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Abstract

Deer management (e.g., reduction) has been proposed as a tool to reduce the acarological risk of 

Lyme disease. There have been few opportunities to investigate Ixodes scapularis (blacklegged 

tick) and Borrelia burgdorferi sensu stricto dynamics in the absence of white-tailed deer 

(Odocoileus virginianus) in midwestern North America. A pair of islands in Lake Michigan 

presented a unique opportunity to study the role of alternative hosts for the adult stage of the 

blacklegged tick for maintaining a tick population as a deer herd exists on North Manitou Island 

but not on South Manitou Island, where coyotes (Canis latrans) and hares (Sylvilagus lepus) 

are the dominant medium mammals. Additionally, we were able to investigate the maintenance 

of I. scapularis and B. burgdorferi in small mammal communities on both islands, which were 

dominated by eastern chipmunks (Tamias striatus). From 2011 to 2015, we surveyed both islands 

for blacklegged ticks by drag cloth sampling, bird mist netting, and small and medium-sized 

mammal trapping. We assayed questing ticks, on-host ticks, and mammal biopsies for the Lyme 

disease pathogen, B. burgdorferi. We detected all three life stages of the blacklegged tick on 
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both islands. Of the medium mammals sampled, no snowshoe hares (Lepus americanus, 0/23) 

were parasitized by adult blacklegged ticks, but 2/2 coyotes (Canis latrans) sampled on South 

Manitou Island in 2014 were parasitized by adult blacklegged ticks, suggesting that coyotes played 

a role in maintaining the tick population in the absence of deer. We also detected I. scapularis 
ticks on passerine birds from both islands, providing support that birds contribute to maintaining 

as well as introducing blacklegged ticks and B. burgdorferi to the islands. We observed higher 

questing adult and nymphal tick densities, and higher B. burgdorferi infection prevalence in small 

mammals and in adult ticks on the island with deer as compared to the deer-free island. On the 

islands, we also found that 25% more chipmunks were tick-infested than mice, fed more larvae 

and nymphs relative to their proportional abundance compared to mice, and thus may play a larger 

role compared to mice in the maintenance of B. burgdorferi. Our investigation demonstrated that 

alternative hosts could maintain a local population of blacklegged ticks and an enzootic cycle of 

the Lyme disease bacterium in the absence of white-tailed deer. Thus, alternative adult blacklegged 

tick hosts should be considered when investigating deer-targeted management tools for reducing 

tick-borne disease risk, especially when the alternative host community may be abundant and 

diverse.
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Introduction

Lyme disease (LD) is the most commonly reported vector-borne disease of humans in 

Michigan and the United States (MDHHS, 2016; Schwartz et al., 2017). In North America, 

LD is caused primarily by the bacterium Borrelia burgdorferi sensu stricto (hereafter B. 
burgdorferi), which is transmitted in eastern North America by the blacklegged tick, Ixodes 
scapularis (Schwartz et al., 2017). Lyme disease is a growing public health problem as 

blacklegged tick populations continue to expand, and the number of human cases continues 

to increase nationally (Mead, 2015).

Deer management (e.g., population reduction) has been proposed as a method to reduce the 

acarological risk for LD (Telford III, 2002) as white-tailed deer (Odocoileus virginianus) 

serve as the main host for adult blacklegged ticks in heavily Lyme endemic northern 

temperate forests (Piesman et al., 1979). Deer population reduction is a controversial 

topic, and more data are needed to evaluate its effectiveness. Experiments manipulating 

deer populations can be logistically and socially difficult or infeasible (Garrott, 1995; 

Messmer et al., 1997). Because other vertebrates may serve as alternative hosts when deer 

populations are reduced (Kugeler et al., 2016), we assessed whether other hosts could 

sustain populations of I. scapularis on an island without deer and compared it with another 

island with similar ecology and a deer population. The two islands that were studied 

included, North Manitou Island (NMI), which had a deer herd, and South Manitou Island 

(SMI) which did not.
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North and South Manitou Islands are a part of Sleeping Bear Dunes National Lakeshore 

located in Michigan’s northwest Lower Peninsula (Figure 1). The blacklegged tick and 

LD pathogen emerged in southwestern Michigan in the early 2000’s (Foster, 2004), and 

Sleeping Bear Dunes was at the leading edge of the expansion along the Lake Michigan 

shoreline in 2009 (Hamer et al., 2010; Figure 1). It was therefore surprising when a deer 

hunter reported abundant blacklegged ticks on NMI in the fall of 2010 to the Michigan 

Department of Health and Human Services. Historically, no ticks had been reported by 

park staff or visitors (personal communication with National Park Service staff), although 

surveillance for ticks had not been conducted on the Manitou Islands.

In 1926, humans introduced deer to NMI, but deer were never introduced to SMI (National 

Park Service, 2016a). If deer were detected on SMI (e.g., as a consequence of swimming 

from NMI or walking from NMI during the winter), they were removed. Other known 

vertebrate wildlife on both islands were similar and comprised many species known to feed 

blacklegged immature ticks and maintain the LD pathogen, including white-footed mice 

(Peromyscus leucopus) and eastern chipmunks (Tamias striatus) (National Park Service, 

2018) which we now refer to simply as ‘mice’ and ‘chipmunks.’ Mice are more abundant 

than chipmunks at sites in the Midwest and the Northeast where LD is endemic (Slajchert et 

al., 1997; Mather et al., 1989; Hamer et al., 2010; Sidge, 2016). However, anecdotal reports 

received prior to this investigation suggested the opposite may be true on the islands with 

more chipmunks present than mice. The only two medium-sized mammal species inhabiting 

the islands during the study were snowshoe hares (Lepus americanus) and coyotes (Canis 
latrans) (National Park Service, 2018; Sleeping Bear Dunes National Lakeshore, 2000).

