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Abstract

As the primary vector of Lyme disease spirochetes and several other medically significant
pathogens, /xodes scapularis presents a threat to public health in the United States. The incidence
of Lyme disease is growing rapidly in upper midwestern states, particularly Michigan, Minnesota,
and Wisconsin.The probability of a tick bite, acarological risk, is affected by the phenology

of host-seeking /. scapularis. Phenology has been well-studied in northeastern states, but not

in the Upper Midwest. We conducted biweekly drag sampling across 4 woodland sites in
Minnesota between April and November from 2015 to 2017. The majority of ticks collected

were /. scapularis (82%). Adults were active throughout our entire 8-month collection season, with
sporadic activity during the summer, larger peaks in activity observed in April, and less consistent
and lower peaks observed in October. Nymphs were most active from May through August, with
continuing low-level activity in October, and peak activity most commonly observed in June. The
observed nymphal peak corresponded with the typical peak in reported human Lyme disease and
anaplasmosis cases.These findings are consistent with previous studies from the Upper Midwest
and highlight a risk of human exposure to /. scapularis at least from April through November.
This information may aid in communicating the seasonality of acarological risk for those living

in Minnesota and other upper midwestern states as well as being relevant to the assessment of the
ecoepidemiology of Lyme disease and the modeling of transmission dynamics.
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Introduction

The blacklegged tick (/xodes scapularis) and its associated pathogens pose an increasing
public health threat in the United States, with established and expanding regional foci in
the Northeast and Upper Midwest (Eisen et al. 2016, Eisen and Eisen 2018, Fleshman

et al. 2021, 2022). Ixodes scapularisis a vector of 7 human pathogens that are known

to circulate in the upper midwestern United States: Borrelia burgdorferi (Spirochaetales:
Spirochaetaceae) sensu stricto and Bo. mayonii (Spirochaetales: Spirochaetaceae) (Lyme
disease), Bo. Miyamotoi (Spirochaetales: Spirochaetaceae) (Bo. miyamotoi disease),
Anaplasma phagocytophilum (Rickettsiales: Anaplasmataceae) (anaplasmaosis), EhArlichia
muris eauclairensis (Rickettsiales: Ehrlichiaceae) (a form of ehrlichiosis), Babesia microti
(Piroplasmida: Babesiidae) (babesiosis), and Powassan virus (a neuroinvasive viral disease)
(Barbour et al. 2009, Pritt et al. 2011, 2016, Johnson et al. 2018b, Lehane et al. 2021,
Fleshman et al. 2022). In order to define habitat types and geographic locations (e.g.,
counties) where persons are at risk for exposure to ticks and tickborne pathogens, several
studies have explored changes in the distribution of /. scapularis, its associated pathogens,
and acarological risk in the Upper Midwest (Lee et al. 2013, 2019, Robinson et al. 2015,
Johnson et al. 2018a, 2018b, Foster et al. 2022). However, relatively few studies have

been conducted in the region with the goal of describing the phenology of host-seeking /.
scapularis, which provides information on when persons are at risk for tick bites (Neitzel et
al. 1993, Brinkerhoff et al. 2011, Hamer et al. 2012, Diuk-Wasser et al. 2014, Stromdahl et
al. 2014, Ogden et al. 2018).

The phenology of /. scapularis has been well-described in the northeastern United States,
with an asynchronous pattern wherein nymphal activity precedes larval host-seeking. Peak
host-seeking activity of nymphs is typically observed in early summer while peak host-
seeking activity of larvae is most commonly observed in late summer (Piesman et al. 1987,
Yuval and Spielman 1990, Ostfeld et al. 1996, Stafford et al. 1998, Falco et al. 1999,
Simmons et al. 2015, Elias et al. 2020). Similar patterns have been observed in the Northeast
for 1. scapularis collected directly from humans through passive surveillance systems (Xu
et al. 2016, Little et al. 2019, Rounsville et al. 2021). /xodes scapularis nymphs are
considered the most epidemiologically important life stage with adults also being capable
of transmitting pathogens (Stafford et al. 1998, Pepin et al. 2012). The relative timing of
nymphal and larval emergence is important as well as asynchronous peaks may promote
the transmission of Bo. burgdorferis.s., while synchronous peaks may increase the rate of
co-feeding between life stages potentially facilitating the transmission of other pathogens
(Ogden et al. 2007, Hassett and Thangamani 2021).

