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Abstract

Background: The use of animal host-targeted pesticide application to control blacklegged ticks, which transmit the
Lyme disease bacterium between wildlife hosts and humans, is receiving increased attention as an approach to
Lyme disease risk management. Included among the attractive features of host-targeted approaches is the reduced
need for broad-scale pesticide usage. In the eastern USA, one of the best-known of these approaches is the
corn-baited “4-poster” deer feeding station, so named because of the four pesticide-treated rollers that surround
the bait troughs. Wildlife visitors to these devices receive an automatic topical application of acaricide, which kills
attached ticks before they can reproduce. We conducted a 5-year controlled experiment to estimate the effects of
4-poster stations on tick populations in southeastern Massachusetts, where the incidence of Lyme disease is among
the highest in the USA.

Methods: We deployed a total of forty-two 4-posters among seven treatment sites and sampled for nymph and adult
ticks at these sites and at seven untreated control sites during each year of the study. Study sites were distributed
among Cape Cod, Martha'’s Vineyard, and Nantucket. The density of 4-poster deployment was lower than in previous
4-poster studies and resembled or possibly exceeded the levels of effort considered by county experts to be feasible
for Lyme disease risk managers.

Results: Relative to controls, blacklegged tick abundance at treated sites was reduced by approximately 84%, which is
considerably less than in previous 4-poster studies.

Conclusions: In addition to the longer duration and greater replication in our study compared to others, possible but

still incomplete explanations for the smaller impact we observed include the lower density of 4-poster deployment as

well as landscape and mammalian community characteristics that may complicate the ecological relationship between
white-tailed deer and blacklegged tick populations.
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Background

Blacklegged ticks (Ixodes scapularis) are the primary
vector of Lyme disease between wildlife and human pop-
ulations in eastern North America, so their abundance
during periods of outdoor human activity is a key deter-
minant of Lyme disease risk [1]. Methods to control this
abundance are the focus of this study. Another key de-
terminant, which we do not address, is the proportion of
these ticks that are infected with the Lyme disease bacter-
ium, Borrelia burgdorferi. The biology of this spirochete
and the multi-host two year life cycle of blacklegged ticks
have produced a highly complex ecological system that
continues to challenge ecologists, public health experts,
natural resource managers, integrated pest management
(IPM) practitioners, and land use planners. Risk manage-
ment solutions are in various stages of development, some
of which require changes in land use practices or the use
of biocontrol agents or pesticides that may be harmful to
non-target organisms. However, because of the complexity
of the Lyme disease ecological system [2] and the limita-
tions and potentially negative impacts of sole reliance
on any single available method, it is likely that successful
control strategies will require judicious application of an
integrated approach consisting of multiple tactics. This
necessitates knowledge about the efficacy of specific tech-
niques in varying ecological settings.

White-tailed deer (Odocoileus virginianus) are import-
ant hosts for adult blacklegged ticks seeking bloodmeals,
so their overabundance in the eastern US was historically
assumed to be a significant determinant of Lyme disease
risk [3]. Massachusetts, like other northeastern states, has
seen dramatic increases in white-tailed deer populations.
The Massachusetts Audubon Society estimates that fewer
than 1000 white-tailed deer existed in the state in 1900;
the current estimate is 90,000 (~4.5 km2) [4]. Extirpation
of natural predators and increases in forage associated
with forest clearing are considered the primary long-term
drivers of deer overabundance, with restrictions on hunt-
ing in developed areas playing an increasingly important
role (reviewed in [5]). However, there is little consensus
on the feasibility or effectiveness of specific management
techniques for deer population control [6]. Moreover, the
mandates of private organizations and local, state, and fed-
eral managers of deer and their habitats frequently conflict
in ways that complicate coordination [7]. These challenges
are exacerbated by the considerable uncertainty about the
impact of deer abundance on Lyme disease risk (reviewed
in [2]).

As an alternative to direct population control of white-
tailed deer, the use of deer-targeted pesticide application
via “4-poster” feeding stations to control tick populations
is now included among the risk management techniques
being tested and in some cases implemented in areas of
high Lyme disease incidence [8]. Because of their intended
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host specificity, 4-posters have the potential to reduce
Lyme disease incidence as well as to reduce reliance on
residential practices such as broad-spectrum acaricide
application. To address the keen interest in quantifying
4-poster effectiveness, we conducted a 5-year controlled
study of their effects on blacklegged tick populations on
Cape Cod, Nantucket, and Martha’s Vineyard, all of which
are in coastal Massachusetts.

