1995;

Ostfeld et al., 2001, 2006; Ginsberg et al., 2020), and (4) weather conditions at the time

of sampling and preceding sampling (Eisen, Eisen, Ogden and Beard, 2016). Infection
prevalence estimates should be less sensitive to error introduced by timing or frequency of
tick sampling compared with tick density estimates because the cohort of nymphs or adults
being examined was infected over a long duration (months) when the previous life stage
(larvae or nymphs, respectively) was active. Therefore, the absolute proportion of nymphs or
adults infected with B. burgdorferi or A. phagocytophilum is expected to be constant during
the sampling season; interannual variability in infection prevalence is explained mainly by
host compaosition when the prior life stage was active (Ostfeld et al., 2001; Vuong et al.,
2017). While the product of host-seeking tick density and infection prevalence is believed to
be a more accurate correlate of human risk of exposure to infected ticks than either measure
alone (Mather et al., 1996; Pepin et al., 2012), in this study, we focused primarily on
assessing variability in infection prevalence because this is the costliest measure to assess.
Our intent was to evaluate if less intensive testing to support tick surveillance activities could
yield useful data for public health action.

Tick surveillance data are typically used to 1) explain epidemiological trends (Pepin et

al., 2012; Stromdahl and Hickling 2012; Dahlgren et al., 2016; Bisanzio et al., 2020;
Kugeler and Eisen 2020; O’Connor et al., 2021), 2) inform public health messaging

for tick-bite prevention by identifying areas posing a risk for exposure to infected host-
seeking ticks (Eisen and Paddock 2021), and 3) assess a likelihood of human exposure to
pathogens following a tick bite (Lantos et al., 2021). Several studies have demonstrated a
positive association between the density of B. burgdorferi-infected host-seeking nymphs and
occurrence of Lyme disease (Mather et al., 1996; Stafford et al., 1998; Connally et al., 2006;
Pepin et al., 2012). Although some of these analyses have focused on county or sub-county
spatial scales, owing in part to the high degree of variability in both acarological and
epidemiological data, these reported trends are generally more consistent when comparing
between rather than within regions. Variation in pathogen prevalence between regions
influences the epidemiology of tick-borne diseases. This is evident in the contrasting risk

of acquiring Lyme disease in the southeastern U.S. versus other regions where /. scapularis
is currently established. Despite presence of /. scapularis in southern states, the prevalence
of B. burgdorferis.s. in host-seeking ticks is significantly lower than the Northeast, Mid-
Atlantic, and Upper Midwest where Lyme disease incidence is significantly higher than in
southeastern states (Diuk-Wasser et al., 2012; Schwartz et al., 2017; Lehane et al., 2021).
Therefore, determining prevalence of tick-borne pathogens provides greater insights into
regional risk of acquiring tick-borne disease than tick presence or density alone.

Prevention of tick-borne diseases, including Lyme disease and anaplasmosis, relies primarily
on education promoting the use of personal protection measures. In general, persons who
perceive their risk of encounters with infected ticks or of acquiring a tick-borne disease

to be higher are more likely to take precautions against tick bites or pathogen exposure
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(e.g., wearing repellents, checking for and removing ticks) than those with lower perceived
risks (Herrington et al., 1997; Niesobecki et al., 2019). Tick surveillance data aid in raising
awareness of locations where risk of exposure to infected ticks is elevated. However, public
health education or personal protection strategies are not likely to differ based on data
suggesting a moderately low (e.g., Fenner Nature Center in Michigan) compared with a
moderately high prevalence of infection in ticks (e.g., Tower Hill State Park in Wisconsin).
Therefore, coarse (state or regional scale) data-driven estimates of infection prevalence in
host-seeking ticks by life stage are generally adequate for public health messaging. While
some have advocated for prevention strategies (use of antibiotic prophylaxis to prevent Lyme
disease) based on a high likelihood of exposure to B. burgdorferi-infected /. scapularis
where highly endemic areas are generally defined as > 20% B. burgdorferi prevalence

in host-seeking /. scapularis nymphs (Wormser et al., 2006; Lantos et al., 2021), our

data indicate oscillation above or below that 20% prevalence threshold across years. Such
variation within single sites was observed both in states considered high incidence for Lyme
disease (Wisconsin and Minnesota) or not (Michigan). The high degree of spatio-temporal
variation in our data set demonstrates the difficulty of gaging such precise estimates across
localities for public health action.

