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Abstract

Mosquito-borne diseases pose a significant public health threat, prompting the need to pinpoint high-risk

areas for targeted interventions and environmental control measures. Culex quinquefasciatus is the primary

vector for several mosquito-borne pathogens, including West Nile virus. Using spatial analysis and modeling
techniques, we investigated the geospatial distribution of Culex quinquefasciatus abundance in the large
metropolis of Harris County, Texas, from 2020 to 2022. Our geospatial analysis revealed clusters of high mosquito
abundance, predominantly located in central Houston and the north-northwestern regions of Harris County,

with lower mosquito abundance observed in the western and southeastern areas. We identified persistent high
mosquito abundance in some of Houston's oldest neighborhoods, highlighting the importance of considering
socioeconomic factors, the built environment, and historical urban development patterns in understanding vector
ecology. Additionally, we observed a positive correlation between mosquito abundance and neighborhood-level
socioeconomic status with the area deprivation index explaining between 22 and 38% of the variation in mosquito
abundance (p-value <0.001). This further underscores the influence of the built environment on vector populations.
Our study emphasizes the utility of spatial analysis, including hotspot analysis and geostatistical interpolation,

for understanding mosquito abundance patterns to guide resource allocation and surveillance efforts. Using
geostatistical analysis, we discerned fine-scale geospatial patterns of Culex quinquefasciatus abundance in Harris
County, Texas, to inform targeted interventions in vulnerable communities, ultimately reducing the risk of mosquito
exposure and mosquito-borne disease transmission. By integrating spatial analysis with epidemiologic risk
assessment, we can enhance public health preparedness and response efforts to prevent and control mosquito-
borne disease.
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Introduction

Culex quinquefasciatus (Say), commonly known as the
southern house mosquito, is the primary vector of sev-
eral mosquito-borne diseases, including West Nile virus
(WNV) [1-4]. While hypothesized to originate from
tropical regions of Southeast Asia, Cx. quinquefasciatus
is now established throughout the subtropical and tropi-
cal areas of the world [5, 6]. This mosquito species has
adapted to thrive in warm urban environments with an
optimal temperature range of 75-82 °F (23.9-27.8 °C) [7,
8]. It lays its eggs in “dirty, stagnant, water sources rich
in organic material, with breeding sites encompassing
wastewater, ditches, ponds, discarded tires, and aban-
doned swimming pools. While primarily ornithophilic,
Cx. quinquefasciatus can feed on various mammalian,
amphibian, and reptilian hosts, emphasizing its impor-
tance in zoonotic pathogen transmission [3, 9]. Due to
ongoing urbanization, rising temperatures, and other
environmental factors, the habitat range of Cx. quinque-
fasciatus has grown significantly and is projected to con-
tinue spreading throughout North America [10, 11].

WNV is the primary cause of autochthonous mos-
quito-borne illness in the United States (USA) and poses
a significant public health threat [12]. While the major-
ity of WNV infections are asymptomatic, around 20%
of infected individuals will develop mild febrile disease,
and <1% will progress to neuroinvasive disease. Neuro-
invasive disease can result in significant morbidity and
mortality, including the development of encephalitis,
meningitis, and acute flaccid paralysis [13, 14]. Those
who recover from neuroinvasive disease are often left
with significant disability [15]. Since its emergence in
North America in 1999, there have been over 56,500
reported cases of WNV, resulting in more than 25,700
hospitalizations and 2,776 deaths (as of 2022). Texas
accounted for 10% (5,901) of these cases [12]. Beyond
its impact on health, WNV can inflict a substantial eco-
nomic burden on affected individuals and communi-
ties [16, 17]. For instance, the 2014 outbreak in Harris
County, Texas, resulted in 139 cases and two deaths,
incurring acute medical care and lost productivity costs
estimated at USD 6 million [16]. Given the absence of a
vaccine or definitive treatment for WNV, effective pre-
vention and control strategies targeting both the virus
and its mosquito vectors are critical public health mea-
sures [18].

