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ABSTRACT
Heterogeneity in urban landscapes can influence the effectiveness of mosquito-borne disease control. We used remotely sensed vegetation indices to discriminate among mosquito habitats within a densely populated urban environment in New Haven, CT. ASTER derived vegetation indices were identified for 16 sites where adult mosquitoes were trapped over the summer of 2004. Canonical correlation analysis showed a significant relationship
between the environmental variables (normalized difference vegetation index, disease/water stress index and distance to water) and four local West Nile virus competent vectors (Cx. pipiens, Cx. restuans, Cx. salinarius, and Ae.
vexans) (0.93, P  0.03) explaining 86% of the variance in the environmental and mosquito measures. Sites were
clustered based on these remotely sensed environmental variables. Three clusters were identified which provide
insight into the distribution of West Nile virus vectors in an urban area. Identification of habitat differences of
mosquitoes within the urban landscape has important implications for understanding West Nile virus transmission and for control of vector-competent mosquito species. Key Words: Mosquito(es)—Statistical Analysis—vector-borne—West Nile.

INTRODUCTION

S

in 1999, West Nile
virus (WNV) has spread rapidly throughout the western hemisphere and has become
the most prevalent and widespread mosquitoborne pathogen in North America (Hayes et al.
2005). In the northeastern United States, WNV
activity in mosquitoes and subsequent human
disease cases typically occur in urban areas
(Andreadis et al. 2004). Culex mosquitoes are
the predominant vectors, but the species involved in enzootic transmission among wild
birds and/or epidemic transmission to humans
varies. Cx. pipiens and Cx. restuans are largely
ornithophilic and are generally thought to play
a larger role in the enzootic cycle (Kulasekera
et al. 2001, Apperson et al. 2004, Turell et al.
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2005, Molaei et al. 2006), while Cx. salinarius, a
more catholic feeder that readily bites mammals, is more likely involved in transmission to
humans (Andreadis et al. 2004, Molaei et al.
2006). Aedes vexans has additionally been incriminated as a probable “bridge vector” because of its local abundance, vector competence, aggressive mammalian biting behavior,
and frequent infection with WNV (Turell et al.
2001, Andreadis et al. 2004, Molaei and Andreadis 2006). In this study, we examined how
internally heterogeneous urban areas can result
in spatial segregation of these two kinds of vectors, with potential implications to WNV transmission dynamics and control measures.
Efforts to control vector mosquitoes and prevent human cases in urban landscapes are challenging. Habitat preferences for larval devel-
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opment and distribution of adults of the aforementioned mosquito vectors are largely cryptic and difficult to identify and characterize in
a way that is informative for control purposes.
Adulticiding with chemical pesticides in
densely populated urban areas frequently encounters significant opposition by the public
and its effectiveness is often limited when it is
not specifically targeted into areas with high
vector abundance. More precise identification
of WNV infection foci with correspondingly
high abundance of mosquito vectors could help
to increase efficacy. Field identification of foci
using conventional arrays of CO2-baited light
and/or gravid mosquito traps is labor intensive, and the effective area surveyed is limited
to a small area around the traps. The use of remotely sensed data provides a cost-effective alternative approach to mapping vector species
distribution (Cline 1970, Hayes et al. 1985, Kerr
and Ostrovsky 2003), which frequently corresponds to foci of virus activity (Barrera et al.
2002, Blackmore et al. 2003, Andreadis et al.
2004). We explored whether remotely sensed
data could aid in detecting such foci by identifying environmental conditions suitable for
WNV mosquito vectors in the urban landscape
of New Haven, Connecticut.
A major challenge in using remote sensing
in urban environments is the heterogeneity and
scale of variables to be measured (Stefanov et
al. 2001, Herold et al. 2003, Maktav et al. 2005),
especially in disease applications (Rogers and
Randolph 2003, Tatem and Hay 2004). Urban
areas are comprised of a variety of land surfaces, but the spatial resolution of commonly
used satellite imagery often precludes meaningful delineation of land surface types beyond
a simple “urban” class. Some regions have land
use classified maps, but these land use classifications may not be relevant for identifying vector distribution.
This study evaluated the use of high spatial
resolution satellite imagery to discriminate regions of within-urban areas associated with
greater abundance of four putative mosquito
vectors of WNV in this region: Cx. pipiens, Cx.
restuans, Cx. salinarius, and Ae. vexans (Andreadis et al. 2001, 2004, Turell et al. 2001, Ebel
et al. 2005). Since our objective was to identify
transmission foci, rather than the abundance of
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individual mosquito species, we examined the
association between the whole vector community and a set of environmental parameters.
Significant environmental parameters (normalized difference vegetation index [NDVI], disease water stress index [DWSI], and distance to
water) were then used to identify clusters of
trap sites with similar communities of vectors.
WNV transmission to humans would be expected in areas where clusters with high abundance of enzootic and bridge vectors are in
close proximity and should therefore be considered targets for control.

