
VECTOR-BORNE AND ZOONOTIC DISEASES
Volume 7, Number 4, 2007
© Mary Ann Liebert, Inc.
DOI: 10.1089/vbz.2007.0116

Habitat Factors Influencing Distributions of 
Anaplasma phagocytophilum and Ehrlichia chaffeensis

in the Mississippi Alluvial Valley

J.S. MANANGAN,1 S.H. SCHWEITZER,1 N. NIBBELINK,1
M.J. YABSLEY,1,2 S.E.J. GIBBS,2 and M.C. WIMBERLY1,3

ABSTRACT

Human monocytotropic ehrlichiosis (HME), caused by the bacterium Ehrlichia chaffeensis, and human granulo-
cytic anaplasmosis (HGA), caused by the bacterium Anaplasma phagocytophilum, are two emerging tick-borne
zoonoses of concern. Factors influencing geographic distributions of these pathogens are not fully understood, es-
pecially at varying spatial extents (regional versus landscape) and resolutions (counties versus smaller land units).
We used logistic regression to compare influences of physical environment, land cover composition, and land-
scape heterogeneity on distributions of A. phagocytophilum and E. chaffeensis at multiple spatial extents. Pathogen
presence or absence was determined from white-tailed deer (Odocoileus virginianus) serum samples collected from
1981 to 2005. Ecological predictor variables were derived from spatial datasets that represented deer density, ele-
vation, land cover, normalized difference vegetation index (NDVI), hydrology, and soil moisture. We used three
strategies (a priori, exploratory, and spatial extent) to develop models. Best fitting models were applied within a
geographic information system to create predictive probability surfaces for each bacterium. Ecological predictor
variables generally resulted in better fitting models for E. chaffeensis than A. phagocytophilum (90.5% and 68%
sensitivity, respectively), possibly as a result of differences in the natural histories of tick vectors. Although al-
ternative model development strategies produced different models, in all cases bacteria presence or absence was
affected by a combination of soil moisture or flooding variables (thought to affect primarily tick vectors) and for-
est cover or NDVI variables (thought to affect primarily mammalian hosts). This research demonstrates the po-
tential for modeling the distributions of microscopic tick-borne pathogens using coarse regional datasets and em-
phasizes the importance of forest cover and flooding as environmental constraints, as well as the importance of
considering ecological variables at multiple spatial extents. Key words: Anaplasma phagocytophilum—Ehrlichia
chaffeensis—Tick-borne disease—Forest fragmentation—Landscape ecology—Geographic information systems—
Mississippi alluvial valley.
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INTRODUCTION

HUMAN MONOCYTOTROPIC EHRLICHIOSIS (HME),
caused by the bacterium Ehrlichia chaffeen-

sis, and human granulocytic anaplasmosis
(HGA), caused by the bacterium Anaplasma
phagocytophilum, are two emerging tick-borne
zoonoses of concern. The severity of HME

and HGE varies among individuals and re-
sults in the death of 2%–3% of affected pa-
tients (McQuiston et al. 2003). Reported HME
cases occur mainly in the southeastern and
south central United States; HGA cases occur
more commonly in the northeastern and up-
per midwestern United States (Demma et al.
2005).
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The complex zoonotic cycles of bacteria, tick
vectors, and mammalian hosts create unique
challenges for discerning geographic distribu-
tions of these pathogens. The black-legged tick
(Ixodes scapularis) is a three-host tick and is the
primary vector of A. phagocytophilum in the
eastern United States (Telford et al. 1996). The
white-footed mouse (Peromyscus leucopus) is its
principal host in the eastern United States and
is also a competent reservoir for A. phagocy-
tophilum (DesVignes and Fish 1997, Magnarelli
et al. 1999). The white-tailed deer (Odocoileus
virginianus) is an important host for adult ticks
(Mount et al. 1997). The lone star tick (Ambly-
omma americanum) is the primary vector of E.
chaffeensis (Anderson et al. 1993). The white-
tailed deer is the principal host of the lone star
tick and an important reservoir for E. chaffeen-
sis (Mount et al. 1993, Dawson et al. 1994). Vec-
tor species’ distributions are not constant
throughout their geographic ranges and are
influenced locally by forest fragmentation,
temperature, vegetation, and vapor pressure
(Estrada-Pena 1998, Schulze et al. 2002,
Brownstein et al. 2003, Wilder and Mekle 2004,
Ogden et al. 2005). Host availability, host
movement, and suitable habitat affect the abil-
ity of ticks to establish successful populations
at new sites (Wilson 1998, Thomson and Con-
nor 2000, Guerra et al. 2002). Size, shape, iso-
lation, and connectivity of habitat patches also
influence host movements and infection rates
of ticks and hosts (Allan et al. 2003, Estrada-
Pena 2003, Brinkman et al. 2005, Ostfeld et al.
2005).

