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ABSTRACT Changes in the structureofmanagedredpine forests inWisconsincausedby interacting
root- and stem-colonizing insects are associated with increased abundance of the blacklegged tick,
Ixodes scapularis Say, in comparisonwith nonimpacted stands.However, the frequency and variability
of the occurrence of tick-borne pathogens in this coniferous forest type across Wisconsin is unknown.
Red pine forests were surveyed from 2009 to 2013 to determine the prevalence of Borrelia burgdorferi
and Anaplasma phagocytophilum in questing I. scapularis nymphs. Polymerase chain reaction analysis
revealed geographical differences in the nymphal infection prevalence (NIP) of these pathogens in
red pine forests. In the Kettle Moraine State Forest (KMSF) in southeastern Wisconsin, NIP of B.
burgdorferi across all years was 35% (range of 14.5Ð53.0%). At the Black River State Forest (BRSF)
inwesternWisconsin,NIPofB.burgdorferiacross all yearswas 26%(rangeof 10.9Ð35.5%).Differences
in NIP of B. burgdorferi between KMSF and BRSF were statistically signiÞcant for 2010 and 2011 and
for all years combined (P � 0.05). NIP of A. phagocytophilum (human agent) averaged 9% (range of
4.6Ð15.8%) at KMSF and 3% (range of 0Ð6.4%) at BRSF, and was signiÞcantly different between the
sites for all years combined (P � 0.05). Differences in coinfection of B. burgdorferi and A. phagocy-
tophilum were not statistically signiÞcant between KMSF and BRSF, with an average of 3.4% (range
of 1.7Ð10.5%) and 2.5% (range of 0Ð5.5%), respectively. In 2013, the density of infected nymphs in
KMSFandBRSFwas14and30per 1000m2, respectively, among thehighest ever recorded for the state.
Differences in thedensity of nymphs andNIPamong siteswereneither correlatedwith environmental
factors nor time since tick colonization. These results document signiÞcant unexplained variation in
tick-borne pathogens between coniferous forests in Wisconsin that warrants further study.

KEY WORDS blacklegged tick, coinfection, Lyme disease, anaplasmosis, Anaplasma phagocytophi-
lum variant 1

Lymedisease (LD), causedby apathogen transmitted
by the blacklegged tick Ixodes scapularis Say, is the
most commonly reported vector-borne disease in the
United States. Wisconsin is one of the 13 northeastern
and upper Midwestern states that consistently reports
high incidence of LD. The average annual incidence
of conÞrmed LD in Wisconsin during 2006Ð2010 was
32.9 cases per 100,000 persons, compared with 9.2
during 1995Ð1999, a 3.6-fold increase. In 2012, there
was a change in the surveillance guidelines for report-
ing LD cases to the Wisconsin Division of Public

Health. Even with the lowered surveillance levels,
1,766 conÞrmed and probable cases were reported
(Wisconsin Division of Public Health 2013), and this
may be underestimated by as much as 10-fold (Kuehn
2013). The incidence of human anaplasmosis, caused
by Anaplasma phagocytophilum transmitted by I.
scapularis, is also increasing.Minnesota andWisconsin
account for �70% of all reported cases of human
anaplasmosis in the United States, with Wisconsin
reporting 516 total cases (incidence of 9.03 cases per
100,000 persons) in 2012 (Centers for Disease Control
and Prevention [CDC] 2012, Wisconsin Division of
Public Health 2013, Minnesota Department of Health
2013). Both enhanced reporting and changes in dis-
ease ecology may be contributing to the increased
incidence (Lee et al. 2013).

