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Abstract
Two tick-borne diseases with expanding case and vector distributions are ehrlichiosis

(transmitted by Amblyomma americanum) and rickettiosis (transmitted by A. maculatum
and Dermacentor variabilis). There is a critical need to identify the specific habitats where

each of these species is likely to be encountered to classify and pinpoint risk areas. Conse-

quently, an in-depth tick prevalence study was conducted on the dominant ticks in the

southeast. Vegetation, soil, and remote sensing data were used to test the hypothesis that

habitat and vegetation variables can predict tick abundances. No variables were significant

predictors of A. americanum adult and nymph tick abundance, and no clustering was evi-

dent because this species was found throughout the study area. For A. maculatum adult

tick abundance was predicted by NDVI and by the interaction between habitat type and

plant diversity; two significant population clusters were identified in a heterogeneous area

suitable for quail habitat. For D. variabilis no environmental variables were significant predic-

tors of adult abundance; however, D. variabilis collections clustered in three significant

areas best described as agriculture areas with defined edges. This study identified few land-

scape and vegetation variables associated with tick presence. While some variables were

significantly associated with tick populations, the amount of explained variation was not

useful for predicting reliably where ticks occur; consequently, additional research that

includes multiple sampling seasons and locations throughout the southeast are warranted.

This low amount of explained variation may also be due to the use of hosts for dispersal,

and potentially to other abiotic and biotic variables. Host species play a large role in the

establishment, maintenance, and dispersal of a tick species, as well as the maintenance of

disease cycles, dispersal to new areas, and identification of risk areas.
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Introduction
The roles of Amblyomma americanum (lone star tick), Amblyomma maculatum (Gulf coast
tick), and Dermacentor variabilis (American dog tick) in tick-borne disease (TBD) transmis-
sion has been directed at host association studies [1–6], but field studies investigating habitat



overlying sedimentary rock [28], and these data have been used to identify potential locations
with Lyme disease (aka risk areas). Thus, the habitat’s microclimate, vegetation, and soil type
likely have significant effects on tick abundance and questing activity and on the dynamics of
TBDs. Habitat suitability also includes other stages in a tick’s life, including overwintering,
molting, and oviposition sites.

Previous work at Ames Plantation in southwestern Tennessee and within the previously



Tick Collection
Based upon a trapping methods comparison (unpublished), CO2-dry ice traps, conventional
dragging, CO2-dragging, and CO2-flagging were used for tick sampling during June of 2014
when tick-borne diseases peak in Tennessee [7, 33, 34]. One dry ice trap was set at the middle
of each center 100m transect and left overnight. The remaining three collection methods were
randomly assigned to each 100m transect and checked for ticks every 20m along each transect.
All encountered ticks were removed, counted, and placed in vials of 80% ethanol. Ticks were
identified in the laboratory to life-stage, species, and sex [35–37].

Vegetation Characterization
Vegetation was sampled in a 1m2 quadrat at the center point of each tick drag along the center
transect at each site. Therefore, plant community composition and structure were sampled at
10, 30, 50, 70, and 90m along each centerline. Within each sampling area, each plant species
was identified and percent cover of each species was visually estimated with an adapted Dau-
benmire cover scale (<1%, 1–5%, 5–10%, 10–25%, 25–50%, 50–75%, 75–95%, > 95%) and
transformed to median values for community similarity analyses. Transect data for each site
were combined for both diversity and composition pattern analyses. To determine percentage
canopy openness and leaf area index (LAI), hemispherical photographs taken in the transect
center (50m) with a fisheye lens on a 1m tripod were analyzed with Gap Light Analyzer soft-
ware [38]. All photographs were taken on cloudless days in late May between 0830 and 1330 h.

Fig 1. Ticks were collected from a variety of land cover classifications (A), and spatial clustering analysis indicated Amblyomma maculatum
adults had two clusters (B), Dermacentor variabilis adults had three clusters (C), and Ixodes scapularis nymphs had one cluster (D). Land cover
classification is generated from the Landsat 8 OLI image downloaded at http://earthobservatory.nasa.gov

doi:10.1371/journal.pone.0144092.g001
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To determine vertical structure, basal area was estimated using a handheld prism, identifying
and including tree species with a diameter at breast height (dbh) > 5cm at each sampling point



sites (A. americanum nymphs and adults), MANOVA was used to examine habitat use. For
MANOVAs, the dependent variable was the number of individuals in each stage class (adults
or nymphs) at a site. For tick species in which only adults were well represented (A. maculatum
and D. variabilis), an ANOVA was used with number of adult ticks at a site as the dependent
variable. Dependent variables were log-transformed to meet model assumptions. In both
MANOVA and ANOVA, our predictor variables were habitat type, plant diversity (Shannon
Index), plant evenness (Eh





upland deciduous, 2.1 ± 0.58 in coniferous, and 0.8 ± 0.28 in grassland sites. The presence of I.
scapularis did not differ across habitats (X2 = 1.32; df = 3; P = 0.725), and neither did popula-
tion sizes (F = 0.4724; df = 3, 72; P = 0.7025).