White-tailed deer are an effective sentinel
species for defining geographic distributions of
E. chaffeensis and A. phagocytophilum (Yabsley et
al. 2003, Dugan et al. 2006). Spatial analyses of
each bacterium based on white-tailed deer
serum samples across 18 states predicted
pathogen distributions at a county level that had
strong correlations with reported human cases
of HME and HGA (Dugan 2005, Yabsley et al.
2005). Our study built on existing knowledge of
the distributions of A. phagocytophilum and E.
chaffeensis by performing spatial analyses at an
increased data resolution (land management
units rather than counties) and focusing on a
smaller geographical area than previously used
(the Mississippi alluvial valley).

The primary objective of our exploratory
analysis was to determine the influences of
physical environment, land cover composition,
and landscape heterogeneity on distributions
of A. phagocytophilum and E. chaffeensis; and to
assess how these influences varied at multiple
spatial extents. A secondary objective was to
assess the potential for mapping risk of expo-
sure to each bacterium for the Mississippi al-
luvial valley. To accomplish these objectives,
we developed several models using logistic
regression, and we applied the final models
within a geographic information system (GIS)
to generate predicted probability surfaces for
each pathogen. Multiple hypotheses were de-
veloped to consider the effects of ecological
predictor variables on pathogen distributions:

• Land cover variables are correlated with
pathogen presence through their influence
on habitat for tick vectors and mammalian
hosts.

• Landscape connectivity is correlated with
pathogen presence through its influence on
movements of mammalian hosts.

• Soil moisture and flooding are correlated
with pathogen presence through their influ-
ence on habitat for tick vectors and mam-
malian hosts.

• The influences of ecological predictor vari-
ables vary with the spatial extent used to
measure them.

MATERIALS AND METHODS

Study location

The Mississippi alluvial valley (MAV) en-
compasses the area bordering the lower Mis-
sissippi River that historically received alluvial
deposits from frequent flooding (Stanturf et al.
2000, LMVJV 2001). Although the MAV was
historically covered by bottomland forests, it is
now dominated by agriculture, and the re-
maining forests are highly fragmented (Rudis
1995). Past studies based on serology of white-
tailed deer have found lower prevalences of A.
phagocytophilum and E. chaffeensis within the
MAV than in surrounding ecoregions (Yabsley
et al. 2003, Dugan et al. 2006). In some in-
stances, deer sampled outside the MAV tested
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positive for both bacteria, but neighboring ar-
eas of the MAV tested negative, suggesting an
isolation effect (Yabsley et al. 2005, Dugan et al.
2006).

Anaplasma phagocytophilum and Ehrlichia
chaffeensis database

A surveillance database of serum samples
from white-tailed deer in wildlife management
areas, national wildlife refuges, national forests,
and private lands throughout the MAV was de-
veloped for the period 1981–2002 by the South-
eastern Cooperative Wildlife Disease Study,
University of Georgia, Athens (Yabsley et al.
2003, Dugan et al. 2006). The database consisted
of results of an indirect immunofluorescent an-
tibody test of serum for the presence of anti-
bodies reactive to E. chaffeensis and A. phagocy-
tophilum for each deer population (Lockhart et
al. 1996, Yabsley et al. 2003, Dugan et al. 2006).
We conducted additional tests of archived
serum samples to expand the existing database
to include the serostatuses of a total of 65 white-
tailed deer populations tested for both A. phago-
cytophilum and E. chaffeensis. An additional three
populations were tested for E. chaffeensis, for a
total of 68 populations. Populations were classi-
fied as positive if � 1 seropositive deer was de-
tected and negative if � 5 deer were seronega-
tive according to previously established criteria
(Yabsley et al. 2003, Dugan et al. 2006). Sample
collection sites (latitude and longitude) were
used if available; otherwise, centroids of public
land polygons were designated as deer popula-
tion locations within a GIS.