White-tailed deer frequently carry heavy burdens of
adult stage blacklegged ticks seeking their final blood
meal. However, blacklegged ticks have a complex life
cycle involving multiple hosts (reviewed in [2]). After
feeding to repletion, mated female ticks overwinter and
deposit their eggs in the spring. On Cape Cod, deposited
eggs typically hatch into larvae in late July and early
August and then seek their first blood meal. If this
search results in a blood meal from a host infected
with the Lyme disease bacterium, Borrelia burgdorferi,
and if transmission occurs, then the larva becomes
infected. After feeding to repletion, larvae moult into
nymphs. After overwintering, each nymph seeks a new
host for what is typically the second blood meal in its life
cycle. This second host is an additional opportunity for
the tick to acquire the Lyme disease spirochete. In late
summer, these nymphs moult into the adult stage and
seek their final blood meal. All stages of feeding ticks are
potentially affected by exposure of their hosts to 4-poster
treatments, but this exposure is expected to be highest for
adult ticks because of their relatively high abundance on
large vertebrates. The impacts of 4-posters include direct
mortality to larvae or nymphs attached to 4-poster visitors
and reduced numbers of eggs due to reductions in adult
populations. Our study was designed to estimate the mag-
nitude of these effects by repeated sampling of nymph and
adult ticks at 4-poster sites and untreated control sites.

Several previous studies have reported large reductions
in tick abundance in areas treated with 4-posters relative
to untreated control areas. Most notably, a coordinated
six-year study in the northeastern US reported approxi-
mately 70% reduction in nymphs at the end of the study
[9-13]. Only one of the five separately published studies
contained independent within-site replication, so meta-
analysis of the five sites became an important basis for
inference about 4-poster effectiveness. Although the
meta-analysis by Brei et al. [12] appears to have treated
multiple samples from each site as statistically independ-
ent samples, the results at the northeast regional scale
are compelling.

The northeast regional study deployed >100 4-posters
across its five study areas at a density of 4 to 5 stations km >
(0.016 stations acre™!). We were interested in estimating
4-poster efficacy for coastal southeastern Massachusetts
and used a single controlled experiment with site replica-
tion. We expected our study to produce a geographically
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narrower but more statistically robust confirmation of the
broader regional findings reported by Pound et al. [11]. In
addition, we sought to refine design considerations for
longer term deployment of 4-poster devices in southeast-
ern Massachusetts. Given the rapid and dramatic effects
seen in previous studies, we anticipated that 4-poster de-
ployment at 1-2 stations km > (< 0.007 stations acre™"), or
approximately 40% of the density used in the northeast re-
gional study, would produce measurable effects at a more
feasible deployment density for area resource managers.
We conducted our 4-poster study in southeastern
Massachusetts, where Lyme disease poses a serious
health risk. Massachusetts ranks among the top 10 states
in Lyme disease annual reporting to the US Centers for
Disease Control [14]. In recent reporting, these top 10
states accounted for more than 93% of the total cases re-
ported nationally over the 15 yr period documented in
the report. Two counties in the region of southeastern
Massachusetts where our study was conducted were
among the top 10 counties nationally for average rate of
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Lyme disease incidence (reported cases) during the period
1997-2006 [14]. Our study was motivated by these factors
and the need for environmentally sustainable management
practices for reducing Lyme disease risk.

Methods
Deer 4-poster stations were activated in the fall of 2007
(mid August to mid November) and in spring (mid
March to mid June) and fall of all subsequent years
(2008-2011) at precisely the same locations each year
(within 2 m of initial locations). Closure of stations dur-
ing winter was partly the result of regulations prohibit-
ing wildlife provisioning during the hunting season. At
each site, multiple stations were distributed at approxi-
mately one station per 150 acres (1.65 stations km™?),
based in part on results from previous studies [15].
Selection of sites for this study was based on: 1) his-
tory of an active blacklegged tick population; 2) evidence
of white tailed deer; 3) accessibility for maintenance and
input of corn bait and permethrin; and 4) distance from

