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SAMPLING, DISTRIBUTION, DISPERSAL

Estimation of Dispersal Distances of Culex erraticus in a Focus of
Eastern Equine Encephalitis Virus in the Southeastern United States

LAURA K. ESTEP,1,2 NATHAN D. BURKETT-CADENA,3 GEOFFREY E. HILL,1

ROBERT S. UNNASCH,4 AND THOMAS R. UNNASCH5

J. Med. Entomol. 47(6): 977Ð986 (2010); DOI: 10.1603/ME10056

ABSTRACT Patterns of mosquito dispersal are important for predicting the risk of transmission of
mosquito-borne pathogens to vertebrate hosts. We studied dispersal behavior ofCulex erraticus (Dyar
& Knab), a potentially signiÞcant vector of eastern equine encephalitis virus (EEEV) that is often
associated with foci of this pathogen in the southeastern United States. Using data on the relative
density of resting adult female Cx. erraticus around known emergence sites in Tuskegee National
Forest, Alabama, we developed a model for the exponential decay of the relative density of adult
mosquitoes with distance from larval habitats through parameterization of dispersal kernels. The mean
and 99th percentile of dispersal distance forCx. erraticus estimated from this model were 0.97 and 3.21
km per gonotrophic cycle, respectively. Parameterized dispersal kernels and estimates of the upper
percentiles of dispersal distance of this species can potentially be used to predict EEEV infection risk
in areas surrounding the Tuskegee National Forest focus in the event of an EEEV outbreak. The model
that we develop for estimating the dispersal distance of Cx. erraticus from collections of adult
mosquitoes could be applicable to other mosquito species that emerge from discrete larval sites.

KEY WORDS eastern equine encephalitis, insect dispersal, GIS-based modeling, Culex erraticus,
larval habitat

Urbanization and the accompanying modiÞcation of
natural landscapes are increasing human exposure to
mosquito-borne pathogens (Norris 2004, Pimentel et
al. 2007, Patz et al. 2008). Predictions of such increases
follow directly from PavlovskyÕs theory of the natural
nidality of transmissible diseases, which states that
transmission of a vector-borne pathogen to humans
occurs via association with the natural focus of the
pathogen, with the focus deÞned as the speciÞc con-
ditions of habitat and geography that allow for main-
tenance of the natural transmission cycle of the patho-
gen (Pavlovsky 1966). Development adjacent to
natural habitats such as wetlands increases the fre-
quency of association between humans and isolated
pathogen foci, either through the encroachment of
human populations on foci or through areal expansion
of foci themselves via habitat alteration that creates
novel breeding sites for mosquito vectors (Norris
2004). Delineation of the geographic boundaries of
mosquito-borne disease foci is thus necessary for ac-

curate quantiÞcation of the degree of spatial associa-
tion between humans and disease-causing pathogens.

Such delineation is particularly relevant in the case
of eastern equine encephalitis virus (EEEV), a mos-
quito-borne pathogen that exhibits relatively stable
foci and that is the most severe of the arboviral en-
cephalitides in the United States. The human mortality
rate of persons infected with EEEV is 30Ð40% (Whit-
ley and Gnann 2002). Survivors of infection suffer mild
to severe neurological damage and commonly require
expensive, long-term medical care (Villari et al. 1995).
Horses and gamebirds are also commonly infected
with the virus and experience mortality rates �80%
(Scott and Weaver 1989).

Although it is an extremely pathogenic disease of
humans and horses, EEEV is one of the rarer viral
encephalitides causing clinical infections in the
United States. The rarity of EEE cases may be due, in
part, to the geographic isolation of the virus from areas
of human habitation. EEEV is endemic to freshwater
swamp habitats, where its primary enzootic vector,
Culiseta melanura (Coquillett), and avian reservoir
hosts are sympatric (Scott and Weaver 1989). As such,
delineation of the boundary zones surrounding these
foci is critical to identifying high-risk areas as popu-
lation growth and expansion in the Southeast poten-
tially lead to human encroachment on EEEV foci
(Wear and Greis 2001, Alig et al. 2004).

In the southeastern United States, the mosquito
species Culex erraticus (Dyar & Knab) has recently

1 Department of Biological Sciences, Auburn University, Auburn,
AL 36849.

2 Corresponding author: Department of Biological Sciences, Au-
burn University, Auburn, AL 36849 (e-mail: lke0001@auburn.edu).

3 Department of Entomology and Plant Pathology, Auburn Uni-
versity, Auburn, AL 36849.

4 Sound Science LLC, Boise, ID.
5 Department of Global Health, College of Public Health, Univer-

sity of South Florida, Tampa, FL 33620.

0022-2585/10/0977Ð0986$04.00/0 � 2010 Entomological Society of America



been identiÞed as a bridge vector that may play a key
role in the transmission of EEEV to humans and horses
(Cupp et al. 2003, 2004; Cohen et al. 2009). This mos-
quito is a moderately competent vector of EEEV and
feeds on both birds and mammals (Chamberlain et al.
1954, Hassan et al. 2003). Its typical larval habitat in the
southeastern United States is permanent bodies of
fresh water overgrown with surface plants (Horsfall
1955). These larval habitats can overlap areas where
EEEV is endemic, and in such areas, relative densities
of adult Cx. erraticus are high compared with other
potential bridge vector species of the virus (Cupp et
al. 2003, 2004).