MATERIALS AND METHODS
Eighteen collection sites were selected in the
city of New Haven, CT. A stratified random design was used to allocate the number of traps
in proportion to the major urban landscape
types (e.g., grass, impervious, residential), obtained from a statewide land use classification
with 30 m2 resolution (Civco et al. 1993). After
the initial selection, some traps were relocated
to facilitate access and two were eliminated due
to security concerns. Traps were located within
a 1.7-km2 area within New Haven, with a mean
distance of 763 m between traps (Fig. 1). Mosquito abundance was analyzed with respect to
land use classes; we did not find significant
predictors, however, these results are not presented as they are secondary to the analysis of
scale and vector distribution.
From June 7 to October 14, 2004, CO2-baited
CDC miniature light traps were operated biweekly on one half of the collection sites, for
four consecutive nights, resulting in each site
being sampled every other week. Traps were
set each night and retrieved the following
morning. Mosquitoes were killed with triethylamine, and females were identified to species
using the descriptive keys of Andreadis et al.
(2005).
A 23 June 2003 ASTER scene was acquired
for the study area. ASTER data have relatively
high spatial resolution (15  15 m visible and
near infrared bands and 30  30 m in the short
wave infrared [SWIR]) and allow better differentiation of within-urban features (Yamaguchi et al. 1998). SWIR was resampled to 15 
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FIG. 1. Trapping sites for the sampling area in New Haven, CT. Traps within the groups resulting from this analysis are shown on a classified image where water is black and vegetation is shaded in gray. “Bridge vectors” indicates
those traps included in the highly vegetated clusters where Culex salinarious was found in greatest abundance and
Cx. pipiens and Cx. restuans in moderate abundances. “Enzootic vectors” indicates the more urban areas with high
abundances of Cx. pipiens and Cx. restuans. “Low counts” indicates the highly urban areas where few mosquitoes
were collected. “Excluded clusters” indicates the two “clusters” that included just one site each and were removed
from analysis.

15 m to match the smaller pixels of the visible and near infrared. Two vegetation indices
(VI) potentially indicative of mosquito habitat
were derived from the imagery: NDVI and
DWSI using ENVI v 4.2 (Research Systems
2005).
NDVI is a measure of the presence and condition of green vegetation and is calculated as
a normalized ratio of the red and near infrared
bands (Lillesand and Kiefer 1994):
NIR  Red
NDVI  
NIR  Red
0.76 to 0.86 m  0.63 to 0.69 m
 
0.76 to 0.86 m  0.63 to 0.69 m
NDVI values range from 1 to 1, with bare
soil and impervious surface having values near
0, and high values indicating increasing green
biomass and photosynthetic activity (Bubier et
al. 1997, Penuelas and Filella 1998). NDVI can

be related to common ecological measures such
as leaf area index (Baret and Guyot 1991) and
net primary productivity (Kerr and Ostrovsky
2003).
DWSI is a measure of the internal water content of vegetation (Apan et al. 2004) and is calculated as
NIR  Green
DWSI   
SWIR  Red
0.76 to 0.86 m  0.52 to 0.60 m

1.60 to 1.70 m  0.63 to 0.69 m
It has the advantage of not being distorted
by atmospheric water absorption (Penuelas et
al. 1997, Penuelas and Filella 1998). Though primarily considered a measure of internal water,
the inclusion of the SWIR may also measure
ground water content that could be relevant for
mosquito breeding.
The average values of the VIs were calcu-