Figure 1 Locations of treated sites (triangles) and controls (filled circles) in the 5-year study of 4-poster deer feeding station effects on
blacklegged tick abundance. Treated sites had multiple 4-poster stations; all sites had multiple tick drag sampling locations. Site abbreviations
are: SC = Shawme Crowell; BU = Burgess; BC = Bridge Creek; DP = Dennis Pond; SY = Syrjala; PH = Punk Horn; BN = Bell's Neck; JP = Jehu Pond;

FM = Fulling Mill; CT = Cedar Tree Neck; SP = Sepiessa Point; CH = Chappaquiddick; LO = Loring Nature Center; and AP = Almanack Pond.
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residences (>91 m). This resulted in seven treatment
sites on Nantucket, Martha’s Vineyard and Cape Cod
(Figure 1). Comparable control sites (i.e., without 4-
poster stations) were chosen based on location (> 1.6 km
from treated sites), habitat, and presence of blacklegged
ticks. This relatively low density of sites and of 4-poster
stations within these sites (1-2 stations km™2) was con-
sidered indicative of what tick control programs can
realistically be expected to maintain in the study area.

During periods of activation, each station was main-
tained weekly or biweekly, with corn added ad libidum
and permethrin acaricide added to rollers at a rate of
7.5 ml per 50 lbs (23 kg) of corn consumed. Inputs to
each station, including the amount of corn consumed
monthly, the amount of permethrin added, the number
of station visits, as well as any necessary replacements or
repairs were recorded. Beginning in spring 2007 (before
station deployment), nymph ticks were sampled at all
treatment and control sites in May, June and July of each
year using a cloth dragging procedure [16] whereby a
046 m> (50.8 x 90.4 cm) double-sided white flannel
cloth was dragged along the ground at the edge of a trail
or wooded road for 30 seconds at approximately one yard
per second. This procedure was repeated along fixed tran-
sects in October and November of each year for collection
of adult ticks. This resulted in a total of 9890 drags ap-
proximately evenly distributed across sites (Table 1). Thus,
each site was sampled 4—5 times between 1 May and 10
Nov of each year, for a total of approximately 24 sampling
events (30 drags per visit per site for each site over the
study period; see Table 1 for deviations). This is a relatively
high sampling frequency and was intended to overcome
under-sampling problems [17].
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For statistical analyses and prediction, we used log-
linear negative binomial models with random effects
(GLMM; generalized linear mixed effects models). Life
stage, treatment, and time were treated as fixed effects.
Each statistical formulation was fitted using either days
or years elapsed since the beginning of the study. Each
of the 42 transects in the study was assigned a unique
ID and treated as a random effect. The random effects
were modeled as effects on intercepts only and were in-
cluded because of the expected correlation between re-
peated samples taken from each transect over the course
of the study. This is intended to address microclimate or
other unknown but persistent differences between sites.
The negative binomial distribution was used because of
the high variance to mean ratio in the data, as is com-
mon in tick sampling data due to patchy spatial distribu-
tion (see [17] for analysis of sampling implications).
Because of the two-year semelparous life cycle, nymphs
and adults sampled in a given year are predominantly
descendents of nymphs and adults sampled two years
earlier. Thus, the longest time series for a given popula-
tion in our study is represented by samples from 2007,
2009 and 2011 (Figure 2). Our statistical analyses fo-
cused on these samples.

These log-linear models were used to evaluate statistical
evidence for 4-poster treatment effects on nymphal and
adult tick abundances and to estimate the size of these ef-
fects. Each of the candidate statistical models represented
a specific hypothesized explanation of the data. Thus, the
set included a ‘no effects’ model, a ‘treatment only’ model,
a ‘time only’ model, a ‘treatment + time’ model, and a
‘treatment x time’ model. Evidence for 4-poster effects
would be indicated by strong statistical support for models

Table 1 Number of tick drag samples by treatment, site, and year for Cape Cod, Martha’s Vineyard and Nantucket