Logistic regression modeling

Explanatory variables. Ecological predictor
variables for logistic regression modeling are
described in Table 1. Soil drainage and deer
density variables were developed previously
(Yabsley et al. 2005). From the spatial analyst
extension of ArcGIS 9.0 (Environmental Sys-
tems Research Institute, Redlands, CA), a cost
distance surface was calculated as a cost-
weighted distance from the boundary of the
MAV to the sample collection location based
on a MAV border from the Lower Mississippi
Valley Joint Venture (LMVJV 2001). A forest
and non-forest map derived from the 1992 Na-

tional Land Cover Dataset (NLCD) (Vogel-
mann et al. 1998) was used as the cost raster;
each pixel of non-forest represented a greater
cost for movement across the landscape, with
a score of 1, and each pixel of forest represented
no cost for movement across the landscape,
with a score of 0. Deer density data from 1999
were obtained from the Quality Deer Manage-
ment Association (Yabsley et al. 2005). Eleva-
tion data were obtained from the 30-m USGS
National Elevation Dataset. A circular moving
window with a 1.6-km radius was used to
smooth the elevation dataset to represent local
average elevations for a second elevation index.
Mean and maximum seasonal and annual nor-
malized difference vegetation indices (NDVI)
were calculated by averaging 2002 16-day com-
posites from a 250-m MODIS dataset obtained
from the Global Land Cover Facility (Carroll et
al. 2002). Seasons were classified as spring
(March–May), summer (June–August), fall
(September–November), and winter (Decem-
ber–February). Land cover values for agricul-
ture, deciduous forest, total forest, and wooded
wetlands were calculated as percentages from
the NLCD. A percent forest edge variable was
developed based on forest and non-forest ar-
eas derived from the NLCD. Boundaries of
wildlife management areas, national forests,
and national wildlife refuge locations were ob-
tained from the LMVJV. A measure of distance
from major rivers and lakes within the MAV
was developed from vector hydrography data
(1:100,000) obtained from the LMVJV. Buffers
of 3, 5, and 7 km were identified around the
same major rivers dataset. Flooding frequency,
hydric soils, and soil drainage indices were
calculated from the State Soil Geographic
(STATSGO) database (1:250,000) to produce a
composite value associated with each soil poly-
gon. The flood probability dataset represented
a relative flood frequency index obtained from
Ducks Unlimited and was developed from 23
years of historic stream gauge data and Land-
sat thematic imagery (Shankle 2004).

Spatial extents. Five spatial extents were cre-
ated for each white-tailed deer population lo-
cation (circles of 1.5-, 5-, 10-, 15-, and 20-km
radii) to consider the effects of spatial scale.
Small spatial extents were loosely based on
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white-tailed deer home ranges, and large spa-
tial extents represented dispersal distances of
yearling males within an area of highly frag-
mented forests, which can vary by age, gender,
and habitat quality (Nixon et al. 1994, Long et
al. 2005, McCoy et al. 2005). The ecological pre-
dictor variables were summarized at each spa-
tial extent, resulting in five measurements of
each variable for each deer population. Cost
distance, distance to lakes/rivers, elevation,
flood frequency and probability, hydric soils,
NDVI, and soil drainage were each calculated
as a mean value per spatial extent. The deer
density class occupying the majority of each
spatial extent was calculated to represent the
deer population locations. The percentage of
each land cover class was also calculated for
each spatial extent.

Logistic regression models. Four categories of lo-
gistic regression models were developed with
JMP 6 (SAS Institute, Inc., Cary, NC) and Minitab
Statistical Software13.32 (Minitab Inc., State Col-
lege, PA). In all cases, serostatus of white-tailed
deer populations was the dependent variable.
Separate univariate logistic regression analyses
were completed for each predictor variable at
each of the five spatial extents to consider the in-
fluence of scale on predicting each bacterium,
and to reduce the number of independent vari-
ables in subsequent exploratory models.