The phenology of questing /. scapularisin the Upper Midwest has received less attention
by researchers than that in the Northeast, but /. scapularis phenology has generally been
observed to be similar, with adults most active in the spring and fall and nymphs active

in the early summer (Neitzel et al. 1993, Diuk-Wasser et al. 2014, Stromdahl et al. 2014,
Ogden et al. 2018). Unlike northeastern /. scapularis populations, in the Upper Midwest,
the larval peak has been observed to overlap with the nymphal peak in the early summer
(Brinkerhoff et al. 2011, Hamer et al. 2012). Documenting when each life stage is questing
for hosts aids in understanding seasonal variation in risk for tickborne diseases (Piesman et
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al. 1987, Moore et al. 2014, Lin et al. 2019). We documented the host-seeking activity of
1. scapularis at 4 geographically distinct woodland sites throughout Minnesota in order to
improve our understanding of the temporal risk for exposure to /. scapularis nymphs and
adults. We also aimed to assess the interannual and geographic variability in host-seeking
phenology and determine the relative timing of the activity peaks for larvae and nymphs.

Materials and Methods

Site Description

Four geographically distinct sites on public land in Minnesota were chosen to assess
host-seeking phenology of /. scapularis. These 4 sites were distributed across a latitudinal
gradient and included 2 sites within the eastern broadleaf forest (Richard J. Dorer

Memorial Hardwood (RIDMH hereafter) State Forest and William O’Brien State Park)

and 2 sites within the Laurentian mixed forest (Itasca and St. Croix State Parks) (Fig. 1).
Specific tick sampling transects at each site were identified based on accessibility, land
manager recommendations, and a priori knowledge of /. scapularis established populations.
Vegetation at all 4 sites is primarily deciduous, oak-dominated forest with dense leaf litter
and understory, with the exception of the site at Itasca State Park, which is better described
as mixed forest with hardwoods and pines. Specific tick sampling transects at each site were
identified based on suitable /. scapularis habitat (i.e., wooded and brushy mesic areas with
at least 50% canopy coverage) (Ostfeld et al. 1995, Guerra et al. 2002, Lubelczyk et al.
2004), accessibility, and land manager recommendations. We also collected temperature and
precipitation data between April 1st and November 30th for each year. Data were collected
from NOAA weather stations nearby each site, USC00210018 (Itasca), USC00211198
(RIDMH), USC00210190 (St. Croix), and USC00218450 (William O’Brien).

Tick Collections

Distance-based drag sampling was performed in which 2 samplers pulled a modified 1

m? white canvas cloth with weighted fingers over the ground to collect host-seeking /.
scapularis (Siegel et al. 1991). In total, 750 m2 were sampled at each site on each sampling
occasion. Samplers stopped every 15 m to inspect the drag cloths and their clothing.
Samplers wore light colored clothing taped to closed toe boots. Ticks found on researchers
were also counted towards the total. Ticks of all life stages collected were returned to the
transect of collection after being identified in the field by trained researchers. Atypical ticks
of all life stages were collected for morphologic identification to the species level using
published taxonomic keys (Keirans and Litwak 1989, Durdens and Keirans 1996, Coley
2015). The species, life stage, and number of ticks collected were recorded for each 15 m
section of the transects. Sites were sampled every 2 weeks from April through November

in 2015, 2016, and 2017. Tick dragging was only performed under favorable weather
conditions for tick activity (i.e., no rain or snow cover with ambient air temperatures >4 °C).
Transects were marked with flagging tape to ensure researchers sampled the same area on
each visit and between years. Minor deviations were made on rare occasions when the route
was impassable (i.e., downed tree or flooding).
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Data Analysis

Results

Peak densities for /. scapularis nymphs and adults were defined as the observed maximum
number collected during our collection periods (April-November) per 750 m? collection
divided by year, site, and life stage. Onset and cessation of nymphal host-seeking activity
was defined as the first and last occasion nymphs were collected per collection period.