A previous study of the dispersal behavior of Cx.
erraticus indicated that it is a long-distance ßier with
a maximum ßight range of 1.4Ð2.2 km and a mean
dispersal distance of 0.73 (�0.61) km (Morris et al.
1991). One approach to delineating the boundaries of
areas where humans would be at risk of EEEV infec-
tion is to buffer all larval sites in an EEEV focus with
a distance equivalent to the upper limit of the maxi-
mum ßight range of Cx. erraticus. Flight distance es-
timates for Cx. erraticus reported by Morris et al.
(1991) were based upon a mark-release-recapture ap-
proach, but these results must be viewed with caution
for several reasons. First, the mosquitoes used in the
study were not dispersing from their natural emergence
or oviposition site, but from an arbitrary location in the
middle of a wastewater treatment facility. Because the
ßight range of mosquitoes is known to vary with habitat
(Silver 2008), mosquitoes released in this environment
may display different patterns of dispersal relative to
mosquitoes dispersing from a natural emergence site.
Second, mosquitoes were released in the morning in an
open, sunny area. Cx. erraticus seeks resting sites during
themorninghours toavoiddesiccation(Grayetal. 2010)
and would likely undertake an initial movement in
search of such a suitable resting site. Finally, marking,
trapping, and handling mosquitoes may alter mosquito
dispersal behavior (Silver 2008). These potential com-
plications with the previous mark-release-recapture
study highlight the need for the development of alter-
nativeapproaches toestimatingdispersaldistancesofCx.
erraticus.

In the current study, we developed new estimates
of the dispersal distance of Cx. erraticus that do not
rely on mark-release-recapture methods. Because Cx.
erraticus typically oviposits in rather large, easily lo-
cated bodies of water, we were able to identify the
most likely sites of emergence in a study area in central
Alabama. We then parameterized a dispersal kernel
for this species using the straight-line distances be-
tween the sampling sites where adult females were
collected and their putative sources of emergence.
Dispersal kernel parameterization is an approach to
the study of dispersal in other organisms, most notably
angiosperms. We develop a novel application of such
seed dispersal models to the study of dispersal of Cx.
erraticus. Our goal was to both estimate the dispersal
distances of Cx. erraticus and assess the general utility
of seed dispersal models for studying mosquito dis-

persal and predicting relative mosquito densities on a
local scale.

Materials and Methods

Field Methods. We estimated the dispersal dis-
tances of femaleCx. erraticususing data on the relative
density of adult and larval mosquitoes collected be-
tween 2006 and 2009 in Tuskegee National Forest
(TNF) in Macon County, Alabama. TNF has served as
the site of an ongoing study of the vector and verte-
brate host dynamics of EEEV since 2001 and is de-
scribed more fully in Cupp et al. (2003). Brießy, the
study site encompassed a 28-km2 circular area cen-
tered on a core wetland complex located �3.0 km from
the town square of the city of Tuskegee (32�38�40�N,
85�25�59�W).

In 2006Ð2008, we sampled the adult mosquito popu-
lation within the study site by aspirating resting mosqui-
toes from artiÞcial shelters. In 2006, we used a variety of
shelter types, including Þber pots, resting boxes, and
50-gallonplasticcans,but in2007and2008weexclusively
used50-gallonblackplasticcans, themostattractive type
of shelter for resting mosquitoes in TNF (Burkett-Ca-
denaetal.2008).Becausethesheltersusedin2006varied
in attractiveness to female mosquitoes, the data we used
for the 2006 analysis were derived only from Þber pots
and resting boxes, which showed no difference in at-
tractiveness (Burkett-Cadena et al. 2008). Restricting
mosquito samples to the same type of collecting con-
tainer within any year assured that attractiveness of shel-
ters ultimately used in our analyses varied between, but
not within, years.

The number and locations of the adult sampling
sites also varied between years. In 2006, six sampling
sites were spaced �0.43 km along each of Þve transects
radiating out 3.0 km from a point at the center of the
study site (Fig. 1). In 2007 and 2008, seven sampling
sites were located every 0.19 km along six transects
radiating 1.5 km (Fig. 2). We excluded six sampling
sites, which were either moved between 2007 and 2008
or were adjacent to private lands on which we were
unable to sample for larval mosquitoes. As such, the
data used in our analyses originated from 26 of the 31
sampling sites where Þber pots and resting boxes were
used for collection in 2006, and 41 of the 43 sampling
sites from 2007 and 2008.

