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Abstract

Animal behavior can have profound effects on pathogen transmission and disease inci-
dence. We studied the questing (= host-seeking) behavior of blacklegged tick (Ixodes scapu-
laris) nymphs, which are the primary vectors of Lyme disease in the eastern United States.
Lyme disease is common in northern but not in southern regions, and prior ecological studies
have found that standard methods used to collect host-seeking nymphs in northern regions
are unsuccessful in the south. This led us to hypothesize that there are behavior differences
between northern and southern nymphs that alter how readily they are collected, and how
likely they are to transmit the etiological agent of Lyme disease to humans. To examine this
question, we compared the questing behavior of I. scapularis nymphs originating from one
northern (Lyme disease endemic) and two southern (non-endemic) US regions at field sites
in Wisconsin, Rhode Island, Tennessee, and Florida. Laboratory-raised uninfected nymphs
were monitored in circular 0.2 m? arenas containing wooden dowels (mimicking stems of un-
derstory vegetation) for 10 (2011) and 19 (2012) weeks. The probability of observing nymphs
questing on these stems (2011), and on stems, on top of leaf litter, and on arena walls (2012)
was much greater for northern than for southern origin ticks in both years and at all field sites
(19.5 times greater in 2011; 3.6—11.6 times greater in 2012). Our findings suggest that south-
ern origin /. scapularis nymphs rarely emerge from the leaf litter, and consequently are unlike-
ly to contact passing humans. We propose that this difference in questing behavior accounts
for observed geographic differences in the efficacy of the standard sampling techniques
used to collect questing nymphs. These findings also support our hypothesis that very low
Lyme disease incidence in southern states is, in part, a consequence of the type of host-
seeking behavior exhibited by southern populations of the key Lyme disease vector.
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Introduction

The blacklegged or deer tick (Ixodes scapularis) vectors Borrelia burgdorferi, the etiological
agent of Lyme disease (LD), which is the most common vector-borne disease in the United
States (US) [1]. Despite the widespread presence of blacklegged ticks throughout the eastern
US [2, 3], there is pronounced geographical variation in LD incidence in that region. Ninety-
five percent of human LD cases in the US are reported from ‘Lyme endemic’ states in northeast
and upper midwest regions [4]; LD incidence in southeast regions is over an order of magni-
tude lower [5]. We refer to this latitudinal variation in disease incidence in the eastern US as
the “Lyme Disease Gradient”.

Ixodes scapularis has three parasitic life stages (larva, nymph, adult), but only the bites of
nymphs and adults transmit B. burgdorferi. There is neglible transovarial transmission of the
pathogen therefore larvae are considered to be born uninfected [6]. The nymphal stage is re-
garded as the most epidemiologically important for LD transmission because of its small size
and spring/summer seasonality that coincides with human outdoor activity [7, 8]. The density
of infected nymphs (DIN) is considered a useful predictor of LD risk [9-15]. Factors that influ-
ence DIN (including tick survivorship [16], host composition [17, 18], and abiotic variables
[16]) are thought to influence the magnitude of risk [11, 19-21].

DIN is calculated by multiplying the density of nymphs collected in a given area by the B.
burgdorferi infection prevalence of those nymphs [9, 14, 15, 22]. Ticks in such studies are typi-
cally collected by ‘dragging’ or ‘flagging’ a 1 m* white cloth through the understory vegetation,
as this is considered to be the most reliable and efficient method for sampling nymphal I. sca-
pularis populations in the northeastern US [23, 24]. These methods intentionally target ticks
that are questing (= host-seeking) on or above the leaf litter, as these are the ticks most likely to
encounter humans. Flagging and dragging are less likely to collect ticks beneath the surface of
the leaf litter; however, since such ticks are unlikely to encounter humans they presumably con-
tribute little to LD risk. Quantification of DIN by flagging/dragging thus provides a useful
index of human-nymphal encounter rates. Indeed, DIN is highly correlated with the Lyme Dis-
ease Gradient [14, 25], providing support for its use as an index of human LD risk.

Several hypotheses for the Lyme Disease Gradient have been proposed. These include geo-
graphic variation in large-scale predictors such as climatic variables [26-29], biodiversity [10,
11, 19, 20, 30], and tick genetics [31, 32], which are known and/or believed to influence the
abundance of questing infected nymphs. These predictors help us understand the ultimate
causes of risk variation, but for planning and executing effective intervention strategies, a
mechanistic understanding of factors underlying the Lyme Disease Gradient is key.

A key mechanistic factor that needs to be considered for the LD system is vector behavior.
With vector-borne diseases, it is typically assumed that risk of contact with an infected vector,
and therefore risk of disease, is proportional to the abundance of infected vectors [15, 33, 34].
Behavior of both hosts and vectors influences the likelihood of encounter and thus the risk of
disease, and these behaviors might differ at different sites. A mechanistic hypothesis is that
nymphal questing behavior varies regionally, leading to differences in tick/human contact rates
that contribute to the Lyme Disease Gradient.

At least three lines of evidence support this questing behavior hypothesis. First, drag/flag
sampling efficacy differs between LD endemic and non-endemic regions. These standard
methods readily collect all three tick life stages in northeastern and upper midwestern regions
[3, 23, 35], whereas in southeastern regions, they collect very few nymphs even at sites where
adult I. scapularis are readily flagged or dragged [3, 36-38]. The presence of abundant I. sca-
pularis adults at these southeastern sites indicates that nymphs must also be present, and this
is confirmed by observations of I. scapularis nymphs commonly attached to vertebrate hosts
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[36, 39-41]. Second, small mammals are the primary hosts for juveniles in northern states
[30, 42], whereas lizards fill this role in the south [39-41, 43, 44]; again suggesting differences
in questing behavior. Third, nymphal ticks are responsible for the majority of Lyme cases in
the northeast and upper midwest [7], but are rarely recorded biting humans in the south [5,
44-47]. In combination, these observations motivated us to undertake a series of experiments
in which we directly examine the questing behavior of nymphs from LD endemic and non-
endemic regions.