Although I. scapularis and tick-borne diseases are
common in the upper Midwest, there have been few
studies examining the relationship between habitat
and acarological risk in the region. One exception was
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the work by Guerra et al. (2002), who sampled 138
locations in Wisconsin, Illinois, and Michigan during
the 1990s and determined that tick presence was as-
sociated with certain soil types, grasslands, and spe-
ciÞc forest types. SpeciÞcally, tickdensitieswerehigh-
est in oak forests and lowest in conifer-dominated
forests. Approximately 22% of Wisconsin forests are
dominated by conifers, including spruceÐÞr (9%),
pine (9%), and mixed oakÐpine (4%). Recently, we
described the surprising Þnding that managed red
pine (Pinus resinosa Solander ex Aiton) stands in Wis-
consin support I. scapularis populations at levels sim-
ilar to many deciduous forests (range of 8Ð28 nymphs
per 1000m2; Diuk-Wasser et al. 2012), partly because
of insect-caused disturbance (Coyle et al. 2013). The
study sites included both healthy stands and stands
that have undergone structural changes in their plant
communities caused by native insectÐfungal com-
plexes. Cascading effects due to root-feeding insects
and their fungal symbionts lead to the death of red
pine trees, causing gaps in the stands (Klepzig et al.
1991, Aukema et al. 2010). These openings are colo-
nized by early successional plants (Aukema et al.
2010), and seem likely to provide favorable habitat for
white-tailed deer (Odocoileus virginianus) and white-
footed mice (Peromyscus spp.), which may contribute
to the modest increases in I. scapularis densities that
were measured in those stands (Coyle et al. 2013).
These stands are currently managed for multiple uses
depending on their location, and visitors to them in-
clude foresters, government employees, hunters, and
recreational users.

Nymphal infection prevalence (NIP) for Borrelia
burgdorferi and A. phagocytophilum did not differ be-
tween diseased and disease-free stands (Coyle et al.
2013). However, there were striking variations in NIP
among locations in 2009, with higher prevalence of
both pathogens in red pine stands located in south-
eastern than in central and western Wisconsin. To
further explore the patterns of acarological risk in red

pine forests, we report the results ofmultiyear surveys
for B. burgdorferi and A. phagocytophilum in questing
nymphscollected fromthese forests from2009 to2013.

Materials and Methods

Study Sites. Ticks were collected from 31 managed
mature red pine stands in Þve regions of Wisconsin in
2009. These stands are located in West Salem, Black
River State Forest (BRSF), Central Sands, Kettle Mo-
raine StateForest (KMSF), andSpringGreen (Fig. 1).
During 2010Ð2013, additional samples were collected
fromKMSF inWalworthCounty andBRSF in Jackson
County (Fig. 1) to explore spatial and temporal dif-
ferences in infection prevalence. KMSF (Southern
Unit) is a landscape that encompasses 8,903 ha of hills,
kettles, and lakes carvedoutby the last ice age, located
near the southern edge of the I. scapularis range ex-
pansion in Wisconsin (Fig. 1; Lee et al. 2013). I. scapu-
laris populations have been described in this forest
since themiddle 1990s (Guerra et al. 2002, Caporale et
al. 2005). BRSF and West Salem are situated within
westÐcentral Wisconsin, where I. scapularis has been
detected since 1981 (Davis et al. 1984). These sites lie
at the edge of the glaciated central plains, encompass-
ing 27,518 ha of mixed hardwood forest. The Central
Sands region is located between the boundaries of
Portage, Waupaca, and Waushara Counties in Central
Wisconsin, and Spring Green is located within Iowa
County in southwestern Wisconsin (Fig. 1). The pres-
ence of I. scapularis in these latter two regions was
detected in 1981 (Davis et al. 1984). The incidence of
LD in humans varies considerably across the areas
where the sites are located (Fig. 1).

Weather Data. Weather data were acquired from
the National Oceanic and Atmospheric Administra-
tion (http://www.noaa.gov/). The closest site to
KMSF was a station located 16 miles away in the city
ofWhitewater,WI. For BRSF, precipitation datawere
available for the nearby city of Black River Falls, WI.

Fig. 1. Map of Wisconsin with LD incidence by county in 2011 (last year with available county-level incidence data) and
sampling sites from 2009 to 2013. Incidence data provided by the Wisconsin Division of Public Health. BRSF, Black River
State Forest; WS, West Salem; SG, Spring Green; CS, Central Sands; and KMSF, Kettle Moraine State Forest.
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The closest weather station was located 40 miles away
in Dodge, WI.