Mosquito abundance and distribution are influ-
enced by each species’ specific biological and ecological
requirements, which are affected by a variety of factors,
including climate, land use, land cover, and the built envi-
ronment [19]. Other factors, such as housing density,
housing age, foreclosures, and income levels, have also
been associated with transmission dynamics, reflecting
socioeconomic and environmental conditions conducive
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to mosquito proliferation [20-23]. These variables have
served as proxies for characteristics that are challenging
to measure, such as inadequate storm drainage systems,
aging sewer infrastructure, abandoned swimming pools,
lack of landscaping maintenance, and other environmen-
tal conditions contributing to the growth of Culex spp.
mosquitoes [14, 19, 24—-32]. Because these associations
can vary geographically, understanding region-specific
geospatial patterns of adult mosquito vectors is impera-
tive for developing targeted surveillance and control
strategies. This information may facilitate informed deci-
sion-making, contribute to localized control measures
and educational initiatives, and allow for targeted abate-
ment efforts, potentially reducing the risk of insecticide
resistance [33-35].

Harris County, Texas, is a focal point for understand-
ing the dynamics of mosquitoes and mosquito-borne
diseases. This county is home to a diverse range of over
50 mosquito species, including vectors responsible for
transmitting chikungunya, dengue, Saint Louis encepha-
litis, West Nile, yellow fever, and Zika viruses [36]. Since
its introduction in 2002, Harris County has reported at
least one WNV human case and has detected WNV in
mosquitoes every year [16]. Harris County’s geographic
and demographic conditions create suitable conditions
for the proliferation of mosquitoes and mosquito-borne
pathogens. Located along the Gulf of Mexico with major
seaports and international airports, the county is a hub
for constantly moving goods and people. However, this
role also exposes the county to the introduction of new
pathogens and infected individuals. Furthermore, Har-
ris County has a population of about 4.7 million people,
and an additional one million individuals are projected
to migrate into the county over the next three decades
[37]. This influx further increases the population density,
accelerates urbanization, and leads to increased garbage
production, including artificial containers and food waste
[11, 19, 20, 38]. The region’s long summer season, char-
acterized by high temperatures and humidity, is a fertile
ground for mosquito breeding. Predictions of increased
annual precipitation in Harris County and shifts in daily
rainfall patterns could further influence the abundance
and distribution of mosquitoes [39]. Here, we present
spatial and statistical analyses to examine the patterns of
adult female Cx. quinquefasciatus abundance in Harris
County, Texas, from 2020 to 2022 to identify areas with
statistically significant clustering of mosquito abundance.
Our research aims to provide critical insights into mos-
quito population dynamics for public health officials and
local vector control agencies. These insights will support
targeted mosquito control and education efforts in Harris
County and offer a valuable framework for similar cities
along the southern coast of the United States.
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Methods

Study region

Harris County is located in southeast Texas, adjacent to
the Gulf of Mexico at sea-level elevation (29° 44’ N, 95°
27 W). With Houston serving as the county seat, Harris
County ranks as the nation’s third-largest county, with a
population of over 4.7 million individuals as of the 2020
census [40]. The county spans 1,707 square miles (~4421
sq. km) and contains 34 cities and towns (Fig. 1) [41]. The
county’s humid, subtropical climate features hot sum-
mers, mild winters, and highly variable rainfall. Climate
norms for the region from 2006 to 2020 include a mean
minimum temperature of 43.1 °F (6.2 °C) during the cold-
est month (January) and a mean maximum temperature
of 95.4 °F (35.2 °C) during the hottest month (August).
The mean annual rainfall is about 52 inches (132 cm),
with 62% of the precipitation accumulating from May
through October [42]. For comparison, the average pre-
cipitation for the contiguous U.S. from 2018 to 2023 was
30.71 inches (78 cm) [43].

Data source

Mosquito surveillance data collected by Harris County
Mosquito and Vector Control Division (HCMVCD) from
2020 to 2022 were used. Routine surveillance involves
sampling from systematically placed traps within 268
stable polygons known as Mosquito Control Operational
Areas (MCOAs). Trapping efforts were relatively consis-
tent during the three years of this study. However, some
sites were surveyed more frequently within and between
years due to the availability of resources. For this study,
we utilized data collected using a modified CDC Reiter
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gravid trap (J.W. Hock and Co., Gainesville, FL) baited
with a modified Reiter medium (fermented hay infusion)
[44]. The gravid trap is helpful in sampling ovipositing
Culex spp. mosquitoes and was designed to maximize the
collection of Cx. quinquefasciatus for WNYV surveillance
[45, 46]. Gravid traps are placed in the afternoon and col-
lected the following morning, allowing a collection time
of approximately 18 h. The mosquitoes are then sorted,
sexed, identified morphologically to genus and species
level, and placed in cold holding at -80 °C. The HCMVCD
Virology Laboratory then tests mosquito pools for arbo-
viruses that are significant to human health [44]. For this
analysis, we only used Cx. quinquefasciatus abundance
and WNYV testing data.