The distribution of host-seeking adults was bimodal. Therefore, onset and cessation of
adult host-seeking was defined as the earliest and latest dates of activity first in the spring
(April-June) and then in the fall (October—November) within each calendar year. The /.
scapularis nymph data had exponential increases and decreases on each site for most years.
Separate models were constructed during the increasing phases of the peaks as well as

the decreasing phases. We used the output from the models between the first collection
day to the peak (increasing) of each site and from those peaks to the last collection day
(decreasing) to predict the dates between which activity peaks were at 25% and 50% of their
maximums (Eisen et al. 2002). All data used for the linear models were log-transformed,
with +1 added to account for zeros. This allowed our data to conform with the assumption
of normality and account for the exponential nature of the data. Normality was visually
assessed by examining quantile—quantile plots of the model residuals. We also compared
the AIC values of models using transformed and untransformed datasets. The transformed
data sets performed significantly better (AAIC > 2) for all models. These analyses were
conducted for each site with all years (2015, 2016, 2017) combined. Data analyses were
performed using the base package in R (v. 4.0.3) (R Core Team 2022). Our full dataset can
be found as Supplemental Materials. In Fig. 2, density data are expressed as the percentage
of ticks that are active per life stage at a given time point relative to the total numbers
collected per life stage per year. This normalization of the data allowed us to directly
compare phenology between life stages, years, and sites. We recognize that drag sampling
does not accurately estimate larval abundance but expressing abundance as a percentage of
totals collected provides reasonable estimates of seasonal host-seeking activity (Ginsberg et
al. 2020).

Site Visits and Weather Data

Over the 3 yr of study, a total of 46 visits were made each to St. Croix and William O’Brien
State Parks. There were 47 visits to RIDMH State Forest and 48 visits to Itasca State Park.
A total of 3,273 ticks were collected and identified by staff on transects with the majority
(82%) of ticks being identified as /. scapularis (41% larvae, 34% adults, and 24% nymphs).
An additional 14% of ticks were identified to be Dermacentor variabilis (Acari: Ixodidae)
(93% adults and 7% larvae) and 4% were D. albipictus, all of which were larvae. The
number of /. scapularis found on transects varied by life stage, collection date, and site. The
average density of adults and nymphs collected per visit across all sites and years was 0.64
adults per 100 m2 and 0.47 nymphs per 100 m2 (Table 1). There was limited variation, with
mean minimum temperature varying by no more than 4.8 °C and mean maximum varied by
no more than (3.0 °C). There was a north-to-south gradient in temperature, with Itasca being
the coldest and RIDMH being the warmest. Average cumulative precipitation was similar
(699-801 mm) across 3 sites (Itasca, RIDMH, William O’Brien), but was lower on Itasca at

J Med Entomol. Author manuscript; available in PMC 2024 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Burtis et al.

Page 5

500 mm. Overall, 2016 was a wetter year, with the difference being most no-table on Itasca
and RIDMH.

Ixodes scapularis Activity

A peak in adult /. scapularis activity was generally observed in the spring, with a second
smaller peak observed in the fall in some years. In some years, we did not observe a fall
increase in host-seeking adult densities, as occurred at St. Croix in 2017 or Itasca in 2015,
among others (Fig. 2). Adult /. scapularis were generally active across a broad range of
dates, with the potential to be collected throughout the field season (April-November). The
earliest collection of adults was on April 3, while the latest was on November 19. Nymphal
questing activity was unimodal with most observations of peak activity occurring in between
May and July (Table 2, Fig. 2), but they were often still collected in the fall through October.
The earliest collection of nymphs was on April 21, while the latest was on November 3
(Table 2, Fig. 2). Our larval data are somewhat limited as activity was low or undetected

in some years on several sites, specifically in Itasca and RIDMH in 2016 and 2017 as well
as in William O’Brien in 2017. Among sites where activity was detected, the timing of

peak larval host-seeking activity varied, generally occurring sometime between June and
September. The timing of these peaks relative to those of /. scapularis nymphs also varied
across sites and years, but often resulted in overlapping activity between nymphs and larvae

(Fig. 2).