Adult mosquitoes were collected between March and
October, with regular sampling occurring between June
and September. In 2006, regular sampling consisted of
seven sampling intervals, each of which was 2 wk in
length and during which one mosquito collection was
made at all 26 sampling sites. In 2007 and 2008, we col-
lected mosquitoes once at all 41 sampling sites during
eachof15samplingintervals,witheachsamplinginterval
lasting 1 wk. Results of any sampling outside of these
regular sampling intervals were excluded from our anal-
yses, so that the number of mosquito samples collected
is constant across sites sampled in the same year. After
collection in the Þeld, mosquitoes were transported to
the laboratory, anesthetized with CO2, and sorted on a
chill table by species and gender.
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We also sampled all permanent ponds within the
study site for mosquito larvae to identify Cx. erraticus
larval habitats, and hence the sites of emergence of the

population under study. We censused the ponds from
mid-July to mid-September in 2009 by repeatedly dip
sampling along the perimeter of each pond. Thirty

Fig. 1. Map of the EEEV study area in the TNF study area during 2006. Forest boundaries are shown in green, and the
political boundary of the city of Tuskegee is shown in black. Black circles represent the locations of the adult sampling sites
in 2006, and pink circles mark the centroids of all larval ponds of Cx. erraticus. (Online Þgure in color.)

Fig. 2. Map of the EEEV study area in the TNF study area during 2007 and 2008. The dotted green line delineates the
area beyond which a Cx. erraticus female that emerges from any of the outer larval sites in the TNF has �0.05 probability
of dispersing. Circles represent the locations of adult sampling sites in 2007 and 2008, with sites with a low rate of capture
of Cx. erraticus coded as light pink, and sites with high rates of capture coded as red. ClassiÞcation of sampling sites is based
on whether the total number of Cx. erraticus adult females was below or above the median count among all sampling sites
during 2007Ð2008. The total height of dispersal kernels as parameterized in the area model centered on each larval pond,
weighted by pond area, and overlapping in each pixel is shown with equal interval symbology ranging from lowest (white)
to highest (dark green). (Online Þgure in color.)
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dips were taken at 100-m intervals along the perimeter
of each pond using a larval dipper. All larvae collected
from each sampling point on a pond perimeter were
transported back to the laboratory, heat killed, and
sorted by species.
Dispersal Distance Estimation. Our approach to

estimating the dispersal distances of Cx. erraticus was
based on Þtting a model of exponential decay with
distance to Cx. erraticus relative density data from
adult sampling sites. The model we used was a special
case of the general set of models originally developed
to estimate the number of seeds arriving at seed traps
from multiple source trees distributed throughout a
landscape (Clark 1998; Clark et al. 1998, 1999). Such
seed dispersal models specify the number of seeds at
trap i as originating from a Poisson distribution with
the mean and variance parameter �i equal to the prod-
uct of trap area Ai and the sum, over all source trees
j	 1 . . . ni that are located within the maximum seed
dispersal distance of the trap, of the product of bij, the
estimated fecundity of each source tree j, a parameter
�, and g(dij), a probability density function for seed
arrival from each source tree to an inÞnitely small area
centered on the location of the trap g(dij) is under-
stood to be a dispersal kernel (Nathan and Muller-
Landau 2000), with a functional form that varies with
the species for which dispersal is being modeled. For-
mally,

Yi � Pois 
�i�

�i � Ai�
j	 1

ni

�bijg
dij�

There is a clear correspondence between the problem
of estimating the number of seeds collected at a trap
after dispersal from their parent trees and that of
estimating the relative density of adult mosquitoes
collected at a sampling site after dispersal from their
larval habitats. As such, we adapted the above-formu-
lated model to achieve the latter goal. In the model
that we developed for Cx. erraticus dispersal, Yi is a
random variable of the total number of female Cx.
erraticus collected over the course of the 2006 sam-
pling season at an adult sampling site. Whereas males
were occasionally collected at the adult sampling sites,
we restricted our analysis to dispersal of female adults.
Ponds throughout the TNF that had at least one larva
collected during the Þrst 60 dips of sampling, the
number of dip samples taken at the smallest pond,
were designated as suitable larval habitats. These
ponds were classiÞed as the sources of dispersing fe-
male adults, and hereafter they will be referred to as
larval ponds. We estimated the distance between all
adult sampling sites and all larval ponds by delineating
the perimeter of each pond using the global positioning
system coordinates of larval sampling points to create a
polygonshapeÞleforeachpondinArcGISv.9.2.Wethen
calculated the Euclidean distances between all adult
sampling sites and larval pond centroids using universal
transverse mercator coordinates.

A rigorous approach for estimating larval pond fe-
cundity, or rate of productivity of adult Cx. erraticus,
was not available. Therefore, we developed a series of
models with productivity parameterized in various
manners, as follows: assumed constant across ponds
(constant), proportional to pond area (area), propor-
tional to pond perimeter (perim), proportional to the
number of larvae collected in the Þrst 60 dips (larv),
proportional to pond area � the number of larvae in
the Þrst 60 dips (area � larv), or proportional to pond
perimeter � the number of larvae in the Þrst 60 dips
(perim � larv).

The functional form of the dispersal kernel we used
in the model was that of the exponential described in
Clark et al. (1999), as follows:

g
dij� �
1

2��2 exp��dij� �� .