Between 2011 and 2015, we investigated the ecology of blacklegged ticks and B. burgdorferi 
on the islands. Our objectives and predictions were:

1. To determine whether a population of blacklegged ticks and enzootic cycle of 

B. burgdorferi can be maintained on an island without deer. We predicted that 

adventitious nymphal and adult ticks could be present due to migrating birds, but 

no larval ticks would be detected due to the lack of deer (Elias et al., 2011). If 

alternative hosts could sustain a tick population, then larvae would be detected.

2. To determine and compare the presence and abundance of the blacklegged tick 

in vegetation (i.e., host-seeking) and on small mammal hosts between islands, 

and to determine and compare B. burgdorferi infection prevalence in blacklegged 

tick populations between islands. We predicted that there would be a smaller 

blacklegged tick population and lower B. burgdorferi infection prevalence in 

ticks and mammals on the island devoid of deer (SMI) compared to the island 

with deer (NMI).

3. To compare the relative roles of chipmunks and mice in feeding and infecting 

blacklegged ticks. We hypothesized that chipmunks would play a larger role in 

feeding and infecting blacklegged ticks on both islands due to the anecdotal 

reports received from park personnel indicating that chipmunk abundance was 

greater on the islands compared to the mainland, and possibly greater than 

mouse abundance. We also predicted that nymphal blacklegged tick infestation 
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prevalence would be higher on chipmunks, and therefore, B. burgdorferi 
infection prevalence would be greater among chipmunks compared to mice on 

both islands (Mannelli et al., 1993; Slajchert et al., 1997; Schmidt et al., 1999).

Materials and Methods

Field sites and mammal communities-

Each island constituted a single field site. North Manitou Island (NMI) is approximately 19 

km from the mainland and is 58 km2 with 32 km of shoreline. South Manitou Island (SMI) 

is approximately 5 km from NMI and is 21.4 km2 with 16 km of shoreline (National Park 

Service, 2016b). Both islands consist of mixed hardwood, oak-dominated, forests and sandy, 

open dunes. Currently, there are no year-round residents on either island, and no domestic 

pets are permitted. Aside from park personnel, visitors come to the islands either for day 

trips or weekend long hiking/camping trips. In addition to the white-tailed deer on NMI, 

wildlife on both islands includes small rodents such as mice and chipmunks, and only two 

medium-sized mammal species: snowshoe hares and coyotes (National Park Service, 2018; 

Sleeping Bear Dunes National Lakeshore, 2000). Historically, raccoons (Procyon lotor) were 

present on NMI, but no raccoons were present on either island during our study (based on 

personal communication with National Park Service staff and observations made by field 

personnel). Since 1984, a week-long deer hunt had taken place annually on NMI to control 

the deer herd and preserve the natural vegetation, with an average of 119 deer harvested per 

year from 1984–2014 (standard deviation: 176) (personal communication with National Park 

Service staff). Prior to a report from a hunter indicating that he had observed blacklegged 

ticks on NMI in Fall 2010, the state health department and university researchers had not 

received any reports of blacklegged ticks on the islands, and no tick surveys had been 

performed on either island.

Both islands were sampled from 2011–2015, with small animal and questing tick sampling 

taking place at minimum in June of each year (2011–2014), when all three life stages 

of I. scapularis were active. Coyote trapping took place on SMI (deer-free) in October 

2014 during the adult I. scapularis activity peak. Additional sampling of small animals, 

vegetation, passerine birds, and hares took place as listed in Supplement 1. For reference, 

throughout the discussion section, the Manitou Islands were compared to a Lyme disease 

endemic site along the Lake Michigan coast of Michigan’s Lower Peninsula (Hamer et al. 

2010). This site was chosen as a mainland comparison because it had been studied by our 

lab for numerous years, using the same methodologies and sampling design, and all three 

life stages of the tick could reliably be collected.

Questing tick sampling –

Each site was sampled for questing ticks by dragging a 1 m2 corduroy cloth along the 

forest floor as described by Hamer et al. (2010) along six 250 m transects situated in 

oak-dominated, closed-canopy forests. Drag sampling was performed (5–10 m on both sides 

of the transect), where the cloth was examined every 20 m, and any ticks that were found 

attached to the cloth or to the researcher were collected and stored in 70% ethanol. A 
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minimum of 1000 m2 (i.e., along at least 4 of the 6 different transects) was dragged during 

each site visit.

Small mammal trapping –

Small mammal trapping, targeting mice and chipmunks, was conducted following Hamer 

et al. (2010). Briefly, we trapped small mammals along the same six transects we sampled 

for questing ticks. Along each transect, 25 live traps (7.62 × 8.89 × 22.86 cm, H. B. 