Generally, the increasing phase occurred more rapidly than the decreasing phase of the
nymph activity peaks, with nymphs being collected in the fall through October, but rarely
before May (Table 2, Fig. 2). This is reflected in the dates wherein nymphs are estimated

to be at 25% and 50% of their peaks based upon our linear models (Table 3). Across sites
and years, nymphs are estimated to be at 50% of their peak between June 2 and August 4,
and 25% of their peak between May 14 and August 27 (Table 4). As with the observed peak
densities, there is variation between sites and different years.

Dermacentor variabilis Activity

Dermacentor variabilis adults were active primarily in May and June across all sites and
years. The earliest they were detected at any site was April 13 with the latest collection
being on August 21. We did not have sufficient data for D. variabilis larvae and nymphs to
provide any information regarding their activity peaks.

Discussion

We documented the seasonal host-seeking activity of /. scapularisby life stage in 4 field
sites across Minnesota. Generally, in the context of Lyme disease in the eastern United
States, /. scapularis nymphs are considered the most epidemiologically important life stage
(Stafford et al. 1998, Pepin et al. 2012). Our data suggest that nymphs were active between
May and August, with peak activity occurring in June and July. Of the confirmed Lyme
disease cases reported in Minnesota, cases typically begin to be reported in May, peak in
June, and continue into August (Moore et al. 2014). Specifically, of the 876 Lyme disease
cases reported in 2018 with known illness onset dates, illness onsets peaked from June
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through August (MDH 2022). This indicates likely tick exposure in late May through July,
which aligns with the nymphal activity peaks we observed. Some of the variability in tick
densities observed both within and between sites may be due to variation in field conditions
or the time of day for sampling (Schulze and Jordan 2003). It is also possible that the

dates for the 25% and 50% activity peaks calculated using our linear models are slightly
inaccurate, as it is possible that we missed the true peak of nymphal activity, which would
shift the dates predicted by our models. Despite this, our estimated activity dates largely
match those of the observed peaks (Table 4) and align with previous observations for nymph
activity in the Upper Midwest (Neitzel et al. 1993, Diuk-Wasser et al. 2014, Stromdahl et al.
2014, Ogden et al. 2018).

The phenology of immature /. scapularis can play an important role in pathogen
transmission dynamics, with Bo. burgdorferis.s. being particularly notable, as hosts can
remain capable of infecting ticks for long periods of time (Lindsay et al. 1997). If nymphs
emerge early in the season, prior to larvae, they can infect a larger portion of the reservoir
host population before the larvae feed, facilitating the transmission of Bo. burgdorferis.s.
between generations of /. scapularis (Ogden et al. 2007). This phenological pattern is
common in northeastern /. scapularis populations (Carey et al. 1981, Wilson and Spielman
1985, Schulze et al. 1986). Here, as previously observed (Brinkerhoff et al. 2011, Hamer

et al. 2012), our data suggest that the activity peaks for /. scapularis nymphs and larvae in
the Upper Midwest can overlap. Despite this, the infection prevalence of Bo. burgdorferi

in /. scapularis is similar in the Northeast (Prusinski et al. 2014, Feldman et al. 2015,
Lehane et al. 2021) and Upper Midwest (Johnson et al. 2018a, Lehane et al. 2021). It has
been hypothesized that asynchronous peaks for the activity of larvae and nymphs facilitate
increased transmission of Bo. burgdorferi (Ogden et al. 2007) but it is possible that different
strains of Bo. burgdorferi dominate depending upon the timing of the larval and nymphal
activity peaks (Gatewood et al. 2012, Hamer et al. 2012,Arsnoe et al. 2015). It is also
possible that the transmission of other pathogens, like Powassan virus, may be facilitated by
co-feeding (Hassett and Thangamani 2021). Ultimately, more research is needed regarding
the impact of larval and nymphal phenology on the transmission of different Bo. burgdorferi
strains and other /. scapularis-associated pathogens, particularly considering the variability
observed in larval densities when drag cloths are the collection instrument.