Statistical analyses

We focused analyses on female Cx. quinquefasciatus
due to their role in the transmission of mosquito-borne
pathogens. To account for variations in sampling effort,
we computed the average (mean) number of adult female
Cx. quinquefasciatus mosquitoes per number of nights
that traps were employed (“trap-nights”) for each gravid
trap site. Average abundance was compared between
years using a Kruskal-Wallis test with a post hoc Dunn’s
test using a False Discovery Rate (FDR) correction for
multiple comparisons. Statistical analyses were con-
ducted using R version 4.3.1 (R Core Team 2023).

Geostatistical analysis

Spatial analyses were conducted using ArcGIS Pro (ver-
sion 3.2.0, ESRI, Redlands, CA). For spatial analyses, we
subset the data to include mosquito season from May to
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Fig. 1 Map of Texas highlighting Harris County. The inset shows a zoomed-in version of Harris County with all city limits distinguished in gray
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October, incorporating all regular trapping routes. First,
trap locations were geocoded using coordinates. While
trapping efforts were relatively consistent during the
three years of this study, some sites were surveyed more
frequently within and between years due to the avail-
ability of resources. On average, a trap site was sampled
1249 times per year, and 215 (80.2%) trap sites were
sampled every year. To adjust for trapping effort and to
obtain one representative abundance for each trap site,
data for each year (May to October) were aggregated
based on the female Cx. quinquefasciatus abundance
per trap-night for spatial analysis. We assessed the spa-
tial autocorrelation of mosquito abundance for each year
using Global Moran’s I. This statistic evaluates whether
trap sites exhibit clustered, dispersed, or random dis-
tribution based on location and Cx. quinquefasciatus
abundance (standardized by trap-night) [47]. Significant
spatial autocorrelation prompted further hotspot analysis
for each year, with significance evaluated at a=0.05 [48].

The Getis-Ord Gi* statistic was used to identify sig-
nificant clusters of high or low Cx. quinquefasciatus
abundance per trap-night with trap sites aggregated
into Mosquito Control Operational Areas (MCOA).
Using Getis-Ord Gi*, a statistically significant hot spot
is defined as an MCOA with a high mosquito abundance
that is surrounded by MCOAs with high abundance as
well. MCOAs without a trap site were not included in
the hotspot analysis. If an MCOA contained more than
one trap site during a year, then traps were aggregated
to mean abundance per trap-night for all traps in the
MCOA. Utilizing the Spatial Autocorrelation (Global
Moran’s I) tool in ArcGIS Pro, the Gi* statistic was
computed for each MCOA. A sensitivity analysis using
inverse distance, inverse distance squared, and K near-
est neighbors was conducted to ensure that the concep-
tualization of spatial relationships was robust. For the
current study, we proceeded with K nearest neighbors.
Hotspot maps were generated using standard Z-score
cut-offs to pinpoint areas of unexpectedly high or low
mosquito abundance, given an equal sampling effort.
MCOAs with high positive Z-scores were identified as
hotspots, indicating a clustering of high abundance, and
areas with negative Z-scores were identified as cold spots,
indicating a clustering of low abundance. MCOAs with
a p-value>0.05 were considered to be not significant.
We compared the results of the hotspot analyses among
study years to identify changes in statistically significant
hotspots and cold spots.

Kriging and variography

After confirming spatial autocorrelation using Global
Moran’s I, we conducted a spatial interpolation of abun-
dance per trap-night to generate predictive surfaces for
Harris County. Spatial interpolation is useful to depict
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a variable of interest (e.g., annual mosquito abundance
per trap-night) when there are a finite number of sam-
pling locations (e.g., trap sites). Kriging is a geostatistical
interpolation method that estimates values at unsampled
locations based on the observed spatial autocorrelation
among sampled data points [48]. Empirical Bayesian
kriging is more robust than other kriging methods due
to its ability to estimate errors associated with the semi-
variogram model, its ability to handle moderate non-sta-
tionarity, and the fact that there are fewer semivariogram
model assumptions [49]. Empirical Bayesian kriging was
chosen based on cross-validation (leave-one-out resam-
pling method) to select an appropriate semivariogram
model [49]. Predictive surfaces were generated using this
method in ArcGIS Pro (Version 3.2.0., ESRI, Redlands,
CA) to estimate the average abundance per trap-night at
unsampled locations throughout Harris County for each
year. The resulting predictive surfaces were visualized for
interpretation. Community Tabulation Areas for 2020,
akin to Super Neighborhoods, were included to visual-
ize social community boundaries for easier interpretation
[50].