This dispersal kernel models the rate of decay of the
density with distance from the source as exponen-
tial. Parameterization of this part of the model ef-
fectively allows for estimation of the mean and per-
centiles of the dispersal distance of Cx. erraticus.
SpeciÞcally, 2� is an estimate of mean dispersal
distance (Clark et al. 1998, Cousens et al. 2008).
Percentiles of dispersal distance were estimated by
Þrst converting the dispersal kernel g(d) to the
distance probability density function f(d) (Cousens
et al. 2008), as follows:

f
d� �
d

�2 exp��d��� .

We then calculated the median, 95th, and 99th per-
centiles of f(d) through integration using the rectan-
gle method with subintervals that were 1 m in length.
We used an exponential form for the dispersal kernel
because it has received the most support from empir-
ical studies of insect dispersal (Gratton and Vander
Zanden 2009).

Finally, counts of Cx. erraticus at adult sampling
sites were often zero, so that the negative binomial
was a more appropriate distributional assumption
for these data than the Poisson (�2 test of goodness-
of-Þt (GOF) Ð Poisson: �2 	 304.36, df 	 12, P �
0.001; �2 test of GOF Ð negative binomial: �2 	 5.90,
df 	 11, P	 0.88). As such, we modeled the number
of females collected at each adult sampling site as
following a negative binomial (p,k) distribution,
whereby k is a dispersion parameter and p is a
function of the mean. Formally, the models we used
were of the following form:

Yi: NB 
 pi, k�

pi �
k

k � 	i

ln
	i� � ln
Ai� � ln�
j	 1

m

�bj
1

2��2 exp��dij� ��
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� 
 � ln�
j	 1

m

bj exp��dij� ��
where


 � ln
A� � ln��
1

2��2� , Ai

� A for all sampling sites i � 1 . . . n

In these models, 
 and � are the two parameters to be
estimated, dij is the distance in meters between adult
sampling site i and larval pond j, bj is the variable
serving as the proxy measure of larval pond pro-
ductivity, the index i runs over all sampling sites
1 . . . n	 26, and the index j runs over all larval ponds
1 . . . m 	 15.

We conducted modeling in a Bayesian framework,
whereby inference about parameters is based upon
examination of their posterior distributions. We used
Markov Chain Monte Carlo algorithms to sample from
the posterior distribution of the unknown parameters,
circumventing the need for their explicit derivation
(Gilks et al. 1995). We ran these algorithms using
R2WinBUGS, the implementation of WinBUGS in R.
We set three chains to run for 2,000 iterations with a
burn-in period of 1,000 iterations. The prior distribu-
tions were uniform (1,000, 1,000) for 
, uniform(0,
5,000) for �, and gamma (0.001, 0.001) for k. Initial
values for the parameters were drawn from uniform
(10, 10) and uniform (0, 500) distributions for 
 and
�, respectively, whereas the initial value for k was set
to 1, 2, or 3. Convergence diagnostics were assessed
using the Coda package. We based model selection on
minimization of the deviance information criterion
(DIC).

After selecting a Þnal model for the 2006 data, we
validated the model by applying it to 2007 and 2008
adult sampling sites. We used the 2007 and 2008 adult
sampling sites for validation because they differed in
location from the ones used in model development.
Because the counts of Cx. erraticus at the adult sam-
pling sites were summed over a different number of
visits to each sampling site in 2007 and 2008 compared
to 2006, we used SpearmanÕs rank correlation coefÞ-
cient to assess model performance (Guisan and Zim-
mermann 2000).

Additionally, we were interested in the perfor-
mance of the predicted relative density of mosquitoes
from the model compared to another possible corre-
late that could be used to rank areas in terms of their
relative densities. SpeciÞcally, we considered the
number of overlapping larval buffers at a sampling site,
using the mean dispersal distance derived from the
model as the buffer radius-length, as this other possi-
ble correlate. We estimated the SpearmanÕs rank cor-
relation coefÞcient between the relative density ofCx.
erraticus and this variable, and then compared both
correlation coefÞcients using the test of two corre-
lated correlation coefÞcient (Meng et al. 1992).

Finally, we were interested in the relative perfor-
mance of variables representing the total number of

overlapping buffers of any radius-length in predicting
the ranking of areas in terms of relative density of Cx.
erraticus.As such, we created a set of variables similar
to the last one described above, with buffer radius-
lengths differing between variables by increments of
100 m. We then estimated SpearmanÕs rank correlation
coefÞcient between each of these variables and rela-
tive density of Cx. erraticus in 2007 and 2008.

Results

We collected a total of 2,900 resting female Cx.
erraticus from the adult sampling sites throughout
TNF between 2006 and 2008. A total of 707 (24. 4%)
of these individuals was excluded from our analyses
because they were collected during sampling intervals
when not all traps were visited, yielding a total of 205
individuals used in dispersal distance models devel-
oped using data from 2006 and 1988 individuals used
in model validation and correlation analyses using the
2007Ð2008 data.