Our first experiments aimed to: (i) quantify and compare variation in questing behavior of
nymphs from two southern, non-endemic sites with nymphs from one northern, endemic site
(2011), and (ii) assess whether observed behavioral differences are maintained when nymphs
are translocated between regions (2012), thereby acquiring insight into the relative contribu-
tions of proximate environmental conditions and genetics to observed behavioral variation. In
a future publication we will describe the generality of behavioral trends for I. scapularis nymphs
collected from numerous locations throughout the northern and southern US. Here, we tested
nymphs derived from mothers collected in Wisconsin (WI), South Carolina (SC), and North
Carolina (NC) because these locations represent areas of low, non-endemic (SC, NC) and high,
endemic (WI) LD risk in the eastern half of the US: in 2013, Lyme disease incidence was 25.2,
0.7, and 0.4 per 100,000 persons in WI, SC, and NC, respectively [4]. Likewise, the sites selected
for translocation experiments in 2012 (Wisconsin (WI), Rhode Island (RI), Tennessee (TN)
and Florida (FL)) are areas of high and low LD risk (incidence rates per 100,000 persons in
2013 in WL, RI, TN and FL were: 25.2,42.2, 0.2, and 0.4, respectively [4]).

Results

Questing behaviors differed between ticks from Lyme endemic and non-
endemic regions

We used a Bayesian analysis to predict nymph questing behavior by nymph origin while allow-
ing the influence of individual arenas, sites, and weeks to vary. Questing behavior was defined
as nymph presence on stems in 2011, or on stems, leaf litter surfaces, and arena walls in 2012.
From these field data, statistical models generated predictions of the posterior distribution of
questing probabilities for a given nymph origin (i.e., means and 95% highest density intervals
(HDIs) that include the most credible values of the posterior distribution). In addition to the
model estimates, we also report summaries of the raw data (proportions of nymphs observed
each year).

2011—Wisconsin nymphs were far more likely than South Carolina nymphs to be ob-
served on stems at a field site in the northern US. These data comprise 752 observations of
16 experimental arenas placed in west central Wisconsin in 2011 over a 10-week time period
(May-July). For 521 (69%) observations, no nymphs were observed on stems. In the remaining
observations, up to 10 nymphs were observed questing on the stems, and < 8 nymphs were vis-
ible for > 95% of non-zero observations. Nymphs tested in the arenas were the F; progeny of
mothers collected in Wisconsin (WI) or South Carolina (SC). We fit a model to predict quest-
ing behavior as a function of tick origin. Arena, hour of observation, and sample session were
fit as random effects to account for potential variation among arenas, times of day and seasons.

The overall proportion of nymphs observed on stems in arenas in 2011 is displayed in
Fig 1A; this proportion was much higher for WI nymphs (0.0368) than for SC nymphs (0.0008).

Model predictions of the probability of observing nymphs on stems as a function of nymph
origin are summarized in Table 1. On average, WI nymphs were predicted to be 19.5 times as
likely as SC nymphs to be observed. There was considerable variation in predicted stem use by
nymphs within an origin, as reflected by the broad 95% HDI for each parameter estimate.
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Fig 1. Questing behavior data from experimental arenas in Wisconsin (WI) during June-July 2011. (A)
Proportion of nymphs from each origin observed questing on stems. A higher proportion of WI nymphs were
observed on the stems compared to the South Carolina (SC) nymphs. (B) Proportion of nymphs from each
origin recovered when arenas were depopulated on July 30, 2011. Recovery rates were similar for nymphs
from both origins. The data used in this figure are given in S1 Data (A) and S2 Data (B).

doi:10.1371/journal.pone.0127450.g001

To determine if the regression coefficients of the nymph origins (WI and SC) were credibly
different from one another, we estimated the posterior distribution of the difference between
the coefficients. Coefficients were considered to be credibly different if the HDIs of the posteri-
or distribution of their difference did not encompass zero [48]. This analysis revealed a credible
difference in the probability of observing questing WI nymphs versus questing SC nymphs
(WI—SC mean = 0.032, 95% HDI = 0.004, 0.076; S1 Table).

2012—Wisconsin nymphs were more likely to quest on or above the surface of the leaf
litter than North Carolina or South Carolina nymphs at field sites in the northern and
southern US. These data comprise 2640 observations of 66 different experimental arenas lo-
cated at four sites (W1, RI, TN, and FL) in the eastern U.S. in 2012 over a 19-week time period
(mid-May-mid-September). For 2059 (78%) observations, no nymphs were observed on
stems, leaf litter surfaces, or the arena walls; hereafter, “questing” refers to nymphs observed in
any of these locations. In the remaining observations up to 20 nymphs were observed questing,
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Table 1. Probability of nymph questing as a function of nymph origin.

Year Site where tested

2011 Wi

2012 FL
TN
RI
Wi

Posterior probability of questing by origin means (95%

Effect size (ratio of questing)

HDIs)
wi sc NC WI:SC WE:NC SC:NC
0.034 0.002 : 19.5% = -
(0.004, 0.071) (8.0e-9, .001)
0.006 0.002 0.001 3.6* 7.0* 2.0
(0.001, 0.011) (5e-4, 0.003) (7e-5, 2e-3)
0.019 0.005 0.002 4.0* 11.6* 3.0
(0.005, 0.037) (0.001, 0.009) (3e-4, 0.004)
0.004 0.001 de-4 5.0% 9.9* 2.0
(0.001, 0.007) (1e-4, 0.002) (4e-5, 1e-3)
0.020 0.005 0.002 3.9* 11.3* 2.9
(0.005, 0.039) (0.002, 0.009) (3e-4, 0.004)

Posterior distributions for models predicting probability of questing nymphs from each origin (WI, SC, NC) at each field site (WI, RI, TN and FL) in each
experimental year (2011, 2012). Posterior distributions are summarized by means and 95% HDlIs in parentheses. Effect sizes were calculated as the ratio

of the posterior mean questing probability of one origin to another origin. In 2011, nymphs were tested only at one site (WI) and questing behavior was

measured as the presence of nymphs on stems. North Carolina (NC) nymphs were not tested in 2011. In 2012, questing behavior was measured as the

presence of nymphs on stems, leaf litter, and arena walls. The asterisks and bolded font indicate those comparisons for which a credible difference was
evident (S1 Table). The data shown in this table are given in S1 Data (2011) and S3 Data (2012), and the R code that generated it is found in S1 Text.

doi:10.1371/journal.pone.0127450.t001

and < 10 nymphs were visible for > 95% of non-zero observations. Nymphs tested in the are-
nas were the F, progeny of mothers collected in WI or SC, or the F; progeny of mothers collect-
ed in North Carolina (NC) or SC; the two generations were evenly distributed at all sites. We
fit a model to predict questing behavior as a function of tick origin. Arena, site, and week were
fit as random effects to account for heterogeneity among arenas, locations where nymphs were
tested (sites), and time (week in which sample occurred).