Sherman Traps, Tallahassee, FL) were spaced 10 m apart and baited with crimped oats 

for two consecutive nights. Traps were placed in locations where rodent activity would 

be likely (e.g., near trees, downed logs, not in open areas). Traps were set in the evening 

(18:00–20:30) and checked the following morning (05:00–07:00). We identified all captured 

mammals to species and sex, examined them for ticks, and biopsied both ears using a 

2-mm biopsy punch (Miltex Instruments, York, PA). Ticks and ear biopsies were stored 

separately in 70% ethanol. To determine if an animal was recaptured from the previous day, 

the healing status of the ear from the biopsy punch was determined. For consistency, this 

determination was made by the same technicians throughout the study. Recaptured animals 

that had been caught the previous day were only examined for ticks; animals recaptured 

from a previous trapping period were biopsied again. To make sure tick infestation counts 

were not affected by tick removal the previous day, we estimated tick infestation prevalence 

using data from the first time an animal was captured whether it was first captured on the 

first day or the second day of the trapping period. Tick counts from individuals captured 

in different trapping periods were considered independent. All captured mammals were 

released at the point of capture. The number of trap nights per trapping period was 

adjusted for tripped traps as follows: number of traps set - (0.5 * no. of tripped traps). 

Animal handling procedures were approved by MSU’s Institutional Animal Care and Use 

Committee (IACUC) Animal Use Form #: 06/12–103-00.

Snowshoe hare trapping –

To determine whether snowshoe hares (hares) serve as an alternative host for adult 

blacklegged ticks on the deer-free island, hares were trapped on SMI from June-September 

2012 and 2014. Trapping took place for two consecutive nights at least once per month. 

The traps were placed near the small mammal traps on the southeast side of the island 

where the hares appeared to be most abundant and most active, and where there were 

habitats suitable for blacklegged ticks. Four to six wooden box traps were baited with cut 

apples and set in the evening and then checked the following morning. Captured hares 

were anesthetized using ketamine hydrochloride (Ketaset; Fort Dodge, Overland Park, KS) 

and xylazine hydrochloride (Rompun; Bayer Health Care, Kansas City, KS). To minimize 

stress, a towel was used to cover the eyes and the tick checking was limited to ten minutes. 

Anesthesia was reversed by administering yohimbine hydrochloride (Antagonil; Wildlife 

Laboratories, Fort Collins, CO). Animals were released at the point of capture.

Coyote trapping –

To determine whether coyotes serve as an alternative host for adult blacklegged ticks on 

the deer-free island, coyotes were trapped in October 2014 using 3.5 EZ grip padded leg 

hold traps with off-set jaws and swivel (Olsen et al., 1986; Phillips, 1996; Frame and Meier, 
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2007). A total of twenty-six traps were set throughout SMI in locations where surveys for 

coyote signs (e.g., feces and/or footprints) conducted during the preceding summer months 

had indicated activity. Four traps were set for nine consecutive nights and the remaining 

twenty-two traps were set for eight consecutive nights. Traps were visually inspected and 

checked every 6–8 hours. Scent lures targeting coyotes (Weiser Western Lure, Melrose, MT) 

were placed near the traps.

Captured coyotes were anesthetized using ketamine hydrochloride (Ketaset; Fort Dodge, 

Overland Park, KS) and xylazine hydrochloride (Rompun; Bayer Health Care, Kansas City, 

KS) using a syringe pole (Kreeger et al., International Edition). Once the animal was fully 

anesthetized, each animal was sexed by inspection, examined for ticks, blood sampled via 

jugular vein, biopsied in both ears using a 4-mm biopsy punch (Miltex Instruments, York, 

PA), and ear-tagged (National Band and Tag, Newport, KY). Examination for ticks was 

limited to ten minutes, after which anesthesia was reversed by administering yohimbine 

hydrochloride (Antagonil; Wildlife Laboratories, Fort Collins, CO). Animals were released 

at the point of capture.

To further verify that the coyotes could serve as reproductive hosts for blacklegged 

ticks, live adult engorged female blacklegged ticks collected from coyotes were brought 

back to the laboratory at MSU and stored individually at 95% relative humidity. 

The females were kept until larval hatching was observed. Wildlife procedures were 

approved by MSU’s IACUC and the National Park Service’s IACUC (Protocol 

#MWR_SLBE_Sidge_Coyote.Foxes_2014.A2).

Bird mist-netting –

Birds were captured on both islands between June and August to assess their role in tick/

pathogen maintenance and then only on SMI in September and October of 2014 to assess 

their potential role in introducing ticks to SMI. On each island, six 12-m mist-nets (Avinet, 

Dryden, NY) were used to capture songbirds. Nets were placed on the southeast side of SMI 

and on the eastern side of NMI where conditions allowed for potential bird flyways, and 

there was minimal risk of disturbance by island hikers/campers. Briefly, nets were run from 

06:00–12:00, weather permitting, and were checked every 30 minutes. Captured birds were 

weighed, identified to species and sex, measured (wing and tail length), searched for ticks, 

and leg-banded with federally issued bands prior to release. Mist-netting was performed 

under the U.S. Geological Survey Bird Banding Laboratory Federal Bird Banding Permit 

#23629.