Tick Collections. Questing I. scapularis ticks were
collected by dragging a 1-m2 white ßannel cloth along
the forest ßoor. In 2009, drags were checked every
50 m, while in 2012 and 2013, drags were checked
every10mto reduce thenumberof ticks thatwere lost
during the dragging process. In 2010 and 2011, drags
were checked after 1 min rather than by distance
because of limited stafÞng. Sampling was continued
until at least 100 nymphal I. scapularis were collected.
Thus, the density of nymphs (DON) and the density
of infected nymphs (DIN) were not calculated for
these two years, but the NIP is still obtainable. During
2009, sampling was conducted in June, July, and Au-
gust. During 2010, 2011, and 2013, ticks were collected
during thepeakof thenymphal activityperiod in June.
Few ticks were collected in 2012, when dragging did
not occur until early July.

In 2009, ticks were collected along the edge of a
diseased tree pocket (inside ring) and 10maway from
the edge (outside ring; Coyle et al. 2013). In disease-
free stands, a permanently marked central point was
established and tick drags were performed in rings
established 25 m and 35 m away from the point. Be-
cause pockets varied in size, the number of 50-m2

drags varied between 2 and 13. There were 21 symp-
tomatic sites and 10 asymptomatic sites (Coyle et al.
2013).

Because there were no differences in NIP between
symptomatic and asymptomatic forests (Coyle et al.
2013), we chose one symptomatic stand in KMSF and
an area adjacent to an asymptomatic stand inBRSF for
repeated sampling. These stands were selected be-
cause of similar understory and vegetation density.
Drags were carried out along random transects or
trails to maximize nymphal collections and were
checked after each minute of dragging in 2010Ð2011.
At least 1000 m2 was sampled at each stand.

In 2013, we established 1-ha grids at BRSF and
KMSF to facilitate small mammal trapping for future
studies. Ticks were sampled along 100-m transects
spaced every 10 m. Grids were established within
200 m of the sampling locations for 2010 and 2011 in
areas that were matched for density of shrubs, sap-
lings, and other vegetation.

Any ticks found on the cloth drag were removed by
forceps and placed alive into 8-ml tubes. All tickswere
transported to the University of WisconsinÐMadison

Medical Entomology laboratory for immediate iden-
tiÞcationandstorageat�20�CbeforeDNAextraction.

DNA Extraction. DNA extraction, polymerase
chain reaction (PCR) ampliÞcation, gel electropho-
resis, and gel visualization were each done in separate
rooms and under strict conditions with dedicated pi-
pettes andaerosol-resistantÞlterpipette tips to reduce
the risk of contamination. Nymphal ticks were steril-
ized in 100% ethanol for 5 min, placed into 1.7-ml
centrifuge tubes, and bisected using a sterile 18-gauge
hypodermic needle. Extraction was done using a
DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA)
following the Animal Tissue (Spin-Column) protocol
provided by the manufacturer. The resulting DNA
sample was aliquoted with one part of the sample
placed at �80�C for long-term storage and the remain-
der stored at �20�C for immediate use.

PCR Analysis. PCR was performed using EconoTaq
Plus Green 2� Master Mix (Lucigen Corporation,
Middleton, WI). Each PCR reaction contained a total
volume of 25 �l using 1.25 U of EconoTaq DNA poly-
merase, reaction buffer, 400 �M dATP, 400 �M dGTP,
400 �M dCTP, 400 �M dTTP, 3 mM MgCl2, 1 pmol/�l
of each primer pair, and 1 �l of DNA template. Primer
sequences used for detection of B. burgdorferi and A.
phagocytophilum are listed in Table 1. At least two
negativecontrols containingnuclease-freewaterwere
included in each PCR set to detect contamination.
Positive controls were also included. Reaction prod-
ucts were separated by gel electrophoresis in 1% aga-
rose gels in 1� TAE buffer and gels were stained with
ethidiumbromidebeforevisualizationwithultraviolet
transillumination.