In 2006, when the adult sampling sites were distrib-
uted throughout an area radiating out 3.0 km from the
core site (Fig. 1), we collected an average 7.88 (SD 	
11.73, n 	 26) females/sampling site over the seven
2-wk intervals used in the analysis (Fig. 3). The dis-
tances between adult sampling sites where resting
females were collected and the nearest larval pond
ranged from 0.107 to 1.946 km.

In 2007 and 2008, when the adult mosquito collec-
tions were focused within the circular area radiating
out only 1.5 km from the core site (Fig. 2), we col-
lected an average of 48.49 females/sampling site
(SD 	 56.08, n 	 41) over the 15 wk used in our
analyses (Fig. 3). All adult sampling sites in the study
area had individuals present during at least one visit,
and were distributed at distances ranging from 0.05 to
1.04 km from the nearest larval pond.

In total, jwere 787Cx. erraticus larvae was collected,
with an average of 3.47 larvae/30-dip sample (SD 	
6.64, n 	 227). Of the 21 ponds we sampled, 15 were
found to have Cx. erraticus larvae present during the
Þrst 60 dips, and were thus classiÞed as larval ponds
(Fig. 1).

Chains used in the model development all indicated
a satisfactory degree of convergence after 2,000 iter-
ations, as the Gelman-Rubin statistics for parameter
values in each model were all �1.10. Average values of
samples from the posterior distributions of 
 ranged
from 8.61 to 2.16, from 483.46 to 1,682.38 for �, and
from 0.44 to 0.82 for k. Overall, model deviances
ranged from 136.65 to 148.59 (Table 1). DIC of the
models ranged from 137.33 to 145.03, with the area
model, the one that used the area of the larval pond of
origin as a measure of productivity, selected as the
best-Þtting model based on its lower DIC compared
with the other Þve models (Table 1).

The estimate of 
 based on the mean of samples
from its posterior distribution in the area model was
6.37 with a 95% credible interval of (8.08, 4.80).
The dispersal parameter, �, was estimated as 483.46
with a 95% credible interval of (258.53, 1,058.95). The
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mean value of the k for the area model was 0.82, with
a 95% credible interval of (0.34, 1.70) (Table 1; Fig. 4).
The estimated mean dispersal distance ofCx. erraticus
(2�) was 0.966 km. The median, 95th, and 99th per-
centiles for dispersal distance were estimated as 0.811,
2.291, and 3.206 km, respectively.

Application of the model to the test validation data-
set validation gave strong support to the model, as Cx.
erraticus relative density at 2007 and 2008 adult sam-
pling sites was signiÞcantly associated with the total
height at the sampling site of the overlapping dispersal
kernels centered on each larval pond and weighted by
pond area (rS 	 0.689; 95% conÞdent interval (CI) 	
0.477, 0.82; n 	 41; P � 0.0001; Fig. 5). The rank
correlation between Cx. erraticus relative density and
the number of overlapping larval buffers of radius-
length equal to the mean dispersal distance was also
signiÞcantly associated (rS 	 0.597; 95% CI 	 0.347,
0.761; P� 0.0001; n	 41; Fig. 6). Overall, there was no
evidence to suggest that the strengths of association
between these two variablesÑoverlapping dispersal
kernel height weighted by pond area and the number
of overlapping buffersÑandCx. erraticus relative den-

sity were signiÞcantly different from one another (Z	
1.04, P� 0.10, n	 41). Associations between ranks of
Cx. erraticus relative density and the number of over-
lapping larval buffers at a site were positive for all
other radius-lengths considered other than mean dis-
persal distance. However, these associations were
only signiÞcant (P� 0.05) for buffers of radius-lengths
�2,500 m. All associations were weaker than that be-
tween the rank of Cx. erraticus relative density and
predicted relative density based on the best-Þtting
model parameterized by 2006 data (overlapping dis-
persal kernel height weighted by pond area) (Fig. 6).

Discussion

The distance that a mosquito can disperse from its
site of emergence is of critical importance in studies of
arboviruses. The conventional mark-release-capture
approach to the study of mosquito dispersal has the
potential to bias estimates of dispersal distance be-
cause animals are often captive reared and/or released
in an unfamiliar area that is not necessarily suitable
habitat (Silver 2008). In this study, we used a modeling

Fig. 3. Histograms of the total number of female Cx. erraticus collected at adult sampling sites in the TNF study area in
either 2006 or 2007 and 2008 cumulatively.