Tick identification and pathogen detection –

All ticks were identified morphologically to species and life stage using dichotomous keys 

(Keirans and Clifford, 1978; Sonenshine, 1979; Durden and Keirans, 1996). To optimize 

limited resources, improve coverage of the host population, and limit statistical concerns 

associated with assessing on-host tick infection prevalence where a large number of ticks 

came from only a few highly-infested hosts, we assayed up to three randomly selected 

blacklegged and/or Haemaphysalis leporispalustris ticks per life stage per host per capture 

(Hamer et al., 2010). One ear biopsy per animal and all questing blacklegged ticks were 
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assayed. Except for questing blacklegged tick samples from 2014, we extracted total DNA 

from ticks and ear biopsies using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, 

CA) per the manufacturer’s animal tissue protocol with modifications described previously 

(Hamer et al., 2010). Borrelia burgdorferi was detected using a quantitative polymerase 

chain reaction (qPCR) assay targeting a fragment of the 16S rDNA gene (Tsao et al., 

2004) as previously described (Hamer et al., 2010). DNA from the 2014 tick samples was 

extracted using the QIAcube HT automated nucleic acid system and the cador Pathogen 

96 QIAcube HT Kit (Qiagen) as described elsewhere (Graham et al., 2016), and we tested 

these extracts for B. burgdorferi, Anaplasma phagocytophilum, and Babesia microti using a 

pair of multiplex real-time PCR assays (Hojgaard et al., 2014) as described by Johnson et 

al. (2017a) (Supplement 2). Both real-time PCR assays can detect multiple B. burgdorferi 
sensu lato (sl) spp. (Barbour et al., 2009; Graham et al., 2018). Based on an analysis 

of primer-probe specificity, and previous reports that B. burgdorferi sl spp. other than B. 
burgdorferi ss are rare in I. scapularis from the Upper Midwest (Barbour et al., 2009; Pritt 

et al., 2016; Johnson et al., 2017b; Johnson et al., 2018), we treated all samples that tested 

positive for B. burgdorferi as B. burgdorferi sensu stricto in our analyses.

Statistical analyses –

Fisher’s exact test was used to assess differences in overall capture success between sites. 

This was performed using GraphPad Software, Inc. (La Jolla, CA), with α = 0.05. In order 

to assess differences in average infestation prevalence, infection prevalence, and annual 

capture success between sites and within the same site over time, linear regression was used, 

and/or we calculated the z-score and associated two-tailed probabilities using a web-based 

calculator, Social Science Statistics (Stangroom, 2016), with the assumption of a normal 

distribution and equal variance and α = 0.05. The 95% binomial confidence intervals for 

proportions (Agresti and Coull, 1998) were calculated using GraphPad Software, Inc. (La 

Jolla, CA).

Results

Validation of PCR assays –

Prior to testing the 2014 samples, we confirmed that both PCR assays yielded consistent 

results by assaying a subset of samples (n = 304 ticks and tissues) collected from NMI, SMI, 

and the Sleeping Bear Dunes mainland in 2012 and 2013. Both assays yielded the same B. 
burgdorferi results for 97.4% of the samples; there was no significant difference between the 

proportion of B. burgdorferi positives from each assay (Fisher’s exact test: p = 0.798).

Questing ticks (Figure 2) –

A total of 74,246 m2 and 64,850 m2 were sampled by drag cloth on NMI and SMI, 

respectively throughout the study. On NMI, 1,084 adults, 130 nymphs, and 605 larvae I. 
scapularis were collected. On SMI, all three life stages of I. scapularis were also collected: 

104 adults, 7 nymphs, and 7 larvae. The only other tick species collected by drag sampling 

was H. leporispalustris (5 nymphs and 39 larvae). In June, when all three life stages 

were active, the adult density over four years of collection on NMI and SMI was 11.3 

(standard deviation: 6.5) and 1.6 (standard deviation: 1.5), respectively (Figure 2). In June, 
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the nymphal density over four years of collection on NMI and SMI was 8.8 (standard 

deviation: 15.4) and 0.5 (standard deviation: 0.4), respectively (Figure 2).

Borrelia burgdorferi infection in questing ticks (Figure 2) –

Overall, 36.9% of 868 adults and 26.0% of 127 nymphal questing blacklegged ticks 

collected on NMI over all months sampled from 2011–2015 were infected with B. 
burgdorferi. On SMI, 19.2% of 104 adult and 0% of 7 nymphal questing I. scapularis 
were infected with B. burgdorferi. The adult infection prevalence was significantly greater 

on NMI compared to SMI (z-score: 3.6, p < 0.001).

The infection prevalence of questing adult ticks in June significantly increased from 2011–

2014 (R2 = 0.99; p = 0.004) on NMI. The infection prevalence of questing adult ticks in the 

fall also increased from 2011–2014 (R2 = 0.77; p = 0.122) on NMI. Due to the small sample 

size of infected nymphs on NMI, and of infected adults and nymphs on SMI, statistical 

trends over time were not analyzed for these populations.

Small mammal captures (Figure 3) –

On NMI, from 2011–2014, with 5,167 adjusted trap nights, we captured a total of 907 

(17.9% trapping success) mice, of which 16% were recaptures from the previous day, and a 

total of 838 (16.2% trapping success) chipmunks, of which 15% were recaptures from the 

previous day. On SMI, from 2011–2014, with 5,121 adjusted trap nights, we captured a total 

of 486 (9.5% trapping success) mice, of which 16% were recaptures from the previous day, 

and a total of 769 (15.0% trapping success) chipmunks, of which 20% were recaptures from 

the previous day.