Spatial Extent Models: Multivariate models
for each spatial extent (i.e., circular buffers of
1.5-, 5-, 10-, 15-, and 20-km radii) were devel-
oped using stepwise logistic regression with a
p � 0.05 cutoff value for E. chaffeensis and a p �
0.15 cutoff value for A. phagocytophilum.
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TABLE 1. DESCRIPTION OF VARIABLES USED IN LOGISTIC REGRESSION MODELING

Variable Variable description Units Range

Cost distance Cost distance from edge of MAV Meters 0–23,409
as a function of forest cover and
minimum distance

Deer density Categories of deer density for No. of deer/km2 5 categories for densities
each county based on 2000 of 0 to �45
QDMA image

Distance to major Shortest straight line distance to Meters 0–41,527
major rivers and lakes of the MAV

Elevation Average elevation Meters 0.20–168.41
Smoothed elevation Average elevation after Meters 0.18–15.17

smoothing elevation dataset
Flood frequency Frequency of flooding in any year None 0–98.33
Flood probability Probability of flooding based on Probability 0–98.83

stream gauge data and Landsat
imagery

Hydric soils Soils that are saturated, flooded, None 0–960
or ponded during the growing
season

Soil drainage Natural drainage condition of the None 0–710
soil, based on frequency and
duration of periods when the soil
is free of saturation

River corridors Indicator variable for presence None 0 or 1
within 3-, 5-, and 7-km buffers
surrounding major river corridors

Normalized Spectral index of vegetation NDVI 0–237
difference cover, computed as seasonal and 200 � 50

Vegetation index annual means and maxima
Land cover Percentage of agricultural fields % cover 0–870

Percentage of forest edge % cover 0–270
Percentage of deciduous forest % cover 0–980
Percentage of all forest types % cover 0–100
Percentage of wooded wetlands % cover 0–100

QDMA Quality Deer Management Association.
MAV: Mississippi alluvial valley.
NDVI: Normalized difference vegetation index.



Exploratory models: To reduce the initial list
of variables, p values and area under the re-
ceiver operating characteristic curve (AUC)
values from univariate models were used to se-
lect the most significant spatial extent for each
variable. Multivariate exploratory models were
developed from this subset of variables using
multiple spatial extents and stepwise logistic
regression with a p � 0.05 cutoff value for E.
chaffeensis and a p � 0.15 cutoff value for A.
phagocytophilum.

A priori models were constructed with one
soil moisture or flood probability variable (hy-
pothesized to influence tick populations) and
one land cover or cost distance variable (hy-
pothesized to influence host populations).

Evaluation of models: Univariate models
were evaluated by AUC and model p values as
indices of predictive power and model fit. Mul-
tivariate models were evaluated by AUC and
pseudo-R2 values. The AUC provides a mea-
sure of the models’ ability to discriminate be-
tween the presence and absence of the bacteria
(Hosmer and Lemshow 2000). Pseudo-R2 mea-

sures improvement in the fit of the model due
to the independent variables (Hosmer and
Lemshow 2000). The logistic regression models
were applied in ArcGIS 9.0 (Environmental
Systems Research Institute, Redlands, CA)
with ecological predictor variables throughout
the MAV. A map of predicted probabilities of
A. phagocytophilum and E. chaffeensis occurrence
was developed, with bacteria classified as pre-
sent if the calculated predicted probability
was � 0.5. Predicted values were compared to
observed values for white-tailed deer popula-
tions by calculating percent accuracy, sensitiv-
ity, and specificity (Yabsley et al. 2005).

RESULTS

White-tailed deer populations were sampled
throughout the MAV (Fig. 1). Of the 68 popu-
lations tested for the presence of antibodies to
E. chaffeensis, 25 tested negative and 43 tested
positive. Of the 65 populations tested for the
presence of antibodies to A. phagocytophilum, 39
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FIG. 1. Indirect immunoflourescent antibody results for white-tailed deer populations in the Mississippi Alluvial
Valley.
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tested negative and 26 tested positive. Of the
65 populations tested for both bacteria, 17 pop-
ulations were seropositive for both bacteria,
and 21 populations were seronegative for both
bacteria.