Table 1. Mean (95% credible intervals) for parameters and deviance of the models developed for Cx. erraticus abundance at 2006
adult sampling sites in Tuskegee National Forest, Alabama, with DIC of the models also presented

Model 
 � k Deviance DIC

Constant 2.16 (0.09, 3.66) 600.81 (288.23, 2,198.90) 0.69 (0.28, 1.41) 140.56 (136.70, 150.10) 138.34
Larv 1.45 (3.03, 1.09) 1,682.38 (323.92, 4,640.25) 0.44 (0.21, 0.81) 148.59 (144.40, 155.30) 145.03
Area 6.37 (8.08, 4.80) 483.46 (258.53, 1,058.95) 0.82 (0.34, 1.70) 136.65 (133.30, 144.20) 137.33
Perim 3.89 (5.81, 2.42) 523.57 (278.45, 1,478.63) 0.76 (0.31, 1.54) 138.94 (135.3, 147.80) 138.86
Area � larv 8.61 (10.83, 6.94) 628.58 (273.42, 2,678.75) 0.62 (0.26, 1.23) 142.05 (138.20, 150.20) 138.66
Perim � larv 6.94 (8.86, 4.82) 1,224.30 (302.30, 4,536.65) 0.48 (0.22, 1.02) 147.20 (142.70, 154.00) 141.56

Model names correspond to the variable used as a metric for larval pond productivity in each model, as explained inMaterials and Methods.
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approach based on sampling of wild Cx. erraticus to
estimate the dispersal distances of mosquitoes emerg-
ing from natural wetlands during a gonotrophic cycle.
Despite concerns about overestimation of dispersal
distances based on mark-release-recapture of labora-
tory-bred mosquitoes, our estimate of the average
dispersal distance of 0.967 km is close to the mean
dispersal distance of 0.73 (�0.61) km for Cx. erraticus
based on mark-recapture (Morris et al. 1991). More-
over, our results conÞrm that Cx. erraticus is a strong
ßier, given that most mosquito species studied typi-
cally disperse no more than a few hundred meters
during appetential ßight (Service 1997).

Knowledge of dispersal patterns can be used to
predict the relative abundance of Cx. erraticus any-
where in the area of the study, as demonstrated by the
strong association between the two correlates that we

derived based on modeling results, total height of
overlapping dispersal kernels weighted by pond area,
and number of overlapping buffers with radius length
equal to the mean dispersal distance. For vector con-
trol, accurate estimates of mosquito abundance have
obvious utility. Knowledge of mosquito abundance
across a landscape could help formulate a strategy for
adulticide application, and it could also be used to
predict changes in relative density of Cx. erraticus
under various scenarios of larvicide applications to
larval ponds.

Estimates of dispersal distance resulting from the
current study could also potentially be used to delin-
eate boundary zones around the TNF focus outside of
which a potentially infected bridge vectorÑi.e., a fe-
male ovipositing in a pond that overlaps an area of
enzootic transmission betweenCs.melanura and avian

Fig. 4. Density and trace plots of Markov Chain Monte Carlo samples from the posterior densities of parameters in the
best-Þtting model for Cx. erraticus abundance at 2006 adult sampling sites, model area. Three chains were run for 2,000
iterations with a burn-in period of 1,000. A thinning interval of 3 was used, so that the number of samples shown is 334. (Online
Þgure in color.)
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hostsÑhas a low probability of dispersing. For exam-
ple, based on our results of the current study, the
probability that a Cx. erraticus female will disperse
further than 3.21 km from an oviposition site is 0.01.
However, exposure to the bite of a bridge vector such
as Cx. erraticus will be a function of not only the
probability of dispersal to a given distance of a single
vector, but also the total number of vectors dispersing

such that a proposed radius �3 km for the TNF EEEV
boundary zones could still involve an unacceptable
exposure risk. Risk assessment from a human health
perspective is beyond the scope of this work, but we
have provided important information for the devel-
opment of such assessments.

Whether or not Cx. erraticus proves to be an im-
portant component in EEEV transmission in the

Fig. 5. Scatterplot of the total number of Cx. erraticus females collected at 41 adult sampling sites between 2007 and 2008
in the TNF study area versus the total height of dispersal kernels as parameterized in the area model centered on each larval
pond, weighted by pond area, and overlapping at a site.

Fig. 6. Scatterplot of SpearmanÕs rank correlation coefÞcient (rS) for associations between the relative density of Cx.
erraticus at adult sampling sites in the TNF study is in 2007 and 2008 and the total number of overlapping larval buffers at
the site. The dotted line across the top of the Þgure indicates the rS (0.69) for the association between the relative density
of Cx. erraticus at an adult sampling site in 2007 and 2008, and the total height of dispersal kernels as parameterized in the
area model centered on each larval pond, weighted by pond area, and overlapping at a site.

984 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 47, no. 6



southeastern United States, in this study we have dem-
onstrated that models originally developed to model
seed dispersal are adaptable to the problem of esti-
mating mosquito dispersal. Mark-release-recapture
studies are subject to biases resulting from the use of
captive bred animals, and studies of wild mosquitoes
emerging from natural wetlands should be preferable
for estimating the movement patterns of mosquitoes.
Whereas we applied the seed dispersal modeling ap-
proach to a species of mosquito that breeds in rela-
tively discrete areas that are easily identiÞable, it could
potentially be applied to mosquito species that have a
more continuous distribution of breeding habitat, by
representing sites of emergence as the centroids of
pixels classiÞed as suitable breeding habitats in raster
images and using associated attribute data on produc-
tivity of the habitats represented by those pixels
(Brown et al. 2008, Jacob et al. 2009).