DetectionofB.burgdorferi.AnestedPCRassaywas
performed on nymphs using the primer pair FOspB-
1ÐROspB-2 for the primary reaction and OspB-3Ð
OspB-4 for the nested reaction targeting a 200-bp
fragment of the OspB operon gene segment. One
microliter of the primary reaction was used as a tem-
plate for the nested PCR reaction. The cycling con-
ditions were initial denaturation at 94�C for 30s and 30
cycles each of denaturation at 93�C for 30s, annealing
for 1 min at 52�C, and extension at 72�C for 2 min. An
additional Þnal extension at 72�C for 10 min was per-
formed (Caporale and Kocher 1994). The same cy-
cling conditions were used for both the primary and
nested reactions. All positive samples from 2010 and
2011 were sequenced in both directions to conÞrm
that amplicons were from B. burgdorferi rather than a

Table 1. PCR oligonucleotide primers used in this study, from Caporale and Kocher (1994) and Steiner et al. (2006)

Primer name Species Gene Nucleotide sequence (5�Ð3�)

FOspB-1 B. burgdorferi OspB operon GGTGCTGAGTCAATTGGTTCT
ROspB-2 TTCTAGGCTGGTTCCAGCTGT
Nested
OspB-3 TTTTCCGACTACAAGACTTCC
OspB-4 TTAGAAGCATTTGATGCCAGC
ge3a A. phagocytophilum 16S rRNA CACATGCAAGTCGAACGGATTATTC
ge10r TTCCGTTAAGAAGGATCTAATCTCC
Nested
ge9f AACGGATTATTCTTTATAGCTTGCT
ge2 GGCAGTATTAAAAGCAGCTCCAGG
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congeneric species (e.g., Borrelia miyamotoi or Bor-
relia bissettii).

Detection of A. phagocytophilum. A nested PCR
assay using theprimer pair ge3aÐge10r for the primary
reaction and the primer pair ge9fÐge2 for the nested
reaction targeting a 546-bp fragment of the 16S rRNA
gene was performed for nymphs (Steiner et al. 2006).
The nested reaction used 1 �l of the primary reaction
as a template. The cycling conditions were performed
according to Steiner et al. (2006). All positive PCR
products were extracted and sequenced to determine
theA.phagocytophilumgenotypevariants.At least two
variants of A. phagocytophilum exist in Wisconsin, the
human agent (AP-ha) and the variant 1 (AP-variant
1). The human agent, as the name implies, is the cause
of human anaplasmosis. AP-variant 1 uses white-tailed
deer as its host and does not infect white-footed mice
or humans (Belongia et al. 1997, Massung et al. 2003).

DNASequencing.DNAfrompositivePCRproducts
was extracted and puriÞed using a QIAquick gel ex-
traction kit (Qiagen, Valencia, CA). Sequencing reac-
tions were run using BigDye v.3.1, and sent to the Uni-
versity ofWisconsinÐMadisonBiotechnologyCenter for
sequencing.

Data Analyses. DON is reported as the mean num-
ber of nymphs per 1,000 m2. NIP is reported as the
percentage of nymphs infected with a pathogen, and
DIN is reported as the mean number of infected
nymphs per 1,000 m2. DON and DIN are reported for
2009 and 2013 only, whereas NIP is reported for all 5
yr. The expected probability of coinfection was cal-
culated as the product of the prevalence of each
pathogen individually. For each year, differences in
NIP of B. burgdorferi and A. phagocytophilum from
KMSF and BRSF as well as the actual and expected
coinfection numbers for each stand were compared
using FisherÕs exact test, which is preferred over chi-
square tests when some cells in the data table have
values �10. Chi-square goodness-of-Þt tests with
YatesÕ correction were used for comparisons based on
summarizing data from all years. All results were con-
sidered signiÞcant when P � 0.05.