Additional small mammal species that were captured from 2011–2014 on NMI included 

meadow voles (Microtus pennsylvanicus) (n = 122), northern short-tailed shrews (Blarina 
brevicauda) (n = 3), and fox squirrels (Sciurus niger) (n = 3). On SMI from 2011–2014, the 

only additional species captured was the northern short-tailed shrew (n = 9). Because mice 

and chipmunks made up 93.2% and 99.3% of the captures on NMI and SMI respectively, we 

focused our analyses on these two species.

To compare relative abundances of mice and chipmunks between islands and also over 

time on each island, we evaluated the proportion of uniquely captured individuals within a 

trapping period (i.e., if an individual was captured twice within a trapping period, it was only 

counted once). Overall, with all trap years combined, there were no statistically significant 

differences between mouse capture success on NMI in comparison to SMI (Fisher’s Exact 

Test: p = 0.097; p = 0.183) nor chipmunk capture success between the islands (Fisher’s 

Exact Test: p = 1.000; p = 0.834 excluding previous day recaptures). When considering each 

year individually on NMI, there was a significant difference between mice and chipmunk 

captures in three of the four years with more mice than chipmunks captured in 2012 and 

more chipmunks than mice in 2013 and 2014 (Figure 3). On SMI, capture success of 

chipmunks was significantly greater compared with mice (z-score and associated two-tailed 

probability: p < 0.001) for each year of the study.
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Ixodes scapularis infestation on small mammals (Figures 4–6) –

Both immature stages of the blacklegged tick were found attached to small mammals 

captured on NMI and SMI (Figures 4, 5). Immature stages were detected on small 

mammals every June throughout the study on both islands. When the proportions of mice 

and chipmunks infested with immature I. scapularis ticks were combined, the infestation 

prevalence on NMI compared to SMI was 0.24 (standard deviation: 0.30) versus 0.02 

(standard deviation: 0.03). Both mice and chipmunks combined on NMI were significantly 

more infested than mice and chipmunks combined on SMI in June of 2011, 2013, and 2014 

(p < 0.001 each year; Figure 4, 5).

Across the calendar year, on both islands, mice and chipmunks were consistently captured 

each month with on-host larval abundance peaking in June and August and a slight on-host 

nymphal peak in June. When only these peak tick abundance months (June and August) 

were considered for nymphs and larvae, chipmunks fed significantly more larvae (z-score: 

−6.8, p = 0; Figure 6) and nymphs (z-score: −16.4, p = 0; Figure 6) relative to their 

proportional abundance compared to mice.

Borrelia burgdorferi infection in I. scapularis removed from small mammals –

Borrelia burgdorferi was detected in both immature stages of the tick removed from small 

mammals on both islands (Supplement 3). On NMI, we collected infected larvae and 

nymphs from mice and chipmunks every June (except for June 2012, when no nymphs were 

detected on white-footed mice). There was a significant increase in infection prevalence 

between the first year of the study (June 2011) and the last year (June 2014) in larvae 

and nymphs removed from both mice (p = larvae: 0.002; nymphs: 0.001) and chipmunks 

(p = larvae: 0.001; nymphs: <0.001). Borrelia burgdorferi was not detected in the June 

SMI mammal ticks until the last two years of the study, when larvae attached to mice and 

chipmunks and nymphs attached to chipmunks were infected.

Borrelia burgdorferi infection in small mammal biopsies (Figure 7) –

A total of 394 and 299 mouse tissue biopsies were tested from NMI and SMI, respectively. 

A total of 420 and 357 chipmunk tissue biopsies were tested from NMI and SMI, 

respectively. Overall, small mammal infection prevalence was significantly greater on NMI 

(42.1%) than SMI (7.4%) (z-scores: 2011: 3.0, p = 0.003; 2012: 4.2, p < 0.001; 2013: 4.8, p 

< 0.001; 2014: 3.1, p = 0.002). Both mice and chipmunks were infected every June on NMI; 

overall infection prevalence was 55% and 12% in chipmunks and mice, respectively. We 

detected the pathogen in chipmunks from SMI every June from 2012–2014 (overall infection 

prevalence was 12%) but not in mice.

Across the calendar year, mouse infection prevalence peaked in June on NMI, while 

chipmunk infection prevalence did not decrease until after July. The only time that mice 

were found to be infected on SMI was in September 2014. On SMI, chipmunks were 

infected June-September, with the proportion infected being relatively consistent from June - 

August and then declining in September.
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Snowshoe hares-

A total of 23 unique hares were captured (15 in 2012 and 8 in 2014) on SMI. None of 

the hares were infested with I. scapularis ticks. Seventeen hares were infested with H. 
leporispalustris and a total of 3,491 H. leporispalustris were removed (48% larvae, 37% 

nymphs, and 15% adults). A total of 311 larvae (27 pools), 33 nymphs, and 55 adults were 

tested for B. burgdorferi; none were positive. Tissue biopsies from seven hares were tested 

for the presence of B. burgdorferi; none were positive.

Coyotes –

Two adult female coyotes were captured on SMI. Both coyotes were infested with adult I. 
scapularis ticks; no other tick species were detected. A total of 37 and 30 adult ticks were 

removed from each of the two coyotes. Of the 67 total ticks, 46.3% were female and 53.7% 

were male. Seven engorged females oviposited, and all larvae hatched. Ear biopsies were 

only collected from one of the coyotes, and B. burgdorferi was not detected.