The overall proportion of observed questing nymphs at each site (WL, RI, TN and FL) from
each origin (W1, SC and NC) in 2012 is displayed in Fig 2A. WI nymphs were observed most
often at all four sites, with the total proportion questing ranging from 0.008-0.050 among the
sites. Nymphs from SC were observed second most often (proportion ranging from 0.001-0.013),
and NC nymphs were observed least often (proportion ranging from 0.001-0.004) at all sites.

Model predictions of the probability of observing nymphs on stems, leaf litter surfaces, or
arena walls as a function of nymph origin are summarized in Table 1. On average, WI nymphs
were 3.6-11.6 times as likely as those from SC or NC to be questing in arenas. As in 2011, con-
siderable within-origin variation was observed, as reflected by the broad 95% HDIs estimates.

Comparisons involving WI nymphs (WI—SC; WI—NC) were deemed credibly different at
all four sites (S1 Table). None of the SC—NC comparisons revealed credible differences (i.e. all
95% HDIs overlapped zero), indicating that the questing probabilities of these two origins were
not different at any site.

The WI:SC comparison undertaken in WIin 2011 produced an effect size of 19.5 (Table 1).
When this same comparison was repeated at all four observation sites in 2012, effect sizes were
lower than those observed in 2011 (Table 1; range 3.6-5.0). This was due, in part, to the 'stric-
ter' definition of questing used in 2011 (counting nymphs on stems) versus 2012 (counting
nymphs on stems, leaf litter surfaces, and arena walls). When the 2011 definition was applied
to the 2012 data, the effect sizes for the WI:SC comparison rose (range 8.3-14.8 for the four ob-
servation sites).
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Fig 2. Questing behavior data from experimental arenas at northern and southern field sites; May-
September, 2012. (A) Proportion of nymphs at each field site, from each origin, observed questing on stems,
leaf litter, and arena walls. Wisconsin (WI) nymphs were observed in higher proportions compared to North
Carolina (NC) or South Carolina (SC) nymphs at all four field sites. (B) Proportion of nymphs from each origin
recovered at each field site when arenas were depopulated September 13-20, 2012. Recovery rates varied
for each nymph origin at the four sites. The data used in this figure are given in (A) S3 Data and (B) S4 Data.

doi:10.1371/journal.pone.0127450.g002

Survival rates in 2011 did not differ among nymph origins; 2012 survival
varied by origin among sites

Wisconsin and South Carolina nymphs showed similar survival in arenas at a field site
in the northern US in 2011. The observation of greater questing on stems by WI compared
to SC nymphs could have resulted from greater mortality of the southern nymphs in the north-
ern environment. To assess this possibility, we fit a model to predict the probability of recover-
ing nymphs from a given origin at the end of the experiment. Arena was fit as a random effect.
The observed recovery of nymphs ranged from 17%- 48% of those initially released into arenas.
Furthermore, the overall proportion of live nymphs recovered from arenas at the end of the ex-
periment was similar for nymphs of both origins (WI = 0.333, SC = 0.357; Fig 1B). This similar-
ity in recovery rates strongly suggests that the difference in questing behavior of the two groups
was not a consequence of differential survival.

If nymphal questing behavior were a function of survival we would anticipate finding a posi-
tive relationship between questing behavior and recovery; visual inspection of Fig 1A and 1B
reveals no such pattern. Furthermore, we did not observe a credible difference in recovery
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Table 2. Probability of nymph recovery as a function of nymph origin.

Year Site where tested
2011 Wi
2012 FL

TN

RI

Wi

Posterior probability of recovery by origin means (95%

Effect size (ratio of recovery)

HDIs)
wi sc NC WI:SC WI:NC SC:NC
0.326 0.357 5 0.9 . :
(0.248, 0.396) (0.283, 0.435)
0.442 0.392 0.146 1.1 3.0* 2.7%
(0.270, 0.614) (0.221, 0.574) (0.014, 0.288)
0.553 0.505 0.365 1.1 15 14
(0.362, 0.735) (0.307, 0.688) (0.152, 0.638)
0.385 0.195 0.210 2.0 1.8 0.9
(0.205, 0.568) (0.091, 0.315) (0.065, 0.394)
0.455 0.262 0.245 1.7% 1.9 1.1

(0.293, 0.631)

(0.146, 0.400)

(0.076, 0.422)

Posterior distributions for models predicting probability of recovery of nymphs from each origin (WI, SC, NC) at each field site (WI, RI, TN and FL) in each
experimental year (2011, 2012). Posterior distributions are summarized by means and 95% HDlIs (in parentheses). Effect sizes are calculated as the ratio

of the posterior mean recovery probability of one origin to another origin. In 2011, nymphs were tested in experimental arenas for 69 days; North Carolina

(NC) nymphs were not tested that year. In 2012, nymphs were tested for a much longer period (132—137 days). The asterisks and bolded font indicates
those comparisons for which a credible difference was evident (S2 Table). The data shown in this table are given in S2 Data (2011) and S4 Data (2012),
and the R code that generated it is found in S1 Text.

doi:10.1371/journal.pone.0127450.t002

between WI and SC nymphs (WI-SC mean = -0.026, 95% HDI = -0.118, 0.080; S2 Table).
Model predictions of the probability of recovering nymphs from arenas as a function of nymph
origin are summarized in Table 2.

Wisconsin, South Carolina, and North Carolina nymphs showed varied survival at
field sites in the northern and southern US in 2012. Recovery of nymphs from arenas
was highly variable in 2012, ranging from 0%-91% of the number initially released. We
again fit a model with the outcome variable as number of ticks recovered from an arena,
and arena and site as random effects to account for heterogeneity in recovery rates among
the arenas and site locations. The overall proportion of nymphs recovered from each origin
varied at each site. However, the variation in recovery did not correlate with the questing
patterns exhibited by nymphs of each origin at each site (Fig 2A and 2B). This suggests
that differential survival was not responsible for the overall pattern of observed questing
differences.