Results

DON, NIP, and DIN for B. burgdorferi. In total,
1,190 I. scapularis nymphswere collected from 2009 to
2013.Of these, 411were collected fromKMSFand 672
were collected from West Salem and BRSF; the re-
maining 107 nymphs were collected from Spring
Green and Central Sands in 2009.

All 31 stands at the Þve locations were sampled in
2009. Thenumber of stands and total distance sampled
at each location are summarized in Table 2. For this
year, the DON was highest at Spring Green with 28
nymphs per 1,000 m2 and was �3.5 times higher than
that at Central Sands and KMSF. Conversely, NIP for
B. burgdorferi was highest at KMSF (47.4%) and was
2Ð3 times higher than the NIPs at the other locations
(Table 2).DINvaried from2 to 5 infected nymphs per
1,000 m2 across the Þve locations.
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While NIP was strikingly high at KMSF in 2009, the
number of nymphs collected was low at this and other
locations. To improve conÞdence in NIP estimates in
subsequent years, collections were focused on one
stand each in BRSF and KMSF, and attempts were
made to collect at least 100 nymphs each year during
the peak of the season. In Table 3, these results as well
as thedata for these single stands for2009are reported.
During 2010 and 2011, NIP was signiÞcantly higher at
the KMSF stand (Table 3). In 2012, few nymphs were
collected (one from BRSF [uninfected] and none
from KMSF). In 2013, NIP was not signiÞcantly dif-
ferent between these stands (14.5% at KMSF and 23%
at BRSF [P 	 0.48]).

In 2013, a team of students established and sampled
1-ha grids at both locations. The number of nymphs
collected from 1-ha grids was high (DON 	 130/1,000
m2 for BRSF and 90/1,000 m2 for KMSF; DIN 	 14 at
KMSF and 30 at BRSF).

Sequencing of all positives samples from KMSF and
BRSF in 2010 and 2011 identiÞed B. burgdorferi sensu
stricto. None of the congeneric genotypes were pres-
ent.

Detection of A. phagocytophilum and Coinfection
Prevalence. The prevalence of AP-ha was compared
among all Þve locations in 2009.Nearly 10%of nymphs
sampled at KMSF were infected with this pathogen,
while prevalence at Central Sands (6%) and West
Salem (2.5%) was much lower (Table 2). There were
no positive nymphs from stands located at Spring
Green or BRSF.

For the single stand comparisons from 2009 to 2011
and 2013, infection prevalence for AP-ha was always
higher at the KMSF stand than for the BRSF stand
(Table 3). This difference was signiÞcant when all
years were combined (P 	 0.006), but not for any
individual year. No ticks were infected with this
pathogen in 2012.

Sequencing of all positive samples from KMSF and
BRSF from 2010 to 2013 conÞrmed the presence of
both AP-ha and AP-variant 1. Of the 47 ticks that
tested positive forA. phagocytophilum, 6 (12.8%)were
identical to AP-variant 1. These included one sample
from KMSF in 2011, one sample from BRSF, and four
samples from KMSF in 2013. All others from 2010 to
2013 were identical to AP-ha.

There were signiÞcant differences in coinfection
prevalence between sites in 2009, with coinfection
prevalence for AP-ha and B. burgdorferi at KMSF �16
timeshigher thanWest Salem(datanot shown).How-
ever, coinfection prevalence in 2010, 2011, and 2013
was similar at both KMSF and BRSF (P 	 1, Table 3).
Coinfection prevalence did not deviate signiÞcantly
within a site from the expected prevalence based on
the prevalence of the individual pathogens.