Birds (Supplement 4) –

During the breeding season in 2014, a total of 167.6 and 273.5 net hours were 

accumulated on NMI and SMI, respectively. An additional 77.3 net hours were accrued 

on SMI during the fall migration period. On NMI, 49 unique individuals comprising six 

different bird species were captured. These six species included chipping sparrow (Spizella 
passerine), American redstart (Setophaga ruticilla), red-eyed vireo (Vireo olivaceus), 

northern waterthrush (Parkesia noveboracensis), gray catbird (Dumetella carolinensis), and 

American robin (Turdus migratorius). Of these birds, six (12.2%) were infested with at least 

one I. scapularis tick. The infested birds included five American robins and one American 

redstart. A total of two larvae and six nymphs were collected and tested for B. burgdorferi. 
Two of the American robins (4.1% of captured birds) were found to host infected ticks (one 

larva and two nymphs).

On SMI, 127 unique individuals were captured representing 26 different bird species, 

including all 6 species captured on NMI (Supplement 4). Among the birds captured on 

SMI, only one American redstart (0.79% of captured birds) hosted at least one I. scapularis 
tick and this bird was captured during the migratory period. A total of one I. scapularis larva 

was removed and tested. This tick was positive for B. burgdorferi.

Discussion

How are adult blacklegged ticks fed on an island in the absence of deer?

Larger mammals, in particular white-tailed deer, are responsible for feeding the majority of 

adult blacklegged ticks and completing the tick’s life cycle (Telford et al., 1988). However, 

on deer-free SMI, larval ticks were detected both on small mammal hosts and questing 

within the vegetation, implying that alternative medium/large mammal hosts on SMI were 

able to feed enough adult ticks to maintain the tick population in the absence of white-tailed 

deer.
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Coyotes served as hosts for adult I. scapularis on SMI. Two coyotes were captured on SMI, 

and we found both to be infested with adult I. scapularis ticks. The SMI coyote tissue that 

was tested for the presence of B. burgdorferi was negative, however since B. burgdorferi is 

not transmitted transovarially, absence of infection in coyotes is not relevant to maintenance 

of the spirochete on SMI (Telford et al. 1988). Oviposition by multiple coyote-fed, engorged 

female ticks confirmed that coyote-fed I. scapularis collected on SMI could complete their 

life cycle. Given the lack of other alternative hosts for adult blacklegged ticks on SMI, we 

conclude that coyotes are most likely the host for maintaining a reproductive population of 

blacklegged ticks on the deer-free island.

Although eastern cottontail rabbits (Sylvilagus floridanus) have previously been shown to 

feed Ixodes species of ticks and become infected with the Lyme disease pathogen (Telford 

and Spielman, 1989a; Telford and Spielman, 1989b), this was not observed for snowshoe 

hares on SMI. Throughout this study, twenty-three unique hares were captured, and none 

were infested with any stage of I. scapularis even though hares were captured when adult 

blacklegged ticks were active on the islands (questing adult blacklegged ticks were collected 

in June, July, and September on one or both islands). Furthermore, B. burgdorferi was not 

detected in any of the ear biopsies taken nor in the H. leporispalustris feeding on the hares.

Migratory passerine birds may play a crucial role in long distance dispersal of immature 

blacklegged ticks (Ogden et al., 2008; Brinkerhoff et al., 2011; Hamer et al., 2012b). 

Migratory birds have been estimated to disperse 50–175 million I. scapularis across Canada 

every spring (Ogden et al., 2008). Although our mist-netting efforts were limited on SMI, 

we detected I. scapularis ticks on passerine birds during fall migration, providing support 

for the possibility that birds may be introducing ticks to SMI. Following deer removal on 

Monhegan Island, ME, Elias et al. (2011) used uncertainty analysis to show that the tick 

density on the island was equivalent to expected imported tick densities, indicating that all 

I. scapularis ticks on Monhegan Island were bird-derived. However, unlike on Monhegan 

Island, where no alternative hosts for adult blacklegged exist, on SMI we found questing 

I. scapularis larvae and I. scapularis larvae attached to small mammals in the absence 

of deer (Rand et al., 2004; Elias et al., 2011). Thus, although birds may continue to 

introduce I. scapularis and B. burgdorferi to SMI, these data support the hypothesis that 

blacklegged ticks were established on SMI and could not just be adventitious ticks dispersed 

by migrating avian species.

The low tick and pathogen levels on SMI were likely a function of not only the recent 

emergence of the blacklegged tick at Sleeping Bear Dunes (Hamer et al. 2010), but also 

the coyote population size. Although population estimates could not be performed, based on 

our capture success and the footprints observed during the trapping effort, we estimate that 

there was a minimum of four coyotes present on SMI in 2014. Therefore, in the presence of 

sufficient small mammal hosts for immature I. scapularis, even if there are limited numbers 

of alternative (non-deer) adult blacklegged tick hosts, a population of blacklegged ticks can 

be maintained. We hypothesize that if there were more coyotes on SMI, then the island could 

have a larger tick population and pose a greater LD risk.
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How does the blacklegged tick population and B. burgdorferi infection prevalence compare 
between the island with deer and the island without deer?

Contrary to our hypothesis, all three life stages of the blacklegged tick were detected 

questing on both islands indicating that blacklegged ticks were established on both islands, 

despite the lack of white-tailed deer on SMI. Furthermore, an infected tick population was 

confirmed on SMI. However, as we hypothesized, the tick population on SMI was smaller 

than NMI. Significant differences existed between the I. scapularis populations on the two 

islands; we collected approximately 10.4, 18.6, and 86.4 times as many host-seeking adults, 

nymphs, and larvae, respectively, on NMI as we collected on SMI.