The accuracy of our estimates of the mean and
upper percentiles of the dispersal distance of Cx. er-
raticus is contingent upon three assumptions. First, a
critical assumption is that all potential larval ponds of
Cx. erraticus that could contribute adults to the pop-
ulation were identiÞed. Whereas we feel conÞdent in
our inventory of source ponds, some of the adults that
we captured could have emerged from ponds outside
of our sampling area or from small aquatic habitats.
Minimally, we identiÞed all of the larval ponds near
each sampling site. Thus, we are conÞdent that our
model included the primary sources of, and all of the
sources that make a signiÞcant contribution to, adults
for each sampling site.

The second assumption is that the measure of pond
productivity used in the Þnal model (larval pond area)
is proportional to the number of adults that originate
from that pond. Factors such as availability of aquatic
vegetation and predator densities could affect pro-
ductivity. However, as ponds in TNF are all relatively
homogenous, being relatively shallow with vegetation
scattered across their surface, the use of pond area as
a proxy for mosquito production seems reasonable.
Without more information on habitat needs of larval
Cx. erraticus with which to assess pond quality and
more data on the characteristics of each pond in the
study area, there is no simple means to improve
upon the use of pond area as a proxy for mosquito
production.

Our Þnal assumption stems from the reduction of
the areal extent of each larval pond down to repre-
sentation by its centroid alone, so the dispersal dis-
tance may have been overestimated given dispersal of
adults from any point between a pond centroid and its
edge. However, the average distance between each
larval pondÕs centroid and larval sampling points along
its edge was only 0.063 km, a negligible distance rel-
ative to the estimated mean dispersal distance.

In conclusion, use of models originally developed to
estimate seed dispersal distances appears to be a pow-
erful approach to characterizing the dispersal of Cx.
erraticus given knowledge solely of the location of
larval habitats and adult sampling sites. Evidence of
the utility of this approach is the strong association

between overlapping dispersal kernel heights pre-
dicted from the model and relative density when the
model was applied to new sampling site locations. Our
approach could be used in characterizing dispersal for
other mosquito vector species, leading to more accu-
rate predictions of their spatial distribution and thus
the effective areas where vertebrate hosts are at risk
of exposure to the pathogens they transmit.

Acknowledgments

We are very grateful for the assistance of Michael Buck-
man, Chris Cazalet, Xin Yue, Ashok Manoharan, Nathan
Click, Katherine Gray, and Chris PorterÞeld with the col-
lection and identiÞcation of adult and larval mosquitoes used
in this study. Improvements to this manuscript were made
possible through the invaluable comments of two anonymous
reviewers and assistance with statistical modeling provided
by Austin N. Mercadante. This work was supported by a grant
from the National Institute of Allergy and Infectious Dis-
eases, Project R01AI049724 (to T.R.U. and G.E.H.).

References Cited

Alig, R. J., J. D. Kline, and M. Lichtenstein. 2004. Urban-
ization on the US landscape: looking ahead in the 21st
century. Land. Urban Plan. 69: 219Ð234.

Brown, H. E., M. A. Diuk-Wasser, Y. Guan, K. S. Caskey, and
D. Fish. 2008. Comparison of three satellite sensors at
three spatial scales to predict larval mosquito presence in
Connecticut wetlands. Remote Sens. Environ. 122: 2301Ð
2308.

Burkett-Cadena, N. D., M. D. Eubanks, and T. R. Unnasch.
2008. Preference of female mosquitoes for natural and
artiÞcial resting sites. J. Am. Mosq. Control Assoc. 24:
228Ð235.

Chamberlain, R. W., R. K. Sikes, D. B. Nelson, and W. D.
Sudia. 1954. Studies on the North American arthropod-
borne encephalitides. VI. Quantitative determinants of
virus-vector relationships. Am. J. Hyg. 60: 278Ð285.

Clark, J. S. 1998. Why trees migrate so fast: confronting
theory with dispersal biology and the paleorecord. Am.
Nat. 152: 204Ð224.

Clark, J. S., E. Macklin, and L. Wood. 1998. Stages and
spatial scales of recruitment limitation in southern Ap-
palachian forests. Ecol. Monogr. 68: 213Ð235.

Clark, J. S., M. Silman, R. Kern, E. Macklin, and J. HilleRis-
Lambers. 1999. Seed dispersal near and far: patterns
across temperate and tropical forests. Ecology 80: 1475Ð
1494.

Cohen, S. B., K. Lewoczko, D. B. Huddleston, E. Moody, S.
Mukherjee, J. R. Dunn, T. F. Jones, R. Wilson, and A. C.
Moncayo. 2009. Host feeding patterns of potential vec-
tors of eastern equine encephalitis virus at an epizootic
focus in Tennessee. Am. J. Trop. Med. Hyg. 81: 452Ð456.

Cousens, R., C. Dytham, and R. Law. 2008. Dispersal in
plants: a population perspective. Oxford University Press,
Oxford, United Kingdom.