Comparisons of A. americanum life stages mirrored total A. americanum collections. A
total of 727 adults were collected of which significantly more were collected at coniferous sites
(15.9 ± 2.12) and upland deciduous sites (12.8 ± 2.79) than bottomland deciduous sites
(5.1 ± 1.30) and grassland sites (3.0 ± 0.72) (F = 12.34; df = 3, 72; P<



of the total Sum of Squares (Table 4). For D. variabilis, no variables were significant predictors
of adult tick abundance (Table 5).

Cluster Detection and Identification
Spatial clusters were not identified for A. americanum total counts, adult or nymphal counts
indicating the species and life stages were found throughout Ames Plantation (P> 0.05).

Table 2. Error matrix for landcover classification in AMES plantation showed overall accuracy of 0.7 (Kappa value of 0.62) and the largest confu-
sion found between bottomland deciduous and upland deciduous.

Ground-truth land covers

Agriculture Bottomland
Deciduous

Grass/
Pasture

Coniferous Upland
Deciduous

Water/
marsh

Total *Error of
Commission

Agriculture 21 3 4 0 1 1 30 0.30

Bottomland
Deciduous

3 17 2 4 7 0 33 0.48

Grass/pasture 1 1 14 0 0 1 17 0.17

Coniferous 1 2 0 20 4 1 28 0.28

Upland Deciduous 1 5 1 3 22 0 32 0.31

Water/marsh 0 0 1 0 0 19 20 0.05

Total 27 28 22 27 34 22 160

**Error of
Omission

0.22 0.39 0.36 0.25 0.35 0.13 0.70

*Error of commission: percentage of misclassified pixel against ground truth data

**Error of omission: percentage of omitted pixel against ground truth data

doi:10.1371/journal.pone.0144092.t002

Table 3. MANOVA table for abundances of Amblyomma americanum adults and nymphs indicates that no variables were significant predictors of
adult and nymph tick abundance.

Potential Predictor Df Pillai Approximate F value Num. Df Den. Df P value

habitat type 3 0.133553 0.8348 6 70 0.54717



Analysis of A. maculatum adults identified two statistically significant clusters, one cluster with
1 site (RR = 64.6, P = 0.05) and a second cluster with sixteen sites (RR = 7.3; P = 0.028) (Fig
1b). Analysis of D. variabilis adults identified three statistically significant clusters, one cluster
with five sites (RR = 3.1, P = 0.0005), a second cluster with one site (RR = 6.8, P = 0.0016), and
a third cluster with four sites (RR = 3.1; P = 0.029) (Fig 1). While only seven I. scapularis were
collected from four sites, these seven were found in a single statistically significant cluster
(RR = 80.0, P = 0.001) (Fig 1d).

Discussion
A thorough understanding of tick populations and their pathogens is essential to the accurate
and timely diagnosis of TBDs, the development of risk assessments, and advancement of man-
agement plans to control ticks and reduce TBDs. This study identified few vegetation and land-
scape variables associated with tick presence or density, and this is likely due to ticks using
hosts for dispersal and limiting our environmental variables to vegetation and landscape fea-
tures to one tick season and study site. This study focused on vegetative and landscape features
because these data are easier to obtain over broad geographic regions and because these traits
likely influence ticks directly through abiotic factors and indirectly through their effects on
host species. While some variables, such as NDVI and the interaction between habitat type and
plant diversity, were significantly associated with one tick species, the amount of variation
explained was low and not useful for predicting presence or density reliably. The NDVI coeffi-
cient was extremely small (9x10-14) and likely an artifact of the large number of 0s (tick
absence); while statistically significant, the association is weak and not biologically useful for

Table 4. ANOVA table for abundances of Amblyomma maculatum adults indicate A. maculatum presence can be predicated by NDVI and by inter-
action between habitat type and plant diversity.