In samples taken throughout the June study period, the density of questing adult I. scapularis 
was greater than that of nymphs on both islands. This is counterintuitive and opposite of 

what Hamer et al. (2010) observed at a Lyme disease endemic mainland site approximately 

359 km south of the islands along the west coast of Michigan. Although mammal densities 

were not reported with this work, given that there are more alternative host species for the 

adult life stage in addition to deer in mainland areas, host-finding success might be lower 

on the Manitou Islands and therefore, island adult ticks may be relatively more frequently 

collected via drag cloth. Indeed, Rand et al. (2004) reported that adult questing tick density 

increased on Monhegan Island, ME immediately after deer removal. Along the same lines 

but in the opposite direction, Ginsberg and Zhioua (1999) found that if host densities were 

high enough to allow a large proportion of questing ticks to find hosts, the loss of free-living 

ticks could influence density estimates based on flagging. This was illustrated on Fire Island, 

NY where questing adult tick densities were much lower on the island as a result of the ticks 

being unavailable to flag since they were on the highly abundant deer hosts (Ginsberg and 

Zhioua, 1999). Similarly, the lower questing nymphal density on the Manitou Islands may 

be due to high host-finding success of nymphs given the high abundance of small mammal 

hosts.

Borrelia burgdorferi was detected in questing ticks, in small mammals, and in ticks removed 

from small mammals on both islands. The detection of B. burgdorferi in larvae removed 

from small mammals on SMI illustrated that despite the lack of deer on the island, an 

enzootic cycle existed. As predicted, however, higher infection prevalences of B. burgdorferi 
were observed on NMI. The overall questing adult infection prevalence on NMI (~37%) is 

similar to other areas in the north central U.S. (Hamer et al., 2014) and was almost double 

that on SMI (~19%). Additionally, infected host-seeking nymphs were collected on NMI, 

but not on SMI, which may have been due in part to the low number of nymphs collected 

(which was a function of the smaller population size owing to scarcity of hosts for adult 

ticks).

What is the comparative role of chipmunks to mice in feeding and infecting blacklegged 
ticks?

The two primary small mammal hosts captured on the islands were eastern chipmunks and 

white-footed mice, both important hosts for immature blacklegged ticks and B. burgdorferi 
(Mather et al., 1989). The islands provided a unique opportunity to investigate enzootic 

maintenance of B. burgdorferi in an environment where chipmunk abundance was similar 
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to or greater than mouse abundance. On NMI, chipmunk and mice capture rates were 

similar most years. On SMI, the capture rate for chipmunks was consistently higher than 

for mice. This is unlike what has been reported at most mainland sites in the Midwest and 

the Northeast. At an Illinois field site, the capture rate of mice was almost twice that of 

chipmunks (Slajchert et al., 1997), and at a field site in Massachusetts, the ratio of mice to 

chipmunks was 15:1 (Mather et al., 1989). A higher ratio of mice to chipmunks was also 

observed at multiple sites within Michigan, including two sites on Sleeping Bear Dunes’ 

mainland (Hamer et al., 2010; Sidge, 2016).

Chipmunks played an important role in feeding both immature stages of the blacklegged tick 

on the two Manitou Islands. Previous research has shown that mice are typically infested 

with more larvae than chipmunks and chipmunks are infested with more nymphs than mice 

(Mannelli et al., 1993; Slajchert et al., 1997; Schmidt et al., 1999). Hamer et al. (2010) also 

observed this pattern at a Lyme disease endemic site in Michigan’s Lower Peninsula. During 

the peak larval activity months on the islands (June and August), however, chipmunks fed 

more larvae and more nymphs than mice. Chipmunks were also active throughout the entire 

summer and into the fall; a “summer lull” was not observed on the Manitou Islands, unlike 

what has been reported in the literature (Dunford, 1972; Hamer et al., 2012a). Therefore, 

island chipmunks were able to continue to contact ticks as opposed to chipmunks in other 

locations.

Chipmunks significantly contributed to the enzootic maintenance of B. burgdorferi on the 

islands. The larval I. scapularis population on NMI fed on a large population of infected 

mice (12% infection prevalence in June) and chipmunks (55% infection prevalence in June). 

The abundance of infected chipmunks and the larger role that chipmunks played relative 

to mice in feeding larvae may have further contributed to the B. burgdorferi infection 

prevalence observed in questing nymphs (26.0%) on NMI, which was comparable to that in 

areas in the Midwest and Northeast where the tick has been established longer and Lyme 

disease is endemic (Gatewood et al., 2009; Barbour et al., 2009; Johnson et al., 2017a). 

In addition to having a higher infection prevalence and feeding relatively more larvae, 

chipmunks may also have served as a more persistent reservoir over time. As chipmunks 

typically live longer than white-footed mice (Tryon and Snyder, 1973; Wolff et al., 1988), 

not only do they have more opportunities to become infected, but if they maintain their 

infectivity, they may also serve as a more reliable source of B. burgdorferi over time, 

infecting multiple cohorts of larval I. scapularis (McLean et al., 1993; Slajchert et al., 

1997). Unfortunately, we did not mark the animals with permanent identifiers, so we could 

not evaluate the longevity of infection within individuals in this study. However, on SMI, 

B. burgdorferi was first detected in chipmunks in 2012 but it was not until 2014 that B. 
burgdorferi was detected in mice. This further supports the important role of chipmunks as 

reservoirs for B. burgdorferi and in establishing enzootic cycles.