Nonetheless, we show that site-specific estimates of B. burgdorferiinfection prevalence in
host-seeking nymphs or adults were statistically similar to state averages for 280% of sites,
and statistically similar to regional averages for = 60% of sites. Although fewer sites were
included, site specific estimates of A. phagocytophilum prevalence in host-seeking nymphs
or adults was statistically similar to state or regional averages for = 90% or > 80% of sites,
respectively. Where site estimates of B. burgdorferis.s. prevalence differed significantly
from state or regional averages, in most instances site estimates were lower than state

or regional averages. Some of the lower-than-average estimates may have arisen because
site specific estimates included a period of introduction or emergence of B. burgdoferi

s.s. Significant increases in B. burgdorferis.s. prevalence over time were observed more
commonly in longitudinal sampling sites classified as emerging compared with those
classified as established, suggesting that if lower than expected prevalence is observed,
resampling is indicated. However, in some cases at established sites, specifically Saugatuck
Dunes State Park in Michigan where /. scapularis has been present since 2004, prevalence
of B. burgdorferis.s. remained stable at low prevalence. This could be explained by host
composition (a factor not examined in this study) contributing to a stable low prevalence of
infection, or perhaps other site-level factors slowing the establishment of the /. scapularis
population at this site.

The data presented here demonstrate the high degree of variability in estimates of infection
prevalence at fine spatial and temporal scales. However, they also demonstrate that, in
general, after B. burgdorferis.s. or A. phagocytophilum become established in an area,

their prevalence of infection in /. scapularis nymphs and adults typically reaches stable and
predictable levels as noted elsewhere (Hamer et al., 2014; Keesing et al., 2014; Prusinski

et al., 2014; Feldman et al., 2015). Here, we estimate that in the Upper Midwest, regional
infection prevalence of B. burgdorferis.s. and A. phagocytophilum in nymphal /. scapularis,
the most epidemiologically important life stage, averaged 16.97% (95% CI: 13.96-19.98%)
and 6.57% (95% CI: 4.47-8.66%) respectively. This is consistent with estimates from a
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separate data set presented recently by Lehane et al. (2021) which found similar rates

of B. burgdorferis.s. in . scapularis nymphs (17.99% [16.82-19.22%]) in the Midwest
(IN, MI, MN, WI). However, the estimate of A. phagocytophilumin I. scapularis nymphs
(4.03% [3.46-4.69%]) was slightly but not significantly lower than shown in our study,

but differences are not likely to impact public health action and might be attributable to
inclusion of more sites in the Lehane et al. (2021) study along the leading edge of A.
phagocytophilum expansion. Similarly, in New York, Prusinski et al. (2014) presented a
regional prevalence of B. burgdorferis.s. infection in nymphs as 14.4%, again consistent
with state estimates derived from an independent surveillance data set (Lehane et al., 2021).
Although there are relatively fewer studies focused on A. phagocytophilum, Keesing et

al. (2014) showed an 8.3% (+0.6% SEM) infection prevalence in questing /. scapularis
nymphs in Dutchess County, N, (an estimate similar to the New York estimate presented by
Lehane et al. (2021)) and demonstrated stability of infection prevalence with no discernable
temporal trends.

Although our data represent many years of repeated, systematic sampling of /. scapu/aris at
sites in the Upper Midwest, there are some significant time breaks at select sites in the data.
We accounted for this in our analysis by only running the mixed effect model and ACF on
those sites with = five years of contiguous sampling which limited the data included in the
analyses, and therefore, our ability to draw broader conclusions.