Table 2 summarizes the model predictions of the probability of recovering nymphs as a
function of nymph origin at each site. WI nymphs were predicted to be 1.1-2.0 times as likely
as SC nymphs, and 1.5-3.0 times as likely as NC nympbhs, to be recovered at all sites (Table 2).
Model parameters describing the relationships among recovery and origin were variable within
and among sites, indicating that the nymphs in our study experienced a wide range of survival
rates. Differences of posterior distribution of WI—SC and WI—NC recovery probabilities
were not deemed credibly different at three of four sites. The SC—NC comparison was also not
different at three of four sites (S2 Table). The WT origin nymphs exhibited higher survival
probability than SC and NC origin nymphs at the WT site; NC origin ticks did not survive as
well as WI or SC nymphs at the FL site.

Taken together, the 2011 and 2012 analyses point to a consistent behavioral pattern where-
by nymphs from two southern, non-endemic origins (SC and NC) were far less likely to quest
on or above the leaf litter than nymphs from one northern, endemic origin (WI). Furthermore,
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our survival analyses suggest these questing differences were not an artifact of differential
nymph survival.

Discussion

Southern origin /. scapularis nymphs rarely emerge from leaf litter as
compared with nymphs from a northern origin, regardless of
environment

We report consistent, pronounced differences in the questing behavior of I. scapularis nymphs
from southern origins (SC, NC) compared with nymphs from a northern origin (WI). The
northern-derived nymphs were much more likely (3.6-19.5 times) to be observed questing
above the leaf litter in experimental arenas during both years and at all sites (northern sites—
WI, RI; southern sites—TN, FL) where they were observed. These results support our hypothe-
sis that nymphs from non-endemic, southern regions typically remain in the substrate layers of
the forest floor and therefore are unlikely to come into contact with human hosts. Determining
the generality of this result will require further study, however additional experiments con-
ducted with nymphs from several locations throughout the eastern US further support our hy-
pothesis that questing differences are consistent between nymphs from northern and southern
sites [49]. We suggest that this behavior of southern nymphs contributes significantly to the
low incidence of human LD cases reported in the southeastern United States. Our results sup-
port the hypothesis that the Lyme Disease Gradient in the eastern US is due, in part, to regional
differences in vector behavior.

Opverall, the northern origin (WI) nymphs were always most likely to be seen questing above
the leaf litter (Table 1). In 2011 we observed a larger relative difference in questing probability
for WI nymphs (19.5 times SC nympbhs) than in 2012 (3.6-5.0 times SC nymphs). Effect sizes
were lower in part because of the more stringent definition of “questing” in 2011. Southern
ticks will occasionally venture onto the surface of leaf litter, but they rarely climb above it. Con-
sequently, when “questing” is defined as climbing above the litter (as we did in 2011), the differ-
ence in WI vs SC behavior is more pronounced than if questing is defined as “on or above” the
litter (as in 2012). However even when corrected for this, effect sizes were still higher in 2011.
That year, observers visited the arenas bi-hourly, up to 13 times during a sampling session,
whereas in 2012 arenas were observed at 8-hour intervals, for no more than three times in a
sampling session. We speculate that the more frequent observer visits in 2011 may have elevat-
ed the questing response of the northern nymphs but not of the southern nympbhs, as the former
often parasitize small mammals [30, 42] and other hosts whose cues originate from above the
leaf litter, whereas the latter more typically parasitize fossorial lizards [39-41, 43, 44] whose
cues originate from below the leaf litter. Our observation in 2011 that the number of nymphs
seen during a sampling session (i.e. 24- or 14-hour period of recurring bi-hourly observations)
was typically highest for observations in the latter half of the session supports this hypothesis.
The overall lower rates of questing in 2012 are also consistent with this hypothesis. Natural vari-
ability in questing behavior could also have contributed to differences between years.

Differences in questing cannot be explained by differences in
survivorship

In 2011, we did not observe a credible difference in probability of recovery (= index of survival)
for northern and southern nymphs placed in arenas for approximately 10 weeks (Table 2). In
2012, we extended the observation period, from 10 to 19 weeks, in order to explore the possibil-
ity that southern ticks might eventually quest more vigorously if given a sufficiently long
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opportunity to do so or if behavior varies seasonally. In nature, nymphal activity in northern
regions commences in mid-spring and tapers off by mid- to late summer [3, 7, 40, 50]. Al-
though we observed increased activity for all three nymph origins during the second half of the
2012 observation period, the northern origin ticks continued to show greater activity above the
leaf litter than southern origin ticks throughout the entire observation period and at all sites
(S1 Fig). Our observations of late-season questing in the arenas, but not in natural conditions
[50], most likely reflect the isolation of ticks in arenas from their hosts and predators. In nature,
ticks are finding hosts or being eaten, thus removing them from the system and contributing to
the observed declines in questing activity over the season. The longer observation period, how-
ever, did accentuate differences in tick recovery rates among groups at each site, but these dif-
ferences did not correlate with the observed questing patterns at each site. Most striking were
patterns observed at the southern sites (TN and FL) where W1 and SC nymphs displayed simi-
lar recovery rates, but remarkably different questing behaviors (Fig 2A and 2B). In laboratory
trials WI nymphs have higher survival rates than SC nymphs when relative humidity is low
(approximately 75%) [51]. Our field observations confirm this result; WI nymphs survived bet-
ter than SC nymphs at the northern sites (WI and RI; Fig 2B); these had lower ambient relative
humidity compared to the southern sites (S3 Table). Future studies are needed to determine if
these findings reflect ecological adaptation by northern origin tick populations.

Only a small proportion of nymphs are questing at any given time

Another key finding from this study is that on average, the probability of observing nymphs
questing at a given time was very low (< 3.5% in either year; Table 1). Questing activity of I.
ricinus (the LD vector in Europe) nymphs released into field plots was approximately 4-10%
[52]; drag efficiency of I. pacificus (LD vector in the western US) nymphs at a field site in Cali-
fornia was determined to be on average 5.4% [53]; and mark-recapture studies in the northeast
found that drag cloths sample approximately 6% of the total I. scapularis nymphal population
at a given time [54]. Our results suggest that these are plausible estimates for the proportions of
questing nymphs from LD endemic regions, but highly overestimate the proportion of nymphs
that will be dragged in non-endemic regions (Table 1). An important point is that since >90%
of the nymph population will not be dragged at any given time, even small variations in quest-
ing behavior between regions with similar population densities will result in large differences
in drag sampling success.