Discussion

Although coniferous forests and managed pine
plantations are not usually considered highly suitable
habitat for I. scapularis ticks (Ginsberg and Zhioua
1996, Guerra et al. 2002, Bunnell et al. 2003, Carroll
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2003), the results documented tick populations and
infection prevalence for tick-borne pathogens in Wis-
consin red pine forests that are similar to or higher
than those reported for other Midwestern state parks
and forests (Shukla et al. 2003;Diuk-Wasser et al. 2010,
2012; Hamer et al. 2012). For example, Hamer et al.
(2012) reported peak June densities of 34 nymphs per
1,000 m2 and DIN of 4 infected nymphs per 1,000 m2

in an oak-dominated state park in southwestern Mich-
igan. In the current study, DONs ranged from 8 to 130
nymphs per 1,000 m2 and DIN from 1.6 to 30 infected
nymphs per 1,000 m2 depending on the year and site.
When red pine plantations are established, trees are
planted in parallel rows for ease of maintenance and
harvest. Undisturbed plantations are characterized by
a litter layer of pine needles and little understory
vegetation and do not support many I. scapularis.
However, pine plantations often experience distur-
bancewhen treesdiedue toweatheror insectdamage,
and these losses create more diverse environments
where I. scapularis can thrive. Studies in natural red
cedar, pitch pine, white pine, and mixed hardwoodÐ
pine forests from New Jersey and Maryland also doc-
umented instances where conifer forests supported
tick populations that exceeded those in deciduous
forest (Lord 1995, Schulze et al. 1998, Carroll 2003).

There have been few studies of the prevalence of
AP-ha in Wisconsin, although 30% of human anaplas-
mosis cases in the United States occurred in the state
in 2010 (the last year for which national statistics are
available). The NIP of A. phagocytophilum in ticks
from BRSF was similar to nymphal prevalences re-
ported by Shukla et al. (2003) for four state parks in
Wisconsin (3Ð4%).However,AP-haNIPatKMSFwas
consistently higher, averaging 9.5% across the 4 yr.
Similarly, B. burgdorferi NIP tended to be higher in
KMSF (average of 35.5%) in comparison with BRSF
(averageof 25.8%).Recentcolonizationby ticksmight
be associated with lower infection prevalence. How-
ever, neitherDONnorNIPwas lowatKMSF, themost
recently colonized of the sites. This suggests that ticks
and pathogen cycles can both become well-estab-
lished in an area within a decade of tick colonization.
The most likely explanation for consistently higher
pathogen prevalence at KMSF is that the reservoir
community differs between KMSF and BRSF. Mice
and other small mammals play key roles as reservoirs
for both A. phagocytophilum and B. burgdorferi. Track
plate assessments in 2010 and small mammal trapping
in 2013 veriÞed the presence of Peromyscus sp. mice
and Myodes gapperi (red-backed voles) at both sites
and of Tamias striatus (eastern chipmunks) at KMSF
(S.M.P., unpublished data). Future work will focus on
examining the impact of these potential reservoirs and
hosts on pathogen dynamics.

The occurrence of AP-variant 1 in questing nymphs
is an indicator that larvae might be feeding on white-
tailed deer. AP-variant 1 has been isolated fromwhite-
tailed deer and is not thought to infect white-footed
mice or other small mammals (Belongia et al. 1997,
Massunget al. 2003).This variant isnot associatedwith
human or canine disease. We found AP-variant 1 in