Several of the final models contained eco-
logical variables measured at multiple spatial
extents (Table 2). Overall, ecological predictor
variables resulted in better fitting logistic re-
gression models for E. chaffeensis than for A.
phagocytophilum. The best fitting model for E.
chaffeensis had an AUC value of 0.82, and a sen-

sitivity of 90.5% as compared to 0.77 and 68%
for A. phagocytophilum (Table 3).

Univariate logistic regression models

Univariate analyses revealed that relation-
ships between environmental variables and the
two bacteria varied with spatial extent. Al-
though some variables had similar predictive
abilities across the five spatial extents, univari-
ate models for E. chaffeensis consistently had
higher AUC values than A. phagocytophilum for
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TABLE 2. LOGISTIC REGRESSION MODELS FOR PREDICTING THE DISTRIBUTIONS

OF ANAPLASMA PHAGOCYTOPHILUM AND EHRLICHIA CHAFFEENSIS

Model Variable Coefficient �2 p Value

A. phagocytophilum
A priori Intercept 1.28 4.04 0.0445

Agriculture (20 km) �1.85 1.99 0.1585
Hydric soils (1.5 km) �0.02 6.67 0.0098

Exploratory* Intercept �8.04 4.54 0.033
Presence in 3 km river corridor �1.33 5 0.0253
Spring maximum NDVI (15 km) 0.04 4.85 0.0277

Spatial extent** Intercept �0.51 1.1 0.2953
Smoothed elevation (15 km) 0.29 3.36 0.0665
Presence in 3 km river corridor �1.45 6.11 0.0135

E. chaffeensis
A priori Intercept �1.75 2.62 0.1055

Wooded wetlands (20 km) �5.22 2.83 0.0927
Soil drainage (1.5 km) 0.09 7.47 0.0063

Exploratory** Intercept �8.12 3.98 0.0462
Percent edge (5 km) 16.52 4.26 0.039
Flood frequency (20 km) �0.07 8.31 0.0039
Fall mean NDVI (1.5 km) 0.05 6.28 0.0122

Spatial extent** Intercept �10.85 7.76 0.0053
Soil drainage (1.5 km) 0.10 7.41 0.0065
Fall mean NDVI (1.5 km) 0.05 5.47 0.0194

*Stepwise cut-off value of p � 0.15.
**Stepwise cut-off value of p � 0.05.
NDVI: Normalized difference vegetation indices.

TABLE 3. COMPARISON OF LOGISTIC REGRESSION MODELS FOR PREDICTING

THE DISTRIBUTIONS OF ANAPLASMA PHAGOCYTOPHILUM AND

EHRLICHIA CHAFFEENSIS IN THE MISSISSIPPI ALLUVIAL VALLEY (1981–2005)

AUC Accuracy Sensitivity Specificity
Model ROC Pseudo-R2 (%) (%) (%)

A. phagocytophilum
A priori 0.721 0.119 66.13 40.00 83.78
Exploratory 0.766 0.160 69.35 68.00 70.27
Spatial extent 0.747 0.157 67.70 44.00 83.80

E. chaffeensis
A priori 0.793 0.188 57.58 55.81 60.87
Exploratory 0.823 0.258 76.92 90.48 52.17
Spatial extent 0.810 0.229 76.92 85.71 60.87



several variables (cost distance, elevation, per-
cent deciduous, soil drainage, flood frequency,
and hydric soils). As spatial extents for E. chaf-
feensis increased, predictive ability also in-
creased for the flood frequency and hydric soil
variables (Fig. 2).

Spatial extent models

The best fitting spatial extent model for A.
phagocytophilum and E. chaffeensis included
variables measured at the 15-km and 1.5-km ex-
tents, respectively (Table 2). The predicted
probability of E. chaffeensis presence increased
with STATSGO soil drainage and fall NDVI
measured at a 1.5-km extent. The predicted
probability of A. phagotcytophilum presence in-
creased with smoothed elevation values mea-
sured at a 15-km extent, and it decreased with
presence in the 3-km river corridor.