Cupp, E. W., K. Klingler, H. K. Hassan, L. M. Vlguers, and
T. R. Unnasch. 2003. Transmission of eastern equine en-
cephalomyelitis virus in central Alabama. Am. J. Trop.
Med. Hyg. 68: 495Ð500.

Cupp, E. W., K. J. Tennessen, W. K. Oldland, H. K. Hassan,
G. E. Hill, C. R. Katholi, and T. R. Unnasch. 2004. Mos-
quito and arbovirus activity during 1997Ð2002 in a wet-
land in northeastern Mississippi. J. Med. Entomol. 41:
495Ð501.

November 2010 ESTEP ET AL.: Culex erraticus DISPERSAL 985



Gilks, W. R., S. Richardson, and D. Spiegelhalter. 1995.
Markov Chain Monte Carlo in Practice (Interdisciplinary
Statistics). Chapman & Hall/CRC, London, United King-
dom.

Gratton, C., and J. M. Vander Zanden. 2009. Flux of aquatic
insect productivity to land: comparison of lentic and lotic
ecosystems. Ecology 90: 2689Ð2699.

Gray, K.M., N. D. Burkett-Cadena,M.D. Eubanks, and T. R.
Unnasch. 2010. Crepuscular ßight activity of Culex er-
raticus (Diptera: Culicidae). J. Med. Entomol. (in press).

Guisan,A., andN.E.Zimmermann. 2000. Predictivehabitat
distributions in ecology. Ecol. Modell. 135: 147Ð186.

Hassan, H. K., E. W. Cupp, G. E. Hill, C. R. Katholi, K.
Klingler, and T. R. Unnasch. 2003. Avian host prefer-
ence by vectors of eastern equine encephalomyelitis vi-
rus. Am. J. Trop. Med. Hyg. 69: 641Ð647.

Horsfall, W. R. 1955. Mosquitoes: Their Bionomics and Re-
lation to Disease. The Ronald Press Company, New York,
NY.

Jacob, B. G., K. L. Arhert, D. A. Griffith, C. M. Mbogo, A. K.
Githeko, J. L. Regens, J. I. Githure, R. Novak, and J. C.
Beier. 2009. Evaluation of environmental data for iden-
tiÞcation ofAnopheles (Diptera: Culicidae) aquatic larval
habitats in Kisumu and Malindi, Kenya. J. Med. Entomol.
42: 751Ð755.

Meng, X. L., R. Rosenthal, and D. B. Rubin. 1992. Compar-
ing correlated correlation-coefÞcients. Psychol. Bull. 111:
172Ð175.

Morris, C. D., V. L. Larson, and L. P. Lounibos. 1991. Mea-
suring mosquito dispersal for control programs. J. Am.
Mosq. Control Assoc. 7: 608Ð615.

Nathan, R., andH. C.Muller-Landau. 2000. Spatial patterns
of seed dispersal, their determinants and consequences
for recruitment. Trends Ecol. Evol. 15: 278Ð285.

Norris, D. E. 2004. Mosquito-borne diseases as a conse-
quence of land use change. Ecohealth 1: 19Ð24.

Patz, J. A., S. H. Olson, C. K. Uejio, and H. K. Gibbs. 2008.
Disease emergence from global climate and land use
change. Med. Clin. North Am. 92: 1473Ð1491.

Pavlovsky, E. N. 1966. Natural nidality of transmissable dis-
eases: with special reference to landscape epidemiology
of zooanthroponoses. University of Illinois Press, Urbana,
IL.

Pimentel, D., S. Cooperstein, H. Randell, D. Filberto, S.
Sorrentino, B. Kaye, C. Nicklin, J. Yagi, J. Brian, J.
O’Hern, A. Habas, and C. Weinstein. 2007. Ecology of
increasing diseases: population growth and environmen-
tal degradation. Hum. Ecol. 35: 653Ð668.

Scott, T. W., and S. C. Weaver. 1989. Eastern equine en-
cephalomyelitis virus: epidemiology and evolution of
mosquito transmission. Adv. Virus Res. 37: 277Ð328.

Service, M. W. 1997. Mosquito (Diptera: Culicidae) dis-
persal: the long and short of it. J. Med. Entomol. 34:
579Ð588.

Silver, J. B. 2008. Mosquito Ecology: Field Sampling Meth-
ods. Springer, Dordrecht, The Netherlands.

Villari, P., A. Spielman, N. Komar, M. McDowell, and R. J.
Timperi. 1995. The economic burden imposed by a re-
sidual case of eastern equine encephalitis. Am. J. Trop.
Med. Hyg. 52: 8Ð13.

Wear, D. N., and J. G. Greis. 2001. The southern forest
resource assessment: draft summary report. U.S. Forest
Service, Asheville, NC.

Whitley, R. J., and J. W. Gnann. 2002. Viral encephalitis:
familiar infections and emerging pathogens. Lancet 359:
507Ð514.

Received 4 March 2010; accepted 17 August 2010.

986 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 47, no. 6