Correlation with area deprivation index

The area deprivation index (ADI) was used as an indica-
tor of neighborhood-level socioeconomic status. ADI is
a composite score that measures neighborhood disad-
vantage in the context of income, education, employ-
ment, and housing quality [22, 51]. We utilized the 2021
ADI census block group rankings at the state level within
Texas. In addition, we obtained shapefiles for 2021 census
block groups from the United States Census Bureau [52].
Mosquito traps were joined with the census block group
shapefile for correlation with ADI. Census block groups
without a trap site were not included in this analysis.
Using Spearman’s correlation coefficient, we investigated
the association between the ADI and Cx. quinquefascia-
tus abundance at trap sites by census block group. The
analysis was conducted separately for each year of the
study period to examine temporal variations in the rela-
tionship between ADI and mosquito abundance.

Results

Mosquito collection data

From 2020 to 2022, more than 800,000 adult female
Cx. quinquefasciatus mosquitoes were collected from
8,830 trap-nights included in the analysis (Table 1). Each
month, there was an average of 491+141 trap-nights at
174+48 locations (Fig. 2).

Mosquito abundance over study period

Temporal analysis revealed significant variation in the
abundance of Cx. quinquefasciatus over the three-year
period (Kruskal Wallis: X*(2)=82.08, p<0.0001) (Fig. 3A).
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Table 1 Number of female Culex quinquefasciatus mosquitoes A post hoc Dunn’s test using an FDR correction demon-
collected by month in Harris County, Texas, 2OZOT2022 strated that mosquito abundance per trap-night was sig-
Year Month Traploca-  Mosquitoes  Trap- nificantly higher in 2021 (median: 98.5; IQR: 65.6—139)

tions() - collected () mights ;1 pared to 2020 [(median: 71.5; IQR: 50-106), adjusted

2020 May 134 31691 ;/\2/)4 »<0.0001]. However, both 2020 and 2021 had a signifi-
June 187 56,141 374 cantly higher abundance than 2022 [(median: 57.9; IQR:
July 171 47474 43 39-85.5), adjusted p=0.0003 and adjusted p<0.0001,
August 135 43539 459 respectively]. The seasonal distribution generally indi-
Septermber 225 40,013 667 cated peak abundance early in the summer season (May),
October 137 40,872 507 a decrease in mid-summer (June through August), and
2021 May 230 40153 500 a subsequent increase in late summer (September and
June 205 121,604 642 October) (Fig. 3B).
July 259 96,347 678
August 151 53,747 589 Spatial autocorrelation (Global Moran’s 1)
September 258 60,806 649 Spatial autocorrelation analysis using Global Moran’s I
October 135 64,652 547 identified statistically significant clustering of Cx. quin-
2022 May 122 22,966 289 quefasciatus abundance per trap-night during each study
June 135 27,328 348 year from May 2020 to October 2022. Positive Global
July 138 18,790 368 Moran’s I statistics were observed for all study years,
August 232 32,773 588 indicating significant clustering and non-random distri-
September 139 32,252 408 bution of mosquito abundance in Harris County [2020
October 135 24,224 355 (Moran’s Index=0.38, z-score=5.38, p<0.0001), 2021
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Fig. 2 Average abundance of female Culex quinquefasciatus at gravid trap locations in Harris County, Texas, from 2020 to 2022. Panels A (2020), B (2021),
and C (2022) show the average female Culex quinquefasciatus abundance per trap-night collected at gravid traps included in the analysis for each year
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Fig. 3 Abundance of female Culex quinquefasciatus mosquitoes by (A) year and (B) month. (A) Boxplots and Kruskal-Wallis test results to test for significant
differences in median mosquito abundance per trap-night between the years. For each box plot, the central line is the median; the box encompasses
the upper and lower quartiles; the lines extend to the 2.5 and 97.5 percentile, with the points representing values outside this range (outliers). (B) The bar
graph depicts the median female Cx. quinquefasciatus abundance per trap-night by month and year. The error bar represents the upper quartile

(Moran’s Index=0.25, z-score=8.82, p<0.0001), and
2022 (Moran’s Index=0.11, z-score=3.84, p=0.0001)].