200

lated within a 50-m buffer area at each trap site
(Longley 1999), which represents approximately 35 pixels. Given the comparatively limited flight range of the most abundant mosquito, Cx. pipiens, these buffer areas were
considered appropriate to capture the biologically relevant variables within their typical
range of movement (Horsfall 1955). The buffer
was generated using ArcGIS software (Environmental Systems Research Institute 2004). A
map of the wetlands in Connecticut was obtained from the National Wetlands Inventory
(U.S. Fish and Wildlife Service 2004). These
maps have an estimated 90% accuracy for identifying wetlands greater than 3 acres, 70% accuracy for 1–3 acre wetlands, and approximately 25% accuracy for including wetlands
less than 1 acre (Nichols 1994). The distance of
the trap location to the nearest body of water,
including both open water (lakes and rivers)
and wetlands, was determined in ArcGIS using a spatial join of the points to the wetland
inventory map.
Canonical correlation analysis was used to
examine the association between the environmental variables (NDVI, DWSI, and distance to
water) and the abundance of four putative
mosquito vectors (Cx. pipiens, Cx. restuans, Cx.
salinarius, and Ae. vexans) collected in the study
area. The square of each correlation is interpreted as a coefficient of determination (R2) in
a multiple regression analysis (Gittins 1985). A
redundancy analysis was also performed to
evaluate within- and between-domain variance
associated with a given canonical variate. This
test is expected to provide a more accurate
measure of the explanatory power of the
canonical variates (Gittins 1985).
Clusters of sites with similar environmental
characteristics were then generated using
Wards linkage with Euclidean distance hierarchical cluster analysis. These clustering methods result in biologically relevant interpretations (McCune and Grace 2002). Visual
identification of the optimal number of clusters
was confirmed using the Calinski and
Harabasz stopping rule (Calinski and Harabasz
1974, Stata Corp LP 2005b).
Statistical analyses were conducted using the
“canon” and “cluster” commands in Stata 9.0
(Stata Corp LP 2005a). Kruskal-Wallis equality-
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of-populations rank test was used to distinguish mosquito abundance between the
groups. Simpson’s diversity index (1-D) (Simpson 1949) was calculated with a 95% confidence
interval (Grundmann et al. 2001). Because all
four species were found in these traps, 1-D was
used in this study to assess species evenness
within the groups (Magurran 1988). Count data
were log transformed for the most abundant
species (Cx. pipiens, Cx. restuans, and Cx. salinarius) and square root transformed for Ae. vexans to normalize the data. Environmental data
were standardized by dividing over the sample standard deviation to account for differences in measurement scales.

RESULTS
Mosquitoes were collected over 495 trap
nights. A total of 2787 female mosquitoes representing 19 species were captured, 91.7% of
which included the four principal vectors of interest (Cx. pipiens  63%, Cx. restuans  24.1%,
Cx. salinarius  2.5%, and Ae. vexans  2.0%)
(Table 1). Using canonical correlation analysis,
the community of these four species was related to the set of environmental variables ex-

TABLE 1.

NUMBER

OF

MOSQUITOES COLLECTED

Focal species
Aedes vexans
Culex pipiens
Culex restuans
Culex salinarius
Other species
Anopheles barberi
Anopheles puncipennis
Anopheles quadrimaculatus
Anopheles walkeri
Coquillettidia perturbans
Culux territans
Ochlerotatus canadensis
Ochlerotatus trivittatus
Ochlerotatus cantator
Ochlerotatus intrudens
Ochlerotatus japonicus
Ochlerotatus stimulans
Ochlerotatus taeniorhynchus
Ochlerotatus triseriatus
Uranotaenia sapphirina

BY

SPECIES

Total number

Count
per night

56
1755
673
71

1.76
56.58
21.41
2.37

2
9
2
1
21
4
1
4
27
2
59
4
1
15
1

0.06
0.18
0.12
0.06
0.71
0.12
0.03
0.14
0.49
0.18
1.40
0.42
0.41
0.44
0.03
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TABLE 2. CANONICAL CORRELATIONS FOR EACH OF THE
CANONICAL VARIATES MEASURING THE RELATIONSHIP
BETWEEN THE ENVIRONMENTAL VARIABLES AND THE
MOSQUITO DATA
Statistical test
Canonical
variates
1
2
3

Canonical
correlation

Canonical
R2

F

df

p

0.928
0.306
0.134

0.86
0.09
0.02

2.43
0.20
0.10

12
6
2

0.03
0.97
0.90

tracted for the sites. The null hypothesis of no
association between the environmental and
mosquito data was rejected (Roy’s Greatest
Root, p  0.001 and Wilks’ Lambda, p  0.03).
The correlation between the first environmental canonical variate and the first mosquito
variate was 0.93 (p  0.03) (Table 2). Squaring
the first canonical variate, 86% of the variation
in the linear combination of species (W1) was
attributable to the variation in the linear combination of environmental measures (V1). The
next two canonical variates were not significantly correlated.
The first environmental canonical variate (V1)
accounted for 36% of the variance common to
the environmental variables, while the first mosquito canonical variate (W1) accounted for 33%
of the variance of the species measured (Table
3). Strong correlations were found for NDVI and

TABLE 3.