Exploratory logistic regression models

Exploratory models resulted in higher accu-
racy and sensitivity than spatial extent and a
priori models when used to create predictive

probability maps (Fig. 3). The presence of E.
chaffeensis was positively related to percent
edge at the 5-km extent and fall mean NDVI at
the 1.5-km extent, and it was negatively related
to flood frequency at the 20-km extent. The
presence of A. phagocytophilum was negatively
related to presence of a location within the 3-
km major rivers buffer, and it was positively
related to spring maximum NDVI at the 15-km
extent. Maximum predicted probability values
derived from predicted probability maps for E.
chaffeensis (0.99) were greater than those for A.
phagocytophilum (0.82) in areas both within and
outside the MAV (Fig. 3). The high predicted
probability values also occurred more fre-
quently with a patchier distribution through-
out the valley for E. chaffeensis. Large areas
along the eastern side of the MAV appeared
negative for both bacteria, coinciding with ar-
eas of low forest cover and low deer density.

A priori models

The presence of E. chaffeensis was negatively
related to percent wooded wetlands at a 20-km
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FIG. 2. Comparison of area under the receiver operating characteristic curve (AUC) values for univariate logistic
regression models developed for five spatial extents.
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extent and positively related to soil drainage at
a 1.5-km extent in the model with the highest
AUC value. The presence of A. phagocytophilum
was negatively related to percent agriculture at
a 20-km extent and soil drainage at a 5-km ex-
tent in the model with the highest AUC value.

DISCUSSION

On the basis of white-tailed deer serum sam-
ples, we used logistic regression modeling in
an exploratory analysis (1) to determine the in-
fluences of ecological predictor variables on the
presence of A. phagocytophilum and E. chaffeen-
sis, and (2) to create predicted probability sur-
faces for each bacterium throughout the MAV.
It has been suggested that white-tailed deer do
not harbor the variant of A. phagocytophilum
that is the causative agent of HGA (Massung
et al. 2005). Our study is based solely on sero-
logic results; therefore our predicted probabil-
ity surface for A. phagocytophilum and the im-
plied risk to human health must be viewed

with caution. Nevertheless, serologic results
are sufficient for considering the use of GIS to
examine the relationships between pathogens
and ecological variables.

Our exploratory study into the types of GIS
datasets that would provide the strongest asso-
ciations with infected deer populations involved
screening a large number of explanatory vari-
ables, many of which were correlated with one
another. Explanatory models were composed of
different ecological predictor variables depend-
ing on the model type (a priori, exploratory, or
spatial extent). However, ecological relation-
ships were consistent across these models and
for both bacteria, supporting the ecological va-
lidity of our models. There were positive associ-
ations between pathogen presence and indica-
tors of forested landscapes (low agricultural
cover, high edge, and high NDVI) and negative
associations between pathogen presence and in-
dicators of flooding (high flood probability, low
soil drainage, and wooded wetlands).

An advantage of examining multiple spatial
extents (e.g., local, intermediate, and landscape
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FIG. 3. Probability of occurrences of E. chaffeensis and A. phagocytophilum predicted by logistic regression models
based on white-tailed deer serology and ecological predictor variables for the Mississippi Alluvial Valley.
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levels) rather than county-level averages, is an
enhanced ability to detect ecological relation-
ships. Measuring ecological variables at
smaller spatial extents should provide a more
precise characterization of factors affecting
ticks and hosts at a local (or home range) level,
and the use of larger spatial extents should pro-
vide an estimate of landscape variables more
important to broader movements of vertebrate
host species. Most ecological predictor vari-
ables (land cover type, soil drainage, flood fre-
quency, hydric soils, cost distance, and NDVI)
varied in their influence at different spatial ex-
tents. The inclusion of multiple spatial extents
in the final models emphasized the importance
of considering multiscale spatial analyses for
predictive mapping of tick-borne pathogens
rather than relying on the use of one spatial ex-
tent or several arbitrary spatial units for eco-
logical variable measurements (Table 2).