Optimizing effort and resource allocation for tick surveillance is important because public
health resources are limited. Designing optimal sampling strategies depends on local factors
and goals of public health agencies. For sites where prevalence of B. burgdorferis.s.

and/or A. phagocytophilum are consistent with regional averages in local /. scapularis
populations, our study suggests extending the interval between sampling events is likely
sufficient to maintain up-to-date estimates of infection prevalence for the public and health
care providers. Moreover, our subset analyses where reduced sampling (infection prevalence
estimates based on as little as a single year per site) yielded similar infection prevalence
results to multiple-year sampling estimates at a regional level, suggests single year sampling
across a broad spatial area yields estimates of infection prevalence that are similar to

more labor-intensive and costly longitudinal sampling efforts. However, because the data
are a convenience sample of previous tick surveillance activities and not a designed study,
we are unable to make evidence-based recommendations regarding the optimal number

of sampling sites or site placement. Future efforts to refine tick surveillance to improve
efficiency and cost-effectiveness should focus on optimal placement of sampling locations,
and the minimum number of sites required to generate reliable risk estimates. Our study was
limited in scope to assessing estimates of infection prevalence. However, we recognize a
need for similar assessments that address other surveillance metrics, including tick densities
and describing host-seeking phenology.

Given the observed variability, lack of temporal trends, and consistency of site-specific
estimates with regional estimates of B. burgdorferiand A. phagocytophilum prevalence, we
conclude that monitoring infection prevalence in ticks aids in describing coarse acarological
risk trends, but setting a fixed prevalence threshold for prevention or diagnostic decisions

is not feasible. Additionally, we show that reducing repeated sampling of the same sites
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has minimal impact on calculation of regional estimates of average infection prevalence,
information that might be useful in allocating scarce public health resources for tick and
tick-borne disease surveillance and control activities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a

Fig. 1.

Geographic locations of tick surveillance sites in Michigan (A= 9), Minnesota (V= 4), and
Wisconsin (A= 15), meeting study inclusion criteria. Numbered labels correspond to site
identification numbers referenced in subsequent tables and figures.
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Fig. 2.

Point estimates with bars showing 95% confidence intervals for the annual proportion of /.
scapularis nymphs infected with B. burgdorferis.s. at sites with = 5 contiguous years of data.
Breaks in the lines connecting dots represent years where data were not collected. For 10
established sites, the mixed effects model for B. burgdorferis.s. infected nymphs showed no
significant temporal trend (= — 1.7, df = 84, p=0.10) in infection prevalence. Additionally,
at a single site classified as emerging, no significant temporal trend in infection prevalence
was detected (£= 0.34, df = 3, p=0.76). Points with solid 95% CI lines were included in the
autocorrelation function (ACF) plots (Supplemental Figure 1).
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Fig. 3.

Point estimates with bars showing 95% confidence intervals for the annual proportion of

1. scapularis adults infected with B. burgdorferi ss at sites with = 5 contiguous years of

data. Breaks in the lines connecting dots represent years where data were not collected. For
5 established sites, the mixed effects model for B. burgdorferis.s. infected adults showed

no significant temporal trend (#= 0.66, df = 55, p= 0.51) in infection prevalence. For 3
emerging sites, a significant positive temporal trend in infection prevalence was detected (¢=
3.1, df = 30, p=0.004). Points with solid 95% CI lines were included in the autocorrelation

function (ACF) plots (Supplemental Figure 2).
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Point estimates with bars showing 95% confidence intervals for the annual proportion of

1. scapularis nymphs infected with A. phagocytophilum at sites with = 5 contiguous years

of data. Breaks in the lines connecting dots represent years where data were not collected.
For 5 established sites, the mixed effects model for A. phagocytophilum. infected nymphs
showed no significant temporal trend (¢= — 0.05, df = 44, p=0.96) in infection prevalence.
Additionally, at a single site classified as emerging, no significant temporal trend in infection
prevalence was detected (¢=1.03, df = 3, p=0.38). Points with solid 95% CI lines were
included in the autocorrelation function (ACF) plots (Supplemental Figure 3).
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Point estimates with bars showing 95% confidence intervals for the annual proportion of /.
scapularis adults infected with A. phagocytophilum at sites with = 5 contiguous years of
data. Breaks in the lines connecting dots represent years where data were not collected. For
4 established sites, the mixed effects model for A. phagocytophilum infected adults showed
no significant temporal trend (£= 1.9, df = 42, p=0.06) in infection prevalence. At a single
site classified as emerging, a significant positive temporal trend in infection prevalence was
detected (¢= 3.1, df = 18, p=0.007). Points with solid 95% CI lines were included in the
autocorrelation function (ACF) plots (Supplemental Figure 4).
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