Potential Predictor Df Sum Sq Mean Sq F value P value

habitat type 3 0.164 0.0547 0.721 0.5463

plant diversity 1 0.0263 0.0263 0.346 0.5601

plant evenness 1 0.1009 0.1009 1.331 0.2565

basal area 1 0.1694 0.1694 2.234 0.1439

distance to roads 1 0.0101 0.0101 0.133 0.718

patchiness 1 0.006 0.006 0.079 0.7804

openness 1 0.0005 0.0005 0.007 0.9336

NDVI 1 0.3844 0.3844 5.068 0.0308*

soil pH 1 0.0041 0.0041 0.054 0.8172

water 1 0.0056 0.0056 0.074 0.7868

habitat type: plant diversity 3 0.853 0.2843 3.749 0.0195*

habitat type: plant evenness 3 0.1389 0.0463 0.611 0.6126

habitat type: basal area 3 0.0265 0.0088 0.117 0.9498

habitat type: distance to roads 3 0.3715 0.1238 1.633 0.1994

habitat type: patchiness 3 0.0427 0.0142 0.188 0.9041

habitat type: openness 3 0.4738 0.1579 2.082 0.1203

habitat type: NDVI 3 0.0119 0.004 0.053 0.9839

habitat type: soil pH 3 0.1233 0.0411 0.542 0.6568

habitat type: water 3 0.1516 0.0505 0.666 0.5784

Residuals 35 2.6543 0.0758

Bolded values are significant (* P < 0.05).

doi:10.1371/journal.pone.0144092.t004
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prediction. This low amount of variation explained by our models is likely due to the use of
hosts for dispersal [47, 48] and potentially other environmental variables such relative humid-
ity [49, 50] and soil conditions [28]. Host species play a large role in the establishment, mainte-
nance, and dispersal of a tick species, as well as the maintenance of disease cycles and
associated pathogens [29, 32, 51]. Identification of preferred host species for each tick species
in western Tennessee will help determine the factors that aide in the establishment and mainte-
nance of tick populations and identify potential mechanisms (i.e., host agents) of tick (and
pathogen) dispersal.

Although we were unable to identify specific environmental variables associated with each
tick species and/or life stage, we found significant spatial clusters for A. maculatum, D. variabi-
lis, and I. scapularis. Again, we speculate that this clustering might be due to 1) uncharacterized
environmental variables, 2) the need for additional seasonal sampling and replication, and 3)
the use of hosts for dispersal. Other constraints that might favor or limit tick populations
include the assemblage of host species and habitat parameters. This might include not just
using hosts for dispersal and a food source, but also for “directed dispersal”,habnifi



agriculture with crops, field, and woods, but all with generally hard, clearly defined edges. For a
cosmopolitan tick such as D.



habitats. Mesomammals such as raccoons, skunks, and opossums can also be found through-
out the plantation, and these species have a generalized affinity for habitats, and there are likely
some occasional seasonal tendencies, but few will be predictable. Ticks using these animals as
primary hosts will probably be found in mixed environments, and true predictability with
repeatability will be rare. Hosts with small home ranges, such as birds and small mammals, will
likely have the greatest impact on tick populations. These animals commonly prefer specific
vegetation types, and other abiotic/biotic parameters. As a part of the preliminary host studies,
white-footed deer mice were collected in field, hardwood, and pine habitats; however, hispid
cotton rats were only collected in field grass habitats. Hispid cotton rats are noted as primary
hosts for immature A. maculatum [29, 55]. This leads us to hypothesize that host-habitat speci-
ficity will also likely influence tick presence and absence.

Although large numbers of ticks were collected, a majority of the questing ticks were A.
americanum. The critical next step is to determine 1) how the environment influences a tick’s
ability to locate a host, 2) how the environment influences the presence and abundance of
potential tick hosts, and 3) how environmental variables and host community jointly influence
population sizes and dispersal of each tick species (and subsequent pathogens). As with I. sca-
pularis and Lyme disease, it is likely that the environment provides shelter and food sources for
southeastern ticks with the ability to transmit Ehrlichia and/or Rickettsia pathogens. Moreover,
the environment provides questing sites for tick attachment, and questing sites are essentially
where pathogen transmission begins. Additional drivers into tick range expansion likely
include climate warming and/or habitat change as both will affect the plant composition and
subsequent host composition for ticks and their pathogens. Further studies into this system
that include hosts, vectors, and pathogens [66] that describe the nidus of pathogen transmis-
sion [67] such as those presented by Simon et al. [68] are necessary for these southern TBDs.

These data serve as groundwork for commonly encountered ticks and for tick-habitat asso-
ciations in the southeastern United States and demonstrate a need for 1) continued work on
tick-habitat associations that include multiple seasons and sampling efforts, 2) inclusion of
hosts in future studies, and 3) concurrent pathogen detection studies to identify areas with
pathogen-infected ticks. These findings will assist future endeavors at field sites and serve as
foundational data for tick distribution models for the region. Consequently, these findings
serve as the basis for determining species distribution, identifying local tick habitats, and ana-
lyzing tick biological patterns. With additional tick and pathogen surveillance, these and addi-
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