CORRELATIONS

DWSI with V1 (0.90 and 0.50, respectively).
Thus, V1 reflected some aspect of increasing
measures of both NDVI and DWSI and, to a
lesser degree, proximity to water. Because the
correlations between W1 and all of the mosquito
species were relatively high, W1 represented
some aspect that was common to all species and
was exemplified by Cx. salinarius (0.70).
A substantial part (31%) of the total variance
of the mosquito abundance was accounted for
by V1. Abundance of the four mosquito species
together increased with increasing NDVI and
DWSI. Cx. salinarius was most strongly (0.75)
associated with the linear representation of the
environmental data (V1), followed closely by
Ae. vexans (0.71). These results indicate a linear
relationship is a good fit to describe the association between the environmental measures
and the mosquito abundance (Fig. 2).
Because of the strong correlation between
NDVI, DWSI, and proximity to water and the
abundance of the four WNV vector species,
these environmental variables were used to
identify clusters of similar habitat within the
city of New Haven. Five clusters were created
based on NDVI, DWSI, and proximity to water (Fig. 3). Clusters 2 and 4 included only one
site and were excluded from further analysis.
The remaining three clusters showed a gradient from highly vegetated residential areas
(Cluster 1) to a more urban, less vegetated en-

ENVIRONMENTAL AND MOSQUITO VARIABLES
CANONICAL VARIATES

BETWEEN THE
WITH THE

Canonical variates
Environmental variates

Environmental variables
NDVI
DWSI
Distance to water
Variance extracted
Redundancy
Mosquito variables
Culex pipiens
Culex restuans
Culex salinarius
Aedes vexans
Variance extracted
Redundancy

Mosquito variates

V1

V2

V3

W1

W2

W3

0.90
0.50
0.15
0.361
0.310

0.35
0.04
0.96
0.349
0.031

0.28
0.86
0.24
0.292
0.006

0.83
0.47
0.14
0.310
0.266

0.11
0.01
0.29
0.032
0.003

0.04
0.12
0.03
0.006
0

0.44
0.52
0.75
0.71
0.383
0.29

0.07
0.11
0.57
0.69
0.205
0.019

0.67
0.75
0.20
0.07
0.264
0.005

0.41
0.48
0.70
0.66
0.331
0.285

0.02
0.03
0.17
0.21
0.019
0.002

0.09
0.10
0.03
0.01
0.005
0
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FIG. 2. Canonical analysis of abundance of four mosquito species with reference to the measured environmental
variables (NDVI, DWSI, and distance to water) for the 16 sites in New Haven, CT (canonical correlation  0.93, p 
0.03). This plot shows the positive linear relationship with the canonical correlates for the four mosquito species abundances and the measured environmental variables.

FIG. 3. Cluster analysis of the sites based on their dissimilarity of environmental variables. Sites that are closer together in the dendrogram are more similar. The horizontal bar indicates the cutoff into five groups: Cluster 1, with
the highest vegetation values, Cluster 2, with moderate vegetation; Cluster 5, urban. The two “clusters” created by
sites 4 and 10 were excluded from further analysis.
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TABLE 4.

ENVIRONMENTAL VARIABLES USED

NDVI
DWSI
Distance to water (km)

FOR THE

CLUSTERING ALGORITHM

Cluster 1 (n  5)

Cluster 3 (n  4)

Cluster 5 (n  5)

0.67 (0.02)
6.12 (0.09)
1.31 (0.17)

0.56 (0.10)
5.73 (0.05)
1.29 (0.13)

0.43 (0.12)
5.22 (0.19)
1.40 (0.04)

All data are presented as mean (SD).

vironment (Cluster 5) (Table 4). Distance to water was similar across the three clusters.
Dropping the two “clusters” that had only
one member, abundance measures for all four
species were significantly different among the
three remaining clusters (Kruskal-Wallis, Cx.
pipiens p  0.05, Cx. restuans p  0.02, Cx. salinarius p  0.02, Ae. vexans p  0.04) (Table 5).
Cx. salinarius was found with greatest abundance in the more residential Cluster 1. Cx. pipiens and Cx. restuans followed a similar pattern
of greater abundance in moderately vegetated
areas (Cluster 3) with moderate abundance in
the more residential Cluster 1. Very few mosquitoes of any species were found in the highly
urban areas (Cluster 5).
The probability that any two individuals belonged to different species in Clusters 1 and 5
was high and not significantly different (Cluster 1: 1-D  0.93, 95% CI 0.90–0.96 and Cluster
5: 1-D  0.99, 95% CI 0.93–1). Cluster 3 was significantly less diverse than the other clusters (1D  0.69, 95% CI: 0.67–0.71) due to the dominance of Cx. pipiens and Cx. restuans.