Hypotheses for differences in questing behavior of northern and
southern I. scapularis nymphs

Prior studies have demonstrated there are differences in ‘draggability’ (likelihood of being col-
lected on drag cloths) of northern and southern nymphs [3, 23, 35-38]; the current experiment
provides a mechanistic explanation for this observation. Equivalent latitudinal trends in dragg-
ability, climate, and host use are observed in I. pacificus in California, where nymphs are drag-
gable in northern, but rarely in southern California [55]. As is the case in the eastern US,
California’s LD incidence is much lower in the south of the state than in the north [55]. Below
we explore non-mutually exclusive hypotheses to explain geographic differences in questing
behavior.

Ixodes scapularis nymphs are known to show regional differences in their use of particular
classes of vertebrate hosts. Northern nymphs are generally found parasitizing small mammals,
particularly mice and chipmunks [30, 42]. Southern nymphs are found mainly on lizards, par-
ticularly skinks that utilize habitats below the leaf litter surface [39-41, 43, 44]. While some
tick species are known to quest in vertical locations that maximize contact with their primary
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hosts [56, 57] it remains unclear whether I. scapularis’ associations reflect host preference by
nymphs, host-independent questing strategies of nymphs, differences in host ecology (abun-
dance, distribution, behavior), and/or differences in abiotic conditions affecting the interac-
tions between nymphs and hosts.

In general, ticks quest more often and higher when ambient air is less desiccating (i.e., high
humidity and/or lower temperature; [58-60]) presumably due to I. scapularis’ intolerance to
dry conditions [61]. Schulze and Jordan [62] showed that I. scapularis nymphs in New Jersey
were most readily collected on drag cloths in the early morning hours, when ambient relative
humidity (RH) was high and temperatures were low. In 2011, we observed a similar pattern as
Schulze and Jordan—nymphs were most active in the morning hours when RH was high and
temps low (S2 Fig). In 2012, nymphs were most active at midnight (S3 Fig), when RH was
higher, but there was little difference in the overall morning (RH similar to midnight) and
evening (lower RH than midnight) activity levels. There was a slight trend toward decreased
questing activity for all origins when average ambient RH was below 80% (S1 Fig); there were
several weeks, however, when nymph activity remained low despite RH readings well above
80% (S1 Fig). Questing activity at the sites seemed more influenced by seasonal trends than by
day-to-day variation in abiotic conditions—nymphs at all four sites exhibited higher questing
activity weeks 10-19 (S1 Fig) despite fluctuating abiotic conditions. In our study, the ambient
conditions at non-Lyme endemic sites (TN and FL) were typically warmer and more humid
than the endemic sites (WI and RI; S3 Table). This suggests that ambient RH is unlikely to be a
limiting factor for questing activity by I. scapularis ticks at the southern sites. Given that tem-
perature and energy (lipid) consumption in ticks are positively correlated [63], the higher tem-
peratures at the southern sites may exert a selection pressure for southern ticks to emerge less
from within the leaf litter (where it is generally cooler than above the leaf litter; S3 Table). Fu-
ture studies are necessary to delineate the role of temperature on questing behavior of regional
tick populations. Ginsberg et al. [51] studied survival patterns of different genotypes of I. scapu-
laris and showed reduced survival of larvae under southern versus northern conditions. There
may well be a connection between this finding and ours, since reduced survival under hot con-
ditions in the south may be a selection pressure for reduced questing above the leaf litter. How-
ever, we do not know yet whether desiccation stress was the reason for reduced survival of
southern nymphs at some of the sites in 2012—this is being investigated presently.

Environment and genetic differences amongst ticks likely affect tick questing behavior.
When populations display phenotypic plasticity (different phenotypes in different environ-
ments) for a trait (e.g., questing behavior), common garden experiments—where individuals
with different genetic backgrounds are raised and tested together, in the same environment—
can be used to determine whether the source of this variation is due to differences in genetics,
environment, or an interaction of the two [64]. Genetic influences for a trait are inferred if indi-
viduals from different groups (geographic locations, in this case) are reared together in the
same environment, yet continue to display phenotypic differences [64]. Our results clearly im-
plicate a genetic component for questing behavior. We observed consistent phenotypic differ-
ences at all common garden sites (WL, RI, TN and FL) and in both years (2011 and 2012) of
our experiment. In I. scapularis populations, mitochondrial lineages representing a widespread
“American Clade” and more geographically limited “Southern Clade” have been identified
[31], however the behavioral differences in our experiment did not correlate with nymphs’ mi-
tochondrial type. Both WI and NC nymphs were American clade, yet WI nymphs quested sub-
stantially more often than NC nymphs. As nuclear genetic markers for I. scapularis are
developed [65] it may be possible to identify markers correlating with variation in questing
behavior. We were unable to directly assess the possibility of a genotype-by-environment
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interaction, as between observation site comparisons of questing were confounded by the ne-
cessity of employing different observers at the different sites.

Conclusion

Our experiments demonstrate that nymphs originating from southern, non-endemic, low LD
risk areas generally stayed below the leaf litter surface while nymphs from a northern, LD en-
demic, high-risk area were much more likely to quest on or above the leaf litter surface. This re-
sult was consistent at all sites and under markedly varying environmental conditions, which
suggests that a genetic component is partially responsible for the observed variation in questing
behavior.

Climatic variables [26-29], biodiversity [10, 11, 19, 30], and tick genetics [31, 32] have all
been proposed as explanations for the Lyme Disease Gradient in the eastern US. Such hypothe-
ses focus on the ultimate causes of the observed geographic variation. Here we describe quest-
ing behavior of ticks from selected northern and southern locations and demonstrate that a
mechanism—differences in questing behavior—is likely contributing to the observed geo-
graphic variation in human LD risk. In a subsequent article we will address the generality of
these behavior trends for nymphs collected from geographically scattered northern and south-
ern sites [49] which will help to explain the variation in human LD risk throughout I. scapu-
laris’ distribution; this is critical information to inform the public and health workers. Future
studies are needed to unravel the ultimate causes for such differences in behavior as well as
how plastic and adaptable questing behavior may be. This will be especially important to help
to predict disease risk in areas where blacklegged tick populations are becoming established.
Specifically, as northern populations of blacklegged ticks expand southward [66-68], will the
risk of Lyme disease also expand? Or, will factors currently suppressing ‘risky’ nymphal quest-
ing behavior prevail?