Synchronicity between the activity peaks of the 2 life stages varied by year and collection
site. Larvae were not consistently detected across all 4 sites and years of study, despite
other life stages being present. Our data from the 2 sites with sufficient larval collections

to observe patterns suggest that the larval and nymphal activity peaks can be synchronous
(e.g., Itasca in 2017), with little evidence for a late summer larval peak (Fig. 2), as is

often observed in northeastern populations (Carey et al. 1981, Wilson and Spielman 1985,
Schulze et al. 1986). Larvae and nymphs have been observed feeding concurrently on small
mammals in the Upper Midwest (Caporale et al. 2005). Our larval data should be interpreted
with caution as drag sampling is not the best method for estimating larval tick densities

due to their questing height (Mejlon and Jaenson 1997), patchy distribution (Daniels and
Fish 1990), and strong effect of weather conditions on their questing activity (Schulze et al.
1997, Ginsberg et al. 2020). It is also possible that other /xodes species were included in
our /. scapularis counts, as ticks were identified in the field without the use of a microscope,
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but previous work in Minnesota has shown that other Ixodes species are rarely collected
(Johnson et al. 2018b). Despite these limitations, the overlapping activity of larvae and
nymphs observed here matches previous observations of synchronous activity between the 2
life stages from the Upper Midwest (Brinkerhoff et al. 2011, Hamer et al. 2012).

While there was some variation between sites and years, adult /. scapularis host-seeking
activity was generally bimodal with peak activity observed in the spring and a smaller peak
in the fall. Sampling was not performed in the winter, so it is possible that adult /. scapularis
were actively host-seeking when there was limited snow cover and temperatures were above
the activity threshold temperature of 4 °C (Duffy and Campbell, 1994). There was no
appreciable north-to-south pattern in activity across sites. There was also limited variation in
temperature between years, so we cannot evaluate the effect of temperature on tick activity
patterns. There was higher precipitation in 2016 on the Itasca and RIDMH sites, but we

did not observe any consistent effect on /. scapularis activity. Dermacentor variabilis is an
important vector for the agents of Rocky Mountain Spotted Fever (Rickettsia rickettsii) and
tularemia (Francisella tularensis). Cases of both diseases are rare in Minnesota, but do occur
occasionally. This species was not the focus of this study as their primary habitat of moist
and humid forest-grassland ecotones (Sonenshine and Stout 1968, Sonenshine and Levy
1972) were not directly targeted, yet adult host-seeking D. variabilis were still encountered
in our wooded sites in Minnesota. Their activity peaked in June, and few were collected after
August. This adult tick activity coincided with adult /. scapularis activity in the spring and
early summer, but we did not observe D. variabilis questing behavior in the fall.

Previous tick surveillance efforts in Minnesota have demonstrated that the range of /.
scapularis is expanding and each of its 7 associated human pathogens have been detected in
host-seeking nymphs and adults (Johnson et al. 2018b, Lehane et al. 2020). Our findings are
consistent with previous studies (Brinkerhoff et al. 2011, Hamer et al. 2012) and highlight

a risk of human exposure to /. scapularis at least from April through November. In areas
where /. scapularisis emerging, the public may consider ticks a threat predominantly in the
summer, although they are active throughout the spring, fall, and potentially the winter. The
potential for exposure to infected /. scapularis throughout the spring, summer, and fall is
important to relay in public health messaging so people can incorporate tick bite prevention
measures and awareness into their daily routines throughout the year.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Locations of the 4 collection sites in Minnesota. Minnesota is highlighted on the map of the

lower 48 states.
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collection sites (St. Croix, Itasca, RIDMH, William O’Brien) between 2015 and 2017. Data
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are presented as the percentage of ticks of each life stage collected within a season that were
collected on each collection date. Shaded sections represent periods when no tick sampling

Activity of /. scapularisadults (purple) nymphs (green), and larvae (orange) on each of the 4
occurred.
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