TABLE 5.

Culex pipiens
Mean (SD)
Median
Culex restuans
Mean (SD)
Median
Culex salinarius
Mean (SD)
Median
Aedes vexans
Mean (SD)
Median

DISCUSSION
This study showed spatial segregation between the presumed enzootic vectors (Cx. pipiens and Cx. restuans) and the presumed bridge
vectors (Cx. salinarius and Ae. vexans) in a 1.7km2 urban setting in the northeastern United
States. Canonical correlation analysis indicated
a close association between the community of
vectors and high resolution imagery derived
vegetation indices (NDVI and DWSI) and distance to water. Thus, we used a clustering algorithm to generate groupings of traps based
on the relevant environmental characteristics.
Three clusters of sites were identified: one with
high abundance of the primary enzootic vectors, Cx. pipiens and Cx. restuans (Cluster 3); one
with high abundance of Cx. salinarius, the putative bridge vector, and relatively high evenness of all four species (Cluster 1); and one with
lower abundance of all four vectors (Cluster 5).
The spatial distribution of the three clusters is
expected to affect WNV transmission dynamics and strategies for control.

MOSQUITO COUNT

PER

NIGHT

BY

CLUSTER

Cluster 1 (n  5)

Cluster 3 (n  4)

Cluster 5 (n  5)

p

92.2 (55.37)
87

244.0 (188.67)
223.5

34.0 (27.61)
29

0.05

41.6 (22.94)
48

95.5 (67.89)
95.5

9.4 (7.40)
9

0.02

8.4 (2.70)
8

5.3 (6.50)
2

1.2 (1.30)
1

0.02

5.4 (4.28)
3

6.8 (6.24)
7

0.4 (0.55)
0

0.04

Kruskal-Wallis test for variance with unequal means was used to calculate differences
between clusters.
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WNV transmission
This study provides evidence that the enzootic transmission cycle among wild birds and
epidemic transmission to humans might be
spatially segregated within an urban area. The
enzootic cluster (Cluster 3), dominated by Cx.
pipiens and Cx. restuans, is characterized by
moderate amounts of green vegetation. The
species in this cluster have been shown to be
ornithophilic (Magnarelli 1977, Kulasekera et
al. 2001, Apperson et al. 2004, Turell et al. 2005,
Molaei et al. 2006). Because of the ornithophilic
nature of these species, areas with higher abundance may be indicative of areas where avian
hosts are more likely to occur. The need of resting areas for mosquitoes and birds explains the
absence of these species in Cluster 5. The higher
abundance of these species in the canopy supports the role they have in maintaining enzootic transmission in birds (Anderson et al.
2004, Darbro and Harrington 2006, Andreadis
and Armstrong 2007). Moderately vegetated
areas may provide habitat where American
robins, an important host species for Cx. pipiens in this region, congregate in urban areas
(Apperson et al. 2004, Kilpatrick et al. 2006, Molaei et al. 2006).
The higher vegetation values in Cluster 1
were indicative of habitat corresponding to residential areas and the cluster had higher numbers of Cx. salinarius. This species is implicated
as a bridge vector because of its indiscriminant
feeding behaviors and the prevalence of WNV
infection (Andreadis et al. 2004, Molaei et al.
2006). One might expect greater human WNV
disease activity in the more residential areas
where Cx. salinarius and humans are more
abundant, and yet other vectors also occur with
great enough abundance to maintain the enzootic cycle. A critical threshold of Cx. pipiens
abundance may be necessary to maintain enzootic transmission of the virus while allowing
for enough diversity of mosquito species that
bridge vectors might be involved, as was present in Cluster 1. This was apparent in an outbreak of human WNV cases in greater New
Haven in 2006 (Gerrish and Andreadis 2006)
with cases occurring in residential areas.
Because of their known roles in WNV transmission, we have focused on Culex species in
this investigation. The role of Ae. vexans in
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WNV transmission has not been as precisely
defined. In this study, we found comparable
numbers in both the enzootic and the bridge
vector clusters with greater abundance in the
more urban Cluster 3. A role for Ae. vexans in
transmission to humans is supported by our
data where it is more abundant in both urban
and residential areas.
Urban land use heterogeneity
The scale of heterogeneity in urban land use
often limits the ability to identify different habitat resources of urban species, particularly with
respect to disease vectors (Rogers and Randolph 2003, Tatem and Hay 2004). Use of
ASTER data in this study allowed for measurement of heterogeneity at a scale relevant to
mosquito habitat. This is evident from the significant relationships observed between the
mosquito and environmental canonical variates.
Remotely sensed vegetation indices are
likely to be important for distinguishing
within urban mosquito habitats, given the importance of vegetation as resting sites for mosquitoes and their hosts. Landsat derived NDVI
was shown to be important for identifying a
high-risk WNV habitat within a densely populated urban area in Queens, New York
(Brownstein et al. 2002). To include both potential adult and larval development habitats
in our analysis, we included NDVI and DWSI
extracted at a smaller spatial scale (15 m2 resolution ASTER imagery) as well as distance to
water (30 m2 derived with post-processing).
The satellite derived vegetation indices are extracted at a biologically appropriate buffer size
of 50 m. The selection of a biologically appropriate buffer size has been shown to be important in identifying habitat predictors of
species distribution (Diuk-Wasser et al. 2006,
2007). The use of these additional vegetation
indices at different spatial scales may contribute to our ability to correlate habitat with
mosquito species abundance where others
have not found a significant relationship
(Drummond et al. 2006, Andreadis and Armstrong 2007). This additional information can
then be used to create prediction maps for the
abundance and distribution of mosquito vectors in urban landscapes.
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Implications for control
The spatial segregation of enzootic and
bridge vectors, in combination with the temporal detection of WNV in vector species (Andreadis et al. 2001, 2004, Andreadis and Armstrong 2007), could be used to optimize control
efforts during the course of the season. Our
findings and analyses suggest that early integrated control measures including source reduction, larviciding, and timely adulticiding
when needed could be more effectively targeted to moderately vegetated areas (Cluster 3)
where peridomestic populations of Cx. pipiens
and Cx. restuans appear to be more concentrated and where enzootic amplification of
WNV is thus more likely to occur given the limited flight ranges of these two species. Measures directed to mitigate human cases, on the
other hand, could be focused in more highly
vegetated residential regions (Cluster 1) where
Cx. salinarius is more abundant.