Hotspot analysis

The Getis-Ord Gi* hotspot analysis identified 28 hotspots
and 20 cold spots in 2020 (n=243; Fig. 4A), 46 hotspots
and 35 cold spots in 2021 (n=266; Fig. 4B), and 35
hotspots and 23 cold spots in 2022 (n=236; Fig. 4C).
Hotspots were predominantly observed near central
Houston and expanded towards the north-northwest
region of the county. In contrast, cold spots were pri-
marily observed in the western and southeastern areas
of Harris County. Changes in significant hotspots across
the study period were noted, with transitions from not
significant to hot in far north and southeast Houston.
Three Mosquito Control Operational Areas (MCOA)
were identified as hotspots during all three years. These
hotspots were located in the Magnolia Park, Second
Ward, and Lawndale/Wayside community tabulation
areas (Supplementary Figure S1). Hotspots for at least
two years during the study period were located in East
Little York/Homestead, East Houston, Pecan Park, East-
wood, Aldine Northwest, Aldine Southeast, Denver Har-
bor/Port Houston, and Carverdale/Westbranch. Seven
MCOAs were identified as cold spots during all three
years. These cold spots were located in the community
tabulation areas of Friendswood, La Porte/Shoreacres,
Nassau Bay, El Lago, Katy North, and Seabrook.

Kriging and variography

Empirical Bayesian kriging (EBK) was performed to
estimate the female Cx. quinquefasciatus abundance at
unsampled locations and produce a map of estimated
abundances in Harris County, Texas. The best-fit semi-
variogram model for the mosquito abundance data was
K-Bessel with a standard circular neighborhood using K
nearest neighbors. The cross-validation results and error
analysis of the interpolation results are shown in Supple-
mentary Table S1. The mean prediction error and mean
standardized error for 2020, 2021, and 2022 indicate that
the models are unbiased. The root mean square standard-
ized error was close to one for all models, demonstrating
that the standard errors are generally accurate. The root
mean square error, a measurement of prediction accu-
racy, is 52.24 for 2020, 54.54 for 2021, and 35.68 for 2022.
The average standard error was relatively close to the
root mean square error for all models, with some indica-
tion of slight overestimation and underestimation of the
variability in prediction. While the kriging models gen-
erally exhibit unbiased estimations for the three years,
the cross-validation results suggest that integrating addi-
tional factors into future models may refine abundance
estimates.

Spatial distribution of female Cx. quinquefasciatus
abundance

Predictive maps of female Cx. quinquefasciatus abun-
dance demonstrated that the distribution varied spatially,
even after accounting for sampling variation (Fig. 5A-
C). Specifically, the predictive surfaces illustrated that
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Fig. 4 Changes in Hotspots by year for (A) 2020, (B) 2021, and (C) 2022. The Getis-Ord Gi* statistic identified significant clusters of high or low female Cx.
quinquefasciatus normalized by trap-night within Mosquito Control Operational Areas. Hotspots and cold spots were determined using standard Z-score
cut-offs. The number of hotspots and cold spots varied across years: 28 hotspots and 20 cold spots in 2020, 46 hotspots and 35 cold spots in 2021, and 35
hotspots and 23 cold spots in 2022. Analysis and mapping were conducted using ArcGIS Pro 3.2.0 (Esri, Redlands, CA)

female Cx. quinquefasciatus abundance was generally
higher near central Houston, expanding into north and
northwest Harris County. Areas with lower abundance
were typically observed on the western and southeast-
ern borders of Harris County. The overall predictive
surfaces reflected Cx. quinquefasciatus abundance con-
sistent with our hotspot analysis. In 2020, Cx. quinque-
fasciatus showed especially strong spatial clustering near
Greenspoint and Carverdale/Westbranch neighbor-
hoods. In 2021, higher abundances were observed near
Aldine West, Kashmere Gardens, and Independence
Heights neighborhoods. In 2022, higher abundance was
observed near Carverdale/Westbranch, Magnolia Park,
and Spring Southwest. Notably, these regions tend to
coincide with areas characterized by older infrastructure,
which may hint at underlying spatial processes influenc-
ing patterns in mosquito abundance.