Overall, the modeling process resulted in
better fitting models for E. chaffeensis than for
A. phagocytophilum, regardless of the type of
model developed. The better fit and increased
sensitivity of E. chaffeensis models may be in-
fluenced by differences between primary reser-
voir host species of the two vectors of E. chaf-
feensis and A. phagocytophilum. Lone star ticks,
vectors of E. chaffeensis, rely on white-tailed
deer as important hosts for larval, nymphal,
and adult life stages, whereas black-legged
ticks rely on white-tailed deer as important
hosts only for adult ticks (Fish and Dowler
1989, Dawson et al. 1994, Childs and Paddock
2003). Because black-legged ticks depend on
multiple host species, it is more difficult to de-
velop a single predictive model that can incor-
porate multiple habitat relationships.

The negative correlations with moisture-re-
lated variables (Table 2) correspond to previ-
ous research that suggested a positive associa-
tion for I. scapularis with increasing distance to
water, and negative associations for I. scapu-
laris, A. americanum, and small mammals with
wetter soils, increased precipitation, and in-
creased flooding (Bunnell et al. 2003, Cham-
berlain and Leopold 2003, Dugan 2005, Yabs-
ley et al. 2005). At both the regional and the
local level, positive associations have been
found between tick distributions and relative
humidity (Schulze et al. 2001, Dugan 2005, Yab-

sley et al. 2005) or characteristics that contribute
to increased humidity for host-seeking ticks
(e.g., increased shrub density and leaf litter)
(Schulze et al. 2002). However, excessive mois-
ture at a local level can be detrimental to tick
survival (Bunnell et al. 2003). The negative re-
lationships between moisture-related variables
and the presence of E. chaffeensis and A. phago-
cytophilum are probably indicators of the unfa-
vorable influence of widespread seasonal
flooding on the presence of vectors of these
pathogens within the MAV, which corresponds
to previous research that demonstrated a neg-
ative correlation between precipitation and the
two pathogens (Dugan 2005, Yabsley et al.
2005).

The positive association between pathogen
presence and forest cover variables (spring max
NDVI, percent edge, and fall mean NDVI) cor-
respond with previous research about the use
of forest cover as habitat by white-tailed deer
and ticks in a fragmented area (Nixon et al.
1991, Ostfeld et al. 1995, Miranda and Porter
2003). The lack of significance of the cost dis-
tance variable in our final models suggested
that the current existence of land management
units in remnant forest patches isolated by ex-
tensive agricultural fields was not an important
factor influencing the distributions of these
pathogens. However, the percent edge variable
was significant for predicting the distribution
of E. chaffeensis, possibly by detecting dispersal
routes for white-tailed deer throughout the
MAV. Dispersal routes may be represented by
forest corridors that would be composed pri-
marily of forest edge, which could also be pro-
viding favorable tick habitat (Bunnell et al.
2003). Over the last two decades, the MAV has
become the focus of extensive bottomland
hardwood reforestation efforts driven by con-
cerns for maintaing wildlife habitats and good
water quality (Stanturf et al. 2000). The chang-
ing landscape of the MAV, as well as the ten-
dency for human populations to expand into
rural areas, may increase the potential for ex-
posure to tick-borne zoonoses in the future
(Childs and Paddock 2003).

The problem of selecting spatial datasets rel-
evant to vector or host ecology (i.e., selecting
the appropriate soil moisture variable from a
group that includes, for example, hydric soils,
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soil drainage, and flood probability, among
others) will become increasingly important as
GIS becomes more widely used for mapping
tick-borne disease risks. Local tick habitat con-
sists of only a few square meters, and currently
available spatial datasets cannot accurately re-
flect ecological characteristics at this fine scale.
However, our research demonstrates that rela-
tionships based on coarser predictors, such as
soils and land cover maps, are still useful for
making ecological inferences and developing
predictive maps. Multiple spatial extents must
be considered when measuring ecological pre-
dictor variables for tick-borne bacteria, because
their complex zoonotic cycles encompass
processes operating over a wide range of scales,
ranging from tick–environment relationships
within a few meters to deer movements over
many kilometers. We concluded that habitat
availability and connectivity for vector and
host species (as measured by land cover com-
position and configuration) and soil moisture
for vector species (as measured by water-re-
lated variables) influence distributions of E.
chaffeensis and A. phagocytophilum in the MAV.
To improve our predictive maps, we must con-
tinue to refine our environmental measure-
ments and make them more directly relevant
to the complex pathogen–vector–host relation-
ships that exist for vector-borne zoonoses.
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