nymphs collected at both KMSF and BRSF. In 2013,
31% of the positive samples from KMSF were AP-
variant 1 and thiswas 3.4%of all nymphs from that site.
By inference, a minimum of 3Ð4% of the larvae that
survived to nymphal stages may have fed on deer as
larvae in 2012 at the KMSF stand. This raises several
interesting questions. First, while deer are known to
host immature stages of I. scapularis (Watson and
Anderson 1976, Main et al. 1981), they are generally
regarded as unimportant in this regard (Ostfeld 2011).
Our results document 3Ð4% as a lower bound for 2012
at KMSF, but use of deer could be much higher be-
cause larvae would also feed on uninfected animals.
Second, the processes leading to the elevated levels of
AP-variant 1 NIP observed in 2013 are unknown. We
are unable to determine whether infected ticks de-
rived from larvae feeding on a single animal that was
active in the stand in 2012 or from multiple animals,
which might indicate a deer population-level phe-
nomenon. It is also possible that ecological conditions
during 2012Ð2013 affected tick behavior or survivor-
ship of infected ticks. The year 2012 was extreme in
two regards. First, spring warming occurred earlier in
the year than had been documented before, resulting
in an early spring and a prolonged period that was
likely suitable for I. scapularis host-seeking. Temper-
atures averaged 5.8Ð6.8�C(10Ð12�F)warmer than the
30-yr average during January through March of 2012
in southern and central Wisconsin, and warmer
weather continued during April through June. Larvae
aremost abundantduring the springandearly summer
in Wisconsin, and it is conceivable that this unusual
season impacted host availability for this stage. For
example, the absence of an insulating snow cover may
have increased the mortality of important small mam-
mal hosts due to predation or heat loss. In addition,
moderate to severedroughtoccurredatboth locations
during the spring and summer of 2012. The precipi-
tation for each month from June through August
ranged from 5.1 to 8.8 cm below the 30-yr average for
theweather stationnearest toKMSF.Droughtwas less
pronounced at BRSF, but July precipitation was only
1.4 cm compared with normal precipitation between
7.6and12.7cm.Studieshave shownthat infectionwith
pathogens can alter tick physiology in ways that affect
survival under laboratory conditions of low humidity
or unfavorable temperature (Hermann and Gern
2010, Neelakanta et al. 2010). Although the studies are
intriguing, the signiÞcance of these observations for
AP-variant 1 or other pathogens effects on nymphal
survivorship under Þeld conditions is unclear. How-
ever, it is possible that fed larvae or the resulting
nymphal ticks infected with the AP deer variant strain
were more likely to survive the dry conditions of 2012.

The unusual weather in 2012 may also have im-
pacted DON in 2013. Although we were unable to
perform density estimates for all years, data are avail-
able for 2009 and 2013. Distributed sampling across 31
stands at Þve locations in 2009 yielded DON estimates
of 8Ð28 nymphs per 1000 m2, a range that is similar to
estimates achieved by other studies (Diuk-Wasser et
al. 2012). More focused sampling in 2013 resulted in
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much higher estimates of 90Ð130 nymphs per 1,000 m2

at KMSF and BRSF. Although this could be the result
of the altered sampling protocol, nymph density was
much higher across multiple locations in Wisconsin
during 2013 (S.M.P. and X. L. unpublished data). In
2013, DIN at KMSF and BRSF was 14 and 30, respec-
tively. These estimates are among the highest ever
recorded for Wisconsin forests (M. A. Diuk-Wasser,
personal communication) and were driven by the
extremely high DON. The warmer, prolonged spring
of 2012may have increased successful host-seeking by
larval ticks, resulting in elevated populations of
nymphs in 2013. Considerable interannual variation in
DON and DIN was also documented for deciduous
forests by Diuk-Wasser et al. (2012). Additional work
is needed to understand the underlying causes of in-
terannual and interforest variation in DON in both
coniferous and deciduous forests.

The presence of infected ticks in an area does not
necessarily imply that human exposure is occurring.
Risk is a result of DIN as well as patterns of use at a
location. At BRSF, the area under study is primarily
used for recreational all-terrain vehicles and by for-
esters. The primary risk in this area may be to hom-
eowners who live within similar forests nearby and to
forest managers who are exposed as a result of their
occupation. In contrast, the KMSF stand is located in
an area that is heavily usedby thepublic for horseback
riding, hiking, dog walking, and mountain biking. The
Wisconsin Department of Natural Resources esti-
mated �1.3 million visitors to the Kettle Moraine
Southern Unit (the Unit under study) during 2012,
with peak attendance during June and July. Sampling
along random transects and trails at this location in
2010 and 2011 demonstrated the potential for expo-
sure, as sampling was frequently interrupted by pass-
ersby. Expanded education and outreach in these ar-
eas may help to reduce exposure and the incidence of
tick-borne disease in these forests.
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