More broadly, this study highlights the importance of vector behavior in disease ecology.
Here we provide an example of how a shift in one aspect of vector behavior can translate into
profound differences in transmission of disease to humans. The impacts of vector behavior on
disease transmission to humans are noted in other vector-borne disease systems including ma-
laria [69, 70], West Nile virus encephalitis [71], and Chagas disease [72, 73]. Continued re-
search on the role of vector behavior and disease transmission is a critical foundation upon
which to build improved approaches for mitigating disease risk. In the case of LD, I. scapularis
ranges continue to expand [3, 27, 35, 66, 68], and so a better understanding of regional nymph
behavior will be critical for forecasting change in human risk.

Materials and Methods

All mouse and rabbit handling and tick feeding protocols were approved through Michigan
State University’s Institutional Animal Care and Use Committee (AUF # 06/09-094-00). Per-
mission for field site use and to conduct the research was obtained from Tall Timbers Research
Station and Land Conservancy, the University of Tennessee’s Forest Resources AgResearch
and Education Center (FRAEC) and Fort McCoy Military Installation.

Field Sites

In 2011, we measured the climbing behavior of nymphal I. scapularis placed at a field site at
Fort McCoy Garrison, Wisconsin (latitude 44.01°N), a LD endemic area. In 2012, we expanded
our study to include two LD endemic and two non-endemic sites. The 2012 LD endemic sites
comprised Fort McCoy plus a site near Kingston, Rhode Island (latitude 41.48°N); the non-
endemic sites were near Oak Ridge, Tennessee (latitude 36.01°N) and at Tall Timbers Research
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Station, Florida (latitude 30.53°N). All sites were located in mixed deciduous forests. The forest
at Fort McCoy was dominated by various oaks (Quercus spp.), pines (Pinus spp.) and red ma-
ples (Acer rubrumy), with a shrub layer of mostly tree saplings. The Rhode Island site was domi-
nated by red maple (A. rubrum), white pine (Pinus strobus), and white oak (Q. alba), with tree
saplings in the shrub layer. The Tennessee forest was dominated by upland oaks (Quercus
spp.), hickory (Carya spp.) and yellow poplar (Liriodendron tulipifera), with a mixed understo-
ry containing various saplings and several invasive understory species. The Florida forest was
dominated by oak (Quercus spp.), maple (Acer spp.), interspersed with shortleaf pine and a
shrub layer dominated by tree saplings. Average canopy cover estimates for the sites during the
study months ranged from 86%-92%. Meteorological measurements (temperature and relative
humidity) were recorded hourly at each site in both years, using paired iButton data loggers
(Hygrochron, Dallas Semiconductor) placed just below the surface of the leaf litter level (0 cm)
and above ground (10 cm).

Rearing Nymphs

The laboratory-reared nymphs used in 2011 originated from 22 (WI = 8, SC = 14) engorged fe-
male I. scapularis collected in November 2010 from hunter harvested deer at check stations in
Monroe County, Wisconsin (latitude 44.01°N) and Aiken County, South Carolina (latitude
33.56° N). Engorged females were allowed to oviposit in individual vials in humidity chambers
at 21°C and 98% relative humidity at 16:8 (L:D) hour photoperiod conditions. At 2 to 7 weeks
of age, the resulting larvae were fed on female laboratory mice (ICR (CD-1) strain, Mus muscu-
lus) and allowed to molt into nymphs; at 2 to 4 weeks of age, these nymphs were transferred to
the field sites.

Seven groups of nymphs (3 WI, 4 SC) from the 2011 colonies were used to propagate a sec-
ond generation of nymphs that were used in the 2012 experiments. Two of these groups were
siblings of the nymphs used in the 2011 experiments, while the remaining five groups were
from other females collected at the same locations and time as the mothers of the 2011 nymphs
(S4 Table). Nymphs were fed on female laboratory mice and engorged nymphs were housed in-
dividually in vials where they were allowed to molt into adults. Adults of a single origin (WT or
SC) were then mated together on New Zealand White rabbits (Oryctolagus cuniculus) in No-
vember 2011. The resulting engorged females were maintained as described above through the
ovipositional period. Resulting larvae were reared to nymphs using the 2011 protocol. In No-
vember 2011, 5 additional engorged females were collected from hunter killed deer at check
stations in Hyde County, North Carolina (latitude 35.50°N) and Aiken County, South Carolina
(latitude 33.56°N) to provide additional nymphs for the 2012 experiment.

Experimental apparatus and questing observations

Ticks originating from Wisconsin (WI) and South Carolina (SC; 2011 and 2012) and North
Carolina (NC; 2012) were placed at field sites in the eastern US (Wisconsin (WTI) in 2011; WI,
Rhode Island (RI), Tennessee (TN), and Florida (FL) in 2012). The design of the 2011 experi-
ment consisted of 5 blocks, each containing 4 arenas. All naturally-occurring ticks were re-
moved by heat-treating locally-obtained leaf litter before adding it to the arenas. Two arenas
were not seeded with nymphs and served as experimental controls for the effectiveness of the
arena barrier and leaf litter heat treatment. In 2011, there were 5 individual sightings of a single
nymph (which was not removed when sighted) in the treated control arenas. No nymphs were
recovered from the treated controls during the survival assessments. In 2012, to provide further
assurance that all preexisting, local ticks were removed from the leaf litter after heat treatment
and before the experimental nymphs were released, we conducted microdrags (pressing a
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12 cm x 12 cm square of white flannel material against the leaf litter inside of the arenas) and
carbon dioxide (CO,) assays (dry ice baits) in each arena at each site. In 2012, no nymphs were
observed in control arenas at any of the four sites, and no nymphs were recovered from these
arenas during end-of-study survival assessments.