No. of Number of drag samples
Site 4-Posters 2007 2008 2009 2010 2011
Cape cod Control Burgess - 150 170 130 180 180
Jehu Pond - 60 180 90 150 180
Punk Horn - 60 180 90 180 180
Syrjala - 150 150 90 180 180
Treated Bells Neck 4 120 180 90 180 180
Bridge Creek 4 150 150 60 180 180
Dennis Pond 4 150 180 90 150 180
Shawme Crowell 6 150 180 90 180 180
Martha's vineyard Control Fulling Mill - 80 180 90 150 180
Sepiessa Point - 60 180 90 150 180
Treated Cedar Tree Neck 15 90 180 90 150 180
Chappaquiddick 5 90 180 90 150 180
Nantucket Control Almanack Pond - 30 140 90 160 180
Treated Loring Nature Center 4 60 150 90 180 180
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Active Ticks

2007 2008 2009 2010 2011

Figure 2 Diagram of sampling schedule (filled rectangles)
superimposed on expected abundances of active ticks, Ixodes
scapularis), which breeds only at the end of its two-year life
cycle. Two overlapping populations are present at any given time
and are represented here as different shades. N, L, and A denote
periods of nymph, larval, and adult activity. Relative abundances are
based on Figure eight in Ostfeld [2].

containing treatment effects. Support for a ‘time only’
model would indicate a regional change in tick abundance
unrelated to 4-poster effects. Each model was fitted as a
GLMM using the R implementation of AD Model Builder
[18,19]. Support for each model was assessed using
corrected Akaike Information Criteria (AICc; see Section
2.2 in [20]). AICc weights were used to compute model-
weighted predictions of tick density and unconditional
standard errors for 95% confidence limits (eqn 6.12 in
[20]). This so-called information-theoretic approach
enables fuller extraction of the information contained
in the data and allows evidence-based ranking of can-
didate models. When multiple models are supported
(i.e., knowledge of the study system is uncertain), the
final estimate of effect size (i.e., 4-poster effect) and its
confidence limits incorporate the influence of all sup-
ported models. For this reason, the rejection of models via
p-value cutoffs does not arise in our analysis.

We used Abbott’s formula [21] to compute percent re-
duction of ticks relative to controls for comparison to
other studies e.g., [13]. Specifically,

E E
Pct Control = 100 x (I—M)

E; ctri X Eo

represents the effect of treatments between time £=0
and t=t, where E denotes mean abundance at control
(cntrl) and treated (trt) sites predicted from the statis-
tical models.

Pelage swab samples from white-tailed deer carcasses
were collected prior to meat processing at hunter check-
in stations on Chappaquiddick Island, Edgartown, MA,
which we assume supports a closed deer population (no
immigration or emigration). These samples were collected
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by wiping a cotton gauze pad on the neck, throat and
chin area of each deer for thirty seconds. The samples
were placed in amber glass vials and stored frozen. Sam-
ples were shipped on ice by overnight delivery to the
Massachusetts Pesticide Analysis Laboratory for per-
methrin residue analysis using hexane extraction followed
by gas chromatography with electron capture detection
and mass spectrometry. Data from island hunters were
used with these residue analyses to estimate the propor-
tion of deer treated topically within the treatment zone.

Results
The model containing interactions between 4-poster treat-
ment and time was the best fitting (based on log likeli-
hood) and most parsimonious (based on AICc) of the
models we used to analyze tick sampling data (Table 2).
The interaction term in this model is interpreted as evi-
dence that the treatments caused a stronger tick decline
than was observed at the control sites. However, there was
modest support in the data for two models without the
interaction (i.e., AAICc < 2; Table 2), leading to model se-
lection uncertainty [20]. As a result of this uncertainty, we
used AICc-weighted model averaging to make predictions
about treatment effects on tick abundance (Figure 3).

Using Abbott’s formula with the model-averaged esti-
mates of treatment effects, our estimate of Pct Control
was 8.4%, which is substantially lower than that reported
for other studies. This estimate increases to 20% when
only the interaction model is used by itself (rather than
model-averaged estimates), but as already noted, infer-
ence based solely on this model is not supported by our
data. Visual representation of aggregated drag counts
(Figure 4) is consistent with the small effect detected in
our statistical analyses.