West Nile virus positivity

14,101 mosquito pools were tested for WNYV during the
study period. In 2020, 10 out of 4,520 pools (0.2%) were
WNV-positive. In 2021, 230 out of 5,973 pools (3.9%)
were WNV-positive. In 2022, 25 out of 3,608 pools
(0.7%) were WNV-positive. These findings correlate with
human case data for Harris County, Texas, with one case
reported in 2020, 23 cases reported in 2021 (10 symp-
tomatic and 13 viremic blood donors), and six cases
reported in 2022 (5 symptomatic and one viremic blood
donor) [53]. Of the positive mosquito pools, 15 were col-
lected in June, 115 in July, 96 in August, 36 in Septem-
ber, and three in October. The highest positivity rate was
observed in August 2021 (8.6%), July 2021 (7.9%), Sep-
tember 2021 (3.2%), and July 2022 (2.8%). In all other
months, less than 1.3% of mosquito pools tested positive
for WNV. No WNV-positive mosquito pools were col-
lected in May during the study period (Table 2).
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Fig. 5 Geospatial distribution of female Culex quinquefasciatus abundance standardized by trap-nights in Harris County, Texas, for (A) 2020, (B) 2021, and
(€) 2022. Predictive surfaces were generated using Empirical Bayesian kriging, with the resulting classes (split by quantiles) shown in each legend. The
Harris County boundary and major roads are overlayed. Analysis and mapping were conducted using ArcGIS Pro 3.2.0 (Esri, Redlands, CA)

Correlation with area deprivation index

We explored the relationship between mosquito abun-
dance and ADI, revealing consistent positive correla-
tions across the years 2020, 2021, and 2022. Overall,
we observed a positive correlation between Cx. quin-
quefasciatus abundance and census block group ADI.
Spearman’s correlation coefficients indicated significant
associations between mosquito abundance and state
ranking of census block group ADI, underscoring the
influence of socioeconomic factors on vector popula-
tions. In 2020, the correlation coefficient was p=0.25
(p<0.001); in 2021, p=0.38 (p<0.001); and in 2022,
p=0.22 (p<0.001) (Fig. 6). These findings highlight the
importance of considering socioeconomic disparities and
culturally relevant educational initiatives when develop-
ing mosquito surveillance and control efforts.

Discussion

Having foundational knowledge about the contemporary
abundance and distribution of Cx. quinquefasciatus in
a major metropolitan area like Harris County, Texas, is
crucial for developing effective mitigation strategies and
evaluating changes in mosquito ecology that could result
from climate change. By utilizing extensive mosquito sur-
veillance data and robust geostatistical analysis, our study
yielded significant findings related to the spatial and
temporal distribution of Cx. quinquefasciatus in Harris
County, Texas, from 2020 to 2022.

Our findings revealed a heterogeneous distribution of
Cx. quinquefasciatus throughout Harris County, high-
lighting the importance of understanding the underlying
drivers of these geospatial patterns for effective vector
control [35]. The non-random distribution of mosquito
abundance indicates that environmental factors, such
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Table 2 Number of female Culex quinquefasciatus mosquito
pools collected and tested for West Nile virus by month in Harris
County, Texas, 2020-2022

Year Month WNV-Positive ~ Mos- WNV-
mosquito pools quito pools Positive
(N) tested (N) mosquito
pools (%)

2020 May 0 354 0%
June 0 692 0%
July 5 945 0.5%
August 3 779 0.4%
September 2 993 0.2%
October 0 757 0%

2021 May 0 722 0%
June 14 1,116 1.3%
July 95 1,210 7.9%
August 86 1,002 8.6%
September 33 1,045 3.2%
October 2 878 0.2%

2022 May 0 360 0%
June 1 621 0.2%
July 15 543 2.8%
August 7 884 0.8%
September 1 650 0.2%
October 1 550 0.2%

as the built environment, land use, and land cover, play
an essential role in the risk of WNYV transmission [1, 4,
54-56]. Leveraging the inherent spatial autocorrelation
in mosquito abundance data, we used empirical Bayes-
ian kriging to estimate mosquito abundance at locations
beyond trapping sites. Kriging may be particularly use-
ful in areas with limited surveillance resources and could
empower vector control programs to identify high-risk
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areas for targeted resource allocation and mosquito con-
trol efforts.