The arena design was modified from previously published apparatuses used for measuring
Ixodes spp. questing behavior in natural field conditions [52, 74]. Each arena consisted of a 0.5
m diameter circle of 25 cm high aluminum flashing sunk ~7 cm into the ground. A 6 cm block-
ade of Tree Tanglefoot Insect Barrier (Contech) was applied to the top inner rim of the arenas
to prevent ticks climbing out [74]. Inside the arenas we installed 24, 3.0 mm wide bamboo
dowel rods (stems), of three heights, 5 cm, 10 cm, and 20 cm. The stems were spaced in a semi-
regular pattern, with the height of stem at each position randomized. These stems served to
mimic understory vegetation that ticks can climb in their natural environment. Arenas were
grouped in blocks of four and surrounded by a 60 cm wire mesh (2.54 cm) barrier and covered
with a wire mesh lid (54 Fig). This excluded large and medium-sized terrestrial species and
birds from the arenas, while the aluminum flashing walls provided a barrier to deflect smaller
terrestrial vertebrates.

In 2011, 16 arenas in Wisconsin each received 44-60 lab-reared nymphs of a single geo-
graphic origin (8 received WI nymphs; 8 received SC nymphs). Due to limited availability of
lab-reared nymphs, some arenas contained nymphs from multiple mothers originating from
the same geographic origin (S4 Table). Nymphs were deposited into the arenas on May 23,
2011. Observers, who were blind to the origin of nymphs in the arenas, recorded the number of
nymphs visible on the stems during a two minute observation of the arena (Fig 3) at bi-hourly
intervals during three 24-hour (June 15-16, July 7-8, July 29-30) and one 14-hour (July 5)
sampling periods. Control arenas were checked in the same manner during each sampling
visit. This sampling design was employed because it was not known whether I. scapularis
nymphs from different origins might have divergent patterns of diel activity. The questing be-
havior of the SC versus WI nymphs was compared statistically based on the log-odds of their
presence on stems.

In 2012, the experimental design at each site consisted of four blocks of four arenas, each
arena containing 37-62 nymphal ticks from a single geographic origin (5 from WI, 3 from NC,
and 8 from SC) and two unseeded additional arenas which served as controls for the leaf litter
and arena barriers. The W1 site had two additional arenas containing SC derived ticks. Arenas
were established using the same protocol as 2011, except that the number of stems used was re-
duced from 24 to 15 (5 of each of the same heights used in 2011) leaving a larger area of “stem-
less” leaf litter adjacent to the arena walls. Spacing between stems remained the same in both
years. This design was replicated at each of the four field site locations. Nymphs were deposited
into the arenas during the 1* week of May, 2012. Nymph questing in arenas was recorded by
observers blinded to nymph origin in the morning (approx. 0800 hours) and late afternoon
(approx. 1600 hours) at weekly or biweekly intervals from May-September 2012. Additionally,
a total of 18 midnight observations were carried out at 3 of the sites (FL, TN, and WI). We
chose these times to conduct our observations based the periods of highest-activity of WI and
SC nymphs observed in 2011 (S1 Fig). In 2012, we expanded our definition of nymph questing
to include ticks on the leaf litter and arena wall, as well as on stems, after observing nymphs in
these locations during the 2011 observations. We hypothesize that all such nymphs emerged
from the leaf litter represent a potential risk to human hosts, not just those on stems. As ticks
do not jump or fly, they must make direct contact with a host in order to attach and acquire a
bloodmeal [75]. Ticks emerged from the leaf litter can instantly position their forelegs in the
air to attach to a passing host. Ticks under the leaf litter (not emerged) would have difficulty
making direct contact with hosts walking upon the leaf litter, as the leaf litter would create a
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Fig 3. Ixodes scapularis nymph questing on stem in experimental arena. 1 cm of a 10 cm dowel is
visible. Photo by G. Hickling.

doi:10.1371/journal.pone.0127450.g003

barrier between the nymph’s forelegs and the host body. The questing behavior of the nymphs
was again assessed by estimating the log-odds of observing emerged nymphs. In 2012, each site
had its own set of observers.

Tick Survival

Once behavioral observations were complete (in July 30, 2011 and mid-September 2012,
respectively), we assessed the relative survival of the nymphs in each arena by conducting
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searches of the arena litter. In 2011, we placed air-activated hand warmers (Grabber, Byron
Center, Michigan), wrapped in white flannel into the arenas for 1.5-2 hours. Nympbhs attracted
to the heat were removed from the flannel and placed in 95% ethanol. A 12 cm x 12 cm square
of white flannel material was then pressed against the leaf litter inside of the arenas (= micro-
drag) and rustling the leaf litter to stir it up and expose subsurface dwelling nymphs. After the
initial microdrag, a second round of microdrags was performed, again stirring the leaf litter
and with moving the cloth through the leaf litter to contact in the sub-surface layers. Individu-
als were placed in 95% ethanol to preserve their field collected condition. In 2012, the heat
pack method was abandoned because it appeared to preferentially target W1 ticks (captured
53.9% of all WT ticks recovered) over SC ticks (captured 6.0% of all SC ticks recovered) and sur-
vival was assessed using only the microdragging method.

Statistical Analyses

We used a Bayesian approach for predicting the log-odds of nymph questing behavior as a
function of nymph geographic origin. No p-values are reported; but rather summaries of the
posterior distributions generated from models using the data obtained. These posterior distri-
butions describe the plausibility of possible parameter values generated from the model, given
the data we observed [76]. Our goals were to quantify questing behavior and evaluate the
strength of evidence for effect of geographic origin on the questing behavior of I. scapularis
nymphs. We used a multilevel binomial regression model to predict the log-odds of observing
questing nymphs in the arenas. Questing behavior was measured by counting the number of
nymphs visible on stems (2011), or on stems, leaf litter and arena walls (2012) during a given
two-minute observation of an arena. Similarly, survival was measured using a multilevel bino-
mial regression model to predict the log-odds of recovering nymphs from arenas at the end of
each study period. Survival was measured by tallying the number of nymphs recovered from
arenas at the end of each experiment. We adopted a multilevel modeling approach (see Gelman
and Hill [77] for an overview) for the reasons outlined by McElreath and Koster [76]; briefly,
the approach simultaneously addresses our concerns regarding repeated measures and imbal-
anced sampling. The questing behavior models allowed for nymph questing to vary by individ-
ual arena, observation date, state of origin, and (in 2012) site of observation. The survival
models allowed for nymph recovery to vary by individual arena, state of origin, and (in 2012)
site of observation. Models were fitted using Stan 2.3.0 [78], a Hamiltonian Monte Carlo sam-
pler, to draw samples from the joint posterior density of the parameters. We used weakly infor-
mative regularizing priors to analyze the data. The results we present are based on estimates
derived from 3,000 samples of each parameter, after 1,000 samples for adaptation. Conver-
gence was assessed by trace plots. To determine if the regression coefficients of the nymph ori-
gins were credibly different from one another, we estimated the posterior distribution of the
difference between the coefficients. Coefficients were considered to be credibly different if the
HDIs of the posterior distribution of their difference did not encompass zero [48]. Model code
was generated using a convenience package for Rstan known as map2stan [79]. To visualize
the results, predicted log-odds and the associated highest density interval (HDI) were back-
transformed into probabilities. All statistical analyses were undertaken using R 3.1.0 (http://
WWWw.I-project.org).