ACKNOWLEDGMENTS
Support for H.E. Brown was provided by the
CDC Fellowship Training Program in VectorBorne Disease and for M.A. Diuk-Wasser by
the James Hudson Brown/Alexander C. Coxe
Postdoctoral Fellowship. We thank John Shepard and Michael Thomas at the Connecticut
Agricultural Experiment Station for mosquito
identification training and advice. We also
thank Scott Bussom and Kate Hanson for their
assistance with data collection, and Os Schmidt
at the Yale School of Forestry for space in his
laboratory.

REFERENCES
Anderson, JF, Andreadis, TG, Main, AJ, Kline, DL. 2004.
Prevalence of West Nile virus in tree canopy-inhabiting Culex pipiens and associated mosquitoes. Am J Trop
Med Hyg 2004; 71:112–119.
Andreadis, TG, Armstrong, PM. A 2-year evaluation of
elevated canopy trapping for Culex mosquitoes and
West Nile virus in an operational surveillance program
in the Northeastern United States. J Am Mosq Control
Assoc 2007; 23:137–148.
Andreadis, TG, Anderson, JF, Vossbrinck, DR. Mosquito
surveillance for West Nile virus in Connecticut, 2000:

205

isolation from Culex pipiens, Cx. restuans, Cx. salinarius,
Culiseta melanura. Emerg Infect Dis 2001; 7:670–674.
Andreadis, TG, Anderson JF, Vossbrinck, CR, Main, AJ.
Epidemiology of West Nile virus in Connecticut: a fiveyear analysis of mosquito data 1999–2003. Vector-Borne
Zoonotic Dis 2004; 4:360–378.
Andreadis, TG, Thomas, MC, Shepard, JJ. Identification
Guide to the Mosquitoes of Connecticut. Draft. New
Haven: The Connecticut Agricultural Experiment Station; 2005.
Apan, A, Held, A, Phinn, S, Markley, J. 2004. Detecting
sugarcane ‘orange rust’ disease using EO-1 Hyperion
hyperspectral imagery. Int J Remote Sens 2004; 25:
489–498.
Apperson, CS, Hassan, HK, Harrison, BA, Savage, HM,
et al. Host feeding patterns of established and potential mosquito vectors of West Nile virus in the eastern United States. Vector-Borne Zoonotic Dis 2004;
4:71–82.
Baret, F, Guyot, G. Potentials and limits of vegetation indexes for LAI and Apar assessment. Remote Sens Environ 1991; 35:161–173.
Barrera, R, Ferro, C, Navarro, JC, Freier, J, et al. Contrasting sylvatic foci of Venezuelan equine encephalitis
virus in northern South America. Am J Trop Med Hyg
2002; 67:324–334.
Blackmore, CGM, Stark, LM, Jeter, WC, Oliveri, RL, et al.
Surveillance results from the first West Nile virus transmission season in Florida, 2001. Am J Trop Med Hyg
2003; 69:141–150.
Brownstein, JS, Rosen, H, Purdy, D, Miller, JR, et al. Spatial analysis of West Nile virus: rapid risk assessment
of an introduced vector-borne zoonosis. Vector-Borne
Zoonotic Dis 2002; 2:157–164.
Bubier, JL, Rock, BN, Crill, PM. Spectral reflectance measurements of boreal wetland and forest mosses. J Geophys Res Atmos 1997; 102:29483–29494.
Calinski, RB, Harabasz, J. A dendrite method for cluster
analysis. Commun Stat 1974; 3:1–37.
Civco, DL, Miller, J, Hurd, J, Wang, Y. Connecticut
Statewide Land Use and Land Cover Mapping. Project
Completion Report for U.S. EPA-Conn. CWF 219-R,
DEP Joint Long Island Sound Research Project, 1993.
Cline, BL. 1970. New eyes for epidemiologists—aerial
photography and other remote sensing techniques. Am
J Epidemiol 1978; 92:85–89.
Darbro, JM, Harrington, LC. Bird-baited traps for surveillance of West Nile mosquito vectors: effect of bird
species, trap height, and mosquito escape rates. J Med
Entomol 2006; 43:83–92.
Diuk-Wasser, MA, Brown, HE, Andreadis, TG, Fish, D.