The rates of pesticide residue detections on pelage swabs
(gauze pads; detection limit = 0.02 ug residue pad™') col-
lected from harvested deer on Chappaquiddick Island were

Table 2 AIC statistics for models of tick treatment effects
on tick drag sample abundances’

Model (fixed effects) Log likelihood K> AAICc AICc weight
Stage + Trt X Year —7757.3 8 0.0 040
Stage + Year —7759.3 6 0.1 0.39
Stage + Trt + Year —77589 7 13 0.21
Stage + Trt x Day —7761.8 8 9.0 0.00
Stage + Day —7764.1 6 9.7 0.00
Stage + Trt + Day —7763.7 7 109 0.00
Stage —7772.3 5 241 0.00
Stage + Trt —7772.0 6 255 0.00

"Data are from the 2007, 2009 and 2011 cohort of blacklegged ticks in a
4-poster study in southeastern Massachusetts. See Section 2.2 of Burnham and
Anderson [20] for an explanation of AIC statistics.

2k is number of parameters in the model.



Grear et al. Parasites & Vectors 2014, 7:292
http://www.parasitesandvectors.com/content/7/1/292

1.00

0.75

Ticks per Drag
0.50
..

[ )
.. |
° { ]
o
Control Treated

0.00

51 2 3 4 5
Year

Figure 3 Predicted counts and 95% confidence limits (shaded
areas) for blacklegged tick nymphs (red) and adults (blue)
during 30-second drags on June 1 (nymphs) and October 1
(adults) during years 1, 3, and 5 of the study. Predictions are
computed using AlCc-weighted averaging of all candidate
log-linear generalized mixed effects models, but standard errors used
for confidence intervals are based on fixed effect variance only.

1 2 3 4

0.12, 0.69, 047, and 0.7 detections per deer for 2007,
2008, 2010, and 2011, respectively. The low number for
2007 and low rate of corn replenishment during station
maintenance in that year suggest the possibility of a period
of low deer usage during initial habitation to the station
locations.

Discussion

We detected a relatively modest effect of 4-posters on black-
legged tick abundances in our coastal Massachusetts study
area. Thus, our experiment supports previous findings that

Page 6 of 8

4-posters reduce tick abundance, but the effect size we ob-
served was smaller (Figure 3). Our study is the first to
our knowledge that combines: 1) sampling over multiple
generations and across multiple control and treatment
replicates; 2) analysis of all nymph and adult tick data for
a cohort population in a single count-based statistical
model; and 3) detailed treatment of the repeated measures
sampling design. The importance of these analytical con-
siderations is described by Carroll et al. [9]. Although they
dissected their analysis into separate comparisons between
pairs of years, differences in effect size between our
results, those of Carroll et al. [9] and other findings from
the USDA Northeast Regional Study [11], are prob-
ably not due solely to differences in statistical methods
or levels of replication. Uncertainty was also larger in our
study compared with the meta-analytic results of Brei
et al. [12], perhaps because we addressed model selection
uncertainty and did not treat co-located stations or tran-
sects as statistically independent samples. Large deer
home range size may reduce statistical independence of
our study sites, but is considered less than 1.6 km in ra-
dius within seasons and possibly decreases in areas of high
deer density (reviewed in [22]; also see [23]). Distances be-
tween our treated and control sites were always at least
twice this radius, but note that any violation of the inde-
pendence assumption would mean that our uncertainty
estimate (i.e., the width of confidence limits in Figure 3) is
too low and differences between our results and those of
the USDA study may be even larger than what we have re-
ported here. However, despite these potentially important
analytical differences, we suspect that most of the differ-
ence between our results and those of others is due to the
wider spacing of our 4-poster devices (1-2 stations km ™
vs. 4-5 stations km™ in the USDA study). Other differ-
ences between studies may include deer densities and the
operational periods for which the stations were main-
tained. Also, our study used permethrin as the acaricidal
ingredient whereas the USDA study used amitraz. We are
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Figure 4 Graphical summary of tick drag data aggregated into means for 15-day intervals. Each point is the mean of all drags within the
15-day window for all 7 sites of the given treatment level. Average number of drags for each point is 330. See Methods section and Table 1 for
additional details on distribution of sampling effort.
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unaware of any known differences in effectiveness of these
ingredients when used in 4-posters, but permethrin has
been shown to be considerably more toxic than amitraz to
several species of Amblyomma ticks [24,25].