Supporting Information

S1 Data. Spreadsheet containing 2011 data displayed in Fig 1, Table 1, and S1 Table.
(CSV)
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S2 Data. Spreadsheet containing 2011 data displayed in Fig 1, Table 2, and S2 Table.
(CSV)

$3 Data. Spreadsheet containing 2012 data displayed in Fig 2, Table 1, and S1 Table.
(CSV)

S$4 Data. Spreadsheet containing 2012 data displayed in Fig 2, Table 2, and S2 Table.
(CSV)

S5 Data. Spreadsheet containing data displayed in S1 Fig.
(CSV)

$6 Data. Spreadsheet containing data displayed in S2 Fig.
(CSV)

S$7 Data. Spreadsheet containing data displayed in S3 Fig.
(CSV)

S8 Data. Spreadsheet containing data displayed in S3 Table.
(CSV)

S1 Fig. Summary of nymph questing activity and abiotic conditions at each site in 2012.
Mean proportion of questing nymphs (by nymph origin-WI, SC, NC) observed in arenas dur-
ing weekly observations (bar graphs, primary y-axis) at the 4 field sites in 2012: (A) Florida, (B)
Rhode Island, (C) Tennessee and (D) Wisconsin. Mean ambient (10 cm) temperature and rela-
tive humidity readings for each observation week are expressed by line graphs with values on
the secondary y-axis. The first column (panels A and C) shows data for the southern, non-en-
demic sites (FL and TN), the second column (panel B and D) shows data for the northern, en-
demic sites (RI and WI). NOTE: Primary y-axis differs for top and bottom rows. Although we
did observe increased activity for all three nymph origins during the second half of the 2012 ob-
servation period, on average, WI nymphs (black bars) quested at higher proportions than SC
and NC nymphs (grey and white bars) throughout the entire observation period and at all
sites. The data used in this figure are given in S6 Data.

(TIF)

S2 Fig. Bi-hourly questing activity patterns at WI field site in 2011. Proportion of nymphal
I. scapularis (means + 95CIs) of northern (WI) and southern (SC) U.S. origin, questing on
stems during each observation time, in outdoor arenas in Wisconsin, June-July 2011. For both
groups, emergence was highest before 0830 hours and dropped steadily with the exception of a
small peak observed in the late afternoon (1230-1630 hours). The data used in this figure are
given in S7 Data.

(TIF)

$3 Fig. Questing activity patterns (all sites) by observation time, 2012. Proportion of
nymphal I. scapularis (means * 95 CIs) of northern (WI) and southern (NC, SC) origin, ob-
served questing at all four sites during each observation hour (am = ~0800 hours, pm = ~1600
hours, mid = ~0000 hours), in outdoor arenas at 4 sites (WI, RL, TN, FL) in 2012. Questing was
highest during the midnight observations; am and pm observations yielded similar numbers of
ticks for all 3 origins. The data used in this figure are given in S8 Data.

(TTF)

S4 Fig. Experimental arenas for tick questing behavior experiments 2011, 2012. Arenas
were grouped in blocks of four and surrounded with wire mesh.
(TIF)
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S1 Table. Determination of nymph questing differences. Posterior mean difference in pre-
dicted probability of questing between origins for each site where nymphs were observed. The
asterisks and bolded font indicates those comparisons for which a credible difference (HDIs do
not include zero) has been determined. The data shown in this table are given in S1 Data
(2011) and S3 Data (2012), and the R code that generated it is found in S1 Text.

(DOCX)

S2 Table. Determination of nymph recovery differences. Posterior mean difference in pre-
dicted probability of recovery between origins for each site where nymphs were observed. The
asterisks and bolded font indicates those comparisons for which a credible difference (HDIs do
not include zero) has been determined. The data shown in this table are given in S2 Data
(2011) and S4 Data (2012), and the R code that generated it is found in S1 Text.

(DOCX)

$3 Table. Environmental conditions at field sites in 2011 and 2012. Temperature and rela-
tive humidity (means + SD) at leaf litter (level “0 cm”) or above leaf litter (level “10 cm” = ambi-
ent) inside arenas at each field site in 2011 and 2012. Fort McCoy, Wisconsin was the only study
site in 2011. In 2012, readings were discontinued after the second week of September. Latitude
coordinates obtained from nationalatlas.gov. The data shown in this table are given in S5 Data.
(DOCX)

S4 Table. Nymph ancestry and experimental design 2011, 2012. Number of clutches (moth-
ers) used to propagate nymphs for behavior experiments in 2011 and 2012. Engorged females
were collected from hunter harvested deer in fall of 2010 in Wisconsin (Wl,4;0) and South Ca-
rolina (SCyp;0) and produced nymphs for 2011 experiments. Nymphs for the 2012 experiments
were offspring of the nymphal cohort raised from the females collected in 2010. Two of 2012
clutches (WIg2010+) were directly related to the WI clutches used in 2011 arenas, while the re-
maining 5 clutches (WIg; 2010, SCr2,2010) Were derived from mothers collected at the same time
(but not related to) as those who provided clutches for 2011 arenas. Additional engorged fe-
males were collected from deer in North Carolina (NC,g;;) and South Carolina (SCs;;) in fall
of 2011 and were used to supplement the 2012 nymph supply. A single arena always contained
nymphs from the same geographic origin (WI, SC or NC), however nymphs within an arena
could have all been siblings from a single clutch (homogeneous) or a mixture of siblings and
non-siblings from multiple clutches (heterogeneous).

(DOCX)

S1 Text. Commented R code used to generate Table 1 and 2, S1 and S2 Table.
(DOCX)
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