Modeling the spatial distribution of mosquito vectors
for West Nile virus in Connecticut, USA. Vector-Borne
Zoonotic Dis 2006; 6:283–295.
Diuk-Wasser, MA, Toure, MB, Dolo, G, Bagayoko, M, et
al. Patterns of rice cultivation affect malaria vector
abundance in rice-growing villages in Mali. Am J Trop
Med Hyg 2007; 76:869–874.
Drummond, CL, Drobnack, J, Backenson, PB, Ebel, GD,
et al. Impact of trap elevation on estimates of abundance, parity rates, and body size of Culex pipiens and

206
Culex restuans (Diptera: Culicidae). J Med Entomol 2006;
43:177–184.
Ebel, GD, Rochlin, I, Longacker, J, Kramer, LD. Culex
restuans (Diptera: Culicidae) relative abundance and
vector competence for West Nile virus. J Med Entomol
2005; 42:838–843.
Environmental Systems Research Institute. I. ArcGIS,
2004.
Gerrish, W, Andreadis, T. State Reports Second Human
West Nile Virus Infection in New Haven. New Haven:
Connecticut Department of Public Health and the Connecticut Agricultural Experiment Station; August 28, 2006.
Gittins, R. Canonical Analysis: A Review with Applications
in Ecology. Berlin: Springer-Verlag; 1985.
Grundmann, H, Hori, S, Tanner, T. 2001. Determining
confidence intervals when measuring genetic diversity
and the discriminatory abilities of typing methods for
microorganisms. J Clin Microbiol 2001; 39:4190–4192.
Hayes, EB, Komar, N, Nasci RS, Montgomery, SP, et al.
Epidemiology and transmission dynamics of West Nile
virus disease. Emerg Infect Dis 2005; 11:1167–1173.
Hayes, RO, Maxwell, EL, Mitchell, CJ, Woodzick, TL.
1985. Detection, identification, and classification of
mosquito larval habitats using remote-sensing scanners
in earth-orbiting satellites. Bull WHO 1985; 63:361–374.
Herold, M, Gardner, ME, Roberts, DA. Spectral resolution requirements for mapping urban areas. IEEE Trans
Geosci Remote Sens 2003; 41:1907–1919.
Horsfall, WR. Mosquitoes: Their Bionomics and Relation to
Disease. New York: The Ronald Press Company; 1955.
Kerr, JT, Ostrovsky, M. 2003. From space to species: ecological applications for remote sensing. Trends Ecol
Evol 2003; 18:299–305.
Kilpatrick, AM, Kramer, LD, Jones, MJ, Marra, PP, et al.
West Nile virus epidemics in North America are driven by shifts in mosquito feeding behavior. PLOS Biol
2006; 4:606–610.
Kulasekera, VL, Kramer, L, Nasci, RS, Mostashari, F, et
al. West Nile Virus infection in mosquitoes, birds,
horses, and humans, Staten Island, New York, 2000.
Emerg Infect Dis 2001; 7:722–725.
Lillesand, TM, Kiefer, RW. Remote Sensing and Image Interpretation, 3rd Ed. New York: Wiley; 1994.
Longley, P. Geographical Information Systems, 2nd Ed. New
York: John Wiley & Sons; 1999.
Magnarelli, LA. Host feeding patterns of Connecticut
mosquitoes (Diptera: Culicidae). Am J Trop Med Hyg
1977; 26:547–552.
Magurran, AE. 1988. Ecological Diversity and Its Measurement. Princeton, NJ: Princeton University Press.
Maktav, D, Erbek, FS, Jurgens, D. Remote sensing of urban areas. Int J Remote Sens 2005; 26:655–659.
McCune, B, Grace, JB. Analysis of Ecological Communities.
Gleneden Beach: MjM Software Design; 2002.
Molaei, G, Andreadis, TG. Identification of avian- and
mammalian-derived bloodmeals in Aedes vexans and
Culiseta melanura (Diptera: Culicidae) and its implication for West Nile virus transmission in Connecticut,
USA. J Med Entomol 2006; 43:1088–1093.
Molaei, G, Andreadis, TA, Armstrong, PM, Anderson, JF,
et al. Host feeding patterns of Culex mosquitoes and