In the region of our study, the Commonwealth of
Massachusetts seeks to manage white-tailed deer abun-
dances at a density of 6-8 deer mi 2 (2.8 — 3.1 deer km™2),
primarily through recreational hunting allowances [4].
However, significant variation in deer abundance likely ex-
ists among our three study areas (Cape Cod, Martha’s
Vineyard and Nantucket). Although our study was not de-
signed to detect differences in 4-poster deer visitation
among these areas, average annual corn consumption dif-
fered considerably based on rates of 4-poster replenish-
ment (81, 182, and 326 kg station* yr™' for Cape Cod,
Martha’s Vineyard and Nantucket, respectively). Since
station density was similar across sites, these consump-
tion rates should be roughly indicative of deer density if
relative corn consumption by non-target species is also
similar across sites. Indeed, the State of Massachusetts es-
timates deer densities on Cape Cod to be much closer to
its management goal than on the islands, where densities
may be more than 15 deer km™2 [26].

Experimental exclusion of deer has been shown to
affect the density of blacklegged ticks [27,28] (but see
[29]), but the effects of these and other deer control ex-
periments on human disease risk are not clear [2,30].
This is partly because deer are ineffective hosts of Lyme
disease — Telford et al. [31] reported that only about 1%
of ticks became infected after feeding on deer — and thus,
as members of a larger host community, may contribute
to a dilution effect on infection prevalence among quest-
ing ticks (demonstrated theoretically in [32]; empirical
evidence for dilution in other disease systems is reviewed
in [33]). If the role of deer in supporting tick popula-
tions is as large as commonly believed, successful
management of tick abundance through technologies
such as the 4-poster device could reduce the assumed
need for deer eradication. However, the number of
surviving, untreated deer that would be sufficient to
support high tick abundance is difficult to estimate.
The highest per capita deer treatment rate observed
in our pelage residue samples from Chappaquiddick
was 70%. Since the frequency distribution of ticks on
deer is poorly known, it is possible that only a few un-
treated deer could weaken 4-poster effects. If such incom-
plete herd treatment does occur, social exclusion of
subdominant individuals from feeding stations may also
be important to consider (personal communication, M.
Magquire, Cape Cod Cooperative Extension). These com-
plexities, the existence of alternative tick hosts that might
support tick abundance in the absence of deer or compen-
sate for high mortality on treated deer, and the unknown
degree to which these other hosts visit the 4-posters are
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all potentially important factors in the interpretation of
tick abundance data such as ours.

Since there is no currently available pharmacological
solution to Lyme disease, risk management focuses on
reducing the likelihood of tick bites. The suite of man-
agement techniques includes modification of landscapes
to reduce habitat suitability for ticks and their hosts, hunt-
ing programs to control deer populations, application of
pesticides to the landscape, application of pesticides tar-
geted to potential hosts (e.g., 4-posters) and increase of
human awareness to modify behavior and promote per-
sonal protection practices. Some of these methods have
been shown to affect the Lyme disease ecology (and pre-
sumably risk), but to varying degrees that depend on the
ecological context, scale, and other details of the applica-
tion. Landscape-scale experimental and observation pro-
grams that incorporate ecological and epidemiological
approaches would help to identify those critical contextual
details that should inform the balance of techniques. At
that point, holistic and sustainable risk management strat-
egies would be within reach.

Conclusions

The relatively modest effect of 4-posters on tick abun-
dance in this five-year experiment, compared to larger
effects seen in other studies, can possibly be explained
by landscape characteristics, deer density and vertebrate
host community composition in our study area, and the
density of 4-poster stations we deployed. An important
management implication is that the role of deer in the
Lyme disease system may be more complicated than previ-
ously expected. It is important to weigh this possibility
against concerns from the wildlife management commu-
nity about the effects of wildlife provisioning and increased
social contact between wildlife visitors at the 4-poster sta-
tions (e.g., wildlife disease transmission). This means that
4-posters deserve further study, experimental application,
and refinement, but do not represent a low cost ‘silver bul-
let’ in the control of Lyme disease except perhaps under
specific circumstances that remain to be identified. This is
unsurprising given the complexity of the Lyme disease eco-
logical system. 4-posters should be considered part of a
broader suite of strategies, the most sustainable of which
in the long term will embrace the strong linkages between
ecological health and human disease risk and will support
the differing mandates of environmental stewardship, wild-
life management, and public health organizations.
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