Implications for Lyme Disease Risk Management and Future Research—Our 

data from an offshore island confirm the findings of others that blacklegged tick abundance 

and B. burgdorferi prevalence can be reduced greatly if white-tailed deer are completely 

removed. However, even in the absence of deer, alternative medium/large mammalian 

hosts, such as coyotes, can maintain blacklegged ticks, and consequently enzootic cycles. 
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Therefore, when contemplating deer population reduction or elimination for tick-borne 

disease management (or other approaches such as host-targeted acaricides or anti-tick 

vaccines), the potential role of alternative hosts for “rescuing” the tick population should 

be evaluated.

The importance of chipmunks for contributing to the maintenance of B. burgdorferi is 

strongly supported by our data. While chipmunk abundance on the Manitou Islands 

was most likely greater than those usually found on mainland sites, these data support 

the inclusion of chipmunks when designing reservoir-targeted strategies to disrupt the 

B. burgdorferi enzootic cycle to reduce LD risk (e.g., bait tubes, bait boxes, and 

OspA-targeted vaccination). In addition, researchers and managers should consider host 

community composition when implementing reservoir-targeted strategies in order to 

maximize efficiency.

Future research efforts should address host association, feeding success, oviposition success 

of adult ticks fed on alternative hosts; contribution of alternative hosts to feeding and 

infecting immature ticks; and the relationship between alternative host densities and tick 

population sizes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study sites:
The inset shows two Lake Michigan islands, North Manitou Island (NMI) and South 

Manitou Island (SMI). The islands are part of the Sleeping Bear Dunes National Lakeshore, 

which is in the northwestern Lower Peninsula of Michigan.
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Figure 2. Questing tick density/1000 m2 and B. burgdorferi infection prevalence on NMI (black) 
and SMI (gray) in June:
A) I. scapularis adults in June (triangle) each year (2011–2014), adults in the fall (square) 

each year (2011–2015) except 2013, and B) nymphs each June (2011–2014). Fall questing 
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tick sampling only took place on NMI. The proportion of ticks infected on NMI (black) 

and SMI (gray) appears near each point with the total number of ticks tested indicated in 

parentheses.
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Figure 3. Proportion of white-footed mice (WFMO; black) and eastern chipmunks (EACH; 
white) captured each year (2011–2014) on NMI (N) and SMI (S):
The number within each bar indicates the total number of unique mice (black) and unique 

chipmunks (white) captured; this only includes first-time captures within a trapping session. 

The asterisk within the bar itself indicates that there was a statistically significant difference 

(z-score) between WFMO and EACH capture success for that year/site. The letter and 

asterisk above the bar indicate a statistically significant difference (z-score) between sites 

(the proportions of WFMO and EACH captured on NMI vs. the proportions of WFMO and 

EACH captured on SMI in a given year). (a*, b*: 2011; c*, d*: 2012).
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Figure 4. Proportion of white-footed mice (WFMO) infested with I. scapularis larvae (black), 
nymphs (gray), and both life stages (larva and nymph) simultaneously (white) on North Manitou 
Island (N) and South Manitou Island (S) in June 2011–2014:
The number above each bar represents the total number of unique WFMO captured and 

only includes first-time captures within a trapping session. This is a non-cumulative stacked 

graph. The number of individual WFMO infested with each life stage is indicated within the 

corresponding shaded bar. The 95% binomial confidence interval error bars correspond to 

the proportion of mice infested with at least one I. scapularis tick.
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Figure 5. Proportion of eastern chipmunks (EACH) infested with I. scapularis larvae (black), 
nymphs (gray), and both life stages (larva and nymph) simultaneously (white) on North Manitou 
Island (N) and South Manitou Island (S) in June 2011–2014:
The number above each bar represents the total number of unique EACH captured and 

only includes first-time captures within a trapping session. This is a non-cumulative stacked 

graph. The number of individual EACH infested with each life stage is indicated within the 

corresponding shaded bar. The 95% binomial confidence interval error bars correspond to 

the proportion of chipmunks infested with at least one I. scapularis tick.
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Figure 6. A comparison of the relative abundance of captured white-footed mice, eastern 
chipmunks and associated larval and nymphal blacklegged tick burdens on NMI and SMI 
(combined) in June (2011–2014) and August (2012, 2014) for only first-time captures within a 
trapping session:
Number of white-footed mice (WFMO; white) and eastern chipmunks (EACH; black) 

captured, with the total number of mice and chipmunk captures indicated at the bottom 

of the pie chart (A). The percent of larvae (B) and nymphs (C) that were removed from 

eastern chipmunks (EACH; black) and white-footed mice (WFMO; white) with the total 

number of ticks collected indicated at the bottom of the corresponding pie chart.
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Figure 7. Proportion of B. burgdorferi infected tissue biopsies from a) white-footed mice and b) 
eastern chipmunks across the calendar year:
This represents monthly samples from 2011–2014 from NMI (black, left) and SMI (gray, 

right). The number of samples tested is indicated above each bar. Error bars correspond to 

a 95% binomial confidence interval. Note the difference in scale for the y-axis for the two 

graphs.
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