BROWN ET AL.
West Nile virus transmission, northeastern United
States. Emerg Infect Dis 2006; 12:468–474.
Nichols, C. Map Accuracy of National Wetlands Inventory Maps for Areas Subject to Land Use Regulation
Commission Jurisdiction. Ecological Services Report
R5-94/6. Hadley, MA: U.S. Fish and Wildlife Service;
1994.
Penuelas, J, Filella, I. Visible and near-infrared reflectance
techniques for diagnosing plant physiological status.
Trends Plant Sci 1998; 3:151–156.
Penuelas, J, Pinol, J, Ogaya, R, Filella, I. Estimation of
plant water concentration by the reflectance water
index WI (R900/R970). Int J Remote Sens 1997; 18:
2869–2875.
Research Systems: I. ENVI 4.2, 2005.
Rogers, DJ, Randolph, SE. 2003. Studying the global distribution of infectious diseases using GIS and RS. Nat
Rev Microbiol 2003; 1:231–237.
Simpson, EH. Measurement of diversity. Nature 1949;
163:688–688.
Stata Corp LP. Stata Multivariate Statistics Reference Manual. College Station: Stata Press, 2005a.
Stata Corp LP. Intercooled Stata 9.0, 2005b.
Stefanov, WL, Ramsey, MS, Christensen, PR. Monitoring urban land cover change: An expert system
approach to land cover classification of semiarid to
arid urban centers. Remote Sens Environ 2001; 77:
173–185.
Tatem, AJ, Hay, SI. Measuring urbanization pattern and
extent for malaria research: a review of remote sensing
approaches. J Urban Health-Bull NY Acad Med 2004;
81:363–376.
Turell, MJ, Sardelis, MR, Dohm, DJ, O’Guinn, ML. Potential North American vectors of West Nile virus. In:
West Nile Virus: Detection, Surveillance, and Control.
Ann NY Acad Sci 2001; 951:317–324.
Turell, MJ, Dohm, DJ, Sardelis, MR, O Guinn, ML, et al.
2005. An update on the potential of North American
mosquitoes (Diptera: Culicidae) to transmit West Nile
virus. J Med Entomol 2005; 42:57–62.
US Fish and Wildlife Service. National Wetlands Inventory Wetlands Data, 2004. Available at: http://wetlandsfws.er.usgs.gov/NWI/download.html. Accessed
2005.
Yamaguchi, Y, Kahle, AB, Tsu, H, Kawakami, T, et al.
Overview of Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER). IEEE Trans Geosci
Remote Sens 1998; 36:1062–1071.

Address reprint requests to:
Durland Fish
Yale School of Medicine
Epidemiology and Public Health
60 College Street
LEPH Room 600
New Haven, CT 06520
E-mail: durland.fish@yale.edu