Our hotspot analysis identified areas within Houston
that may have a higher abundance of Cx. quinquefas-
ciatus, potentially warranting educational initiatives and
targeted surveillance and control efforts. In our study,
hotspots were generally observed in the population-
dense area of central Houston and the north and north-
west regions of Harris County. Northwest Harris County
was previously identified as having a statistically signifi-
cant cluster of WNV cases in 2012-2014, with over 68%
of cases clustered in west and northwest Harris County
[57]. Conversely, areas with lower mosquito abundance
(cold spots), such as the western and southeastern bor-
ders of Harris County, may require different intervention
strategies tailored to their specific ecological and envi-
ronmental context.

A few communities consistently emerged as hotspots
throughout the study period. Magnolia Park, Lawndale/
Wayside, and Second Ward contained MCOAs identi-
fied as hotspots during all three years, which was par-
ticularly noteworthy due to their higher ADI ranks and
older homes. Each community has unique characteristics
that may place its residents at greater risk of mosquito
exposure.

Magnolia Park is one of Houston’s oldest communities.
It is located in eastern Harris County, just south of some
initial wharves constructed as the Houston Ship Chan-
nel transitioned into a major deep-water port in 1913.
The community has multiple land use types, including
single-family and multi-family residences, commercial,
industrial, undeveloped land, and open water [58]. Mag-
nolia Park is home to the earliest constructed homes in
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Fig. 6 Correlation between Area Deprivation Index (ADI) and average Culex quinquefasciatus abundance for each year. Census block group rankings for
2021 ADI were utilized, and Spearman’s correlation coefficient was employed for analysis. Consistent positive correlations between mosquito abundance
and ADI were observed across the study years. For each box plot, the central line is the median; the box encompasses the upper and lower quartiles; the
lines extend to the 5th and 95th percentile, with the points representing values outside this range
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Houston, with a median home construction year of 1936
(median in Harris County=1979). Lawndale/Wayside
is a community within Houston’s inner loop, containing
heavily wooded preserves and Houston’s first country
club. Land use in this community is a mixture of single-
family and multi-family residences, commercial, parks,
open space, undeveloped land, and a small proportion of
open water (a bayou) [59]. The median home construc-
tion year in Lawndale/Wayside is 1946. Second Ward,
one of Houston’s original neighborhoods, is bounded by
rail lines and serves as a commercial district for indus-
trial services. Second Ward’s land use includes single-
family and multi-family residences, commercial, a larger
industrial area (numerous vacant), and a small propor-
tion of open water (a bayou) [60]. The median home con-
struction year in Second Ward is 1940. These findings
demonstrate that neighborhoods with older homes may
be at heightened risk of mosquito exposure due to aging
infrastructure.

Furthermore, Spearman’s correlation coefficients indi-
cated significant associations between mosquito abun-
dance and state ranking of census block group ADI,
underscoring the influence of socioeconomic and built
environment factors on vector populations. These find-
ings corroborate previous research demonstrating that
areas with increased urbanization and lower socio-
economic status tend to have a higher burden of Culex
spp. mosquitoes [4, 21]. For example, an Atlanta-based
study found that pre-1960 homes, the proportion of low-
income households, and housing density significantly
correlated with an increased risk of WNYV infection [14].
Similarly, a multi-year Chicago-based study revealed that
areas with pre-1990 homes and greater population den-
sity were associated with increased human WNV cases
[61]. Our study findings underscore the importance of
targeted interventions and public health initiatives, espe-
cially within vulnerable communities. The identification
of hotspots can assist in allocating limited resources and
developing culturally informed interventions for the
communities where they are needed most.

The proportion of WNV-positive mosquito pools was
substantially higher in 2021 (3.9%) compared to 2020
(0.2%) and 2022 (0.7%). Within 2021, the highest posi-
tivity was observed in July (7.9%) and August (8.6%),
corresponding with the highest average monthly tem-
peratures across the study period (July average tem-
perature: 84.9 °F/29.4 °C; August average temperature:
84.9 °F/29.4 °C). Previous studies on temperature and
WNV transmission have demonstrated that increased
temperatures can result in a shortened incubation period,
a decreased period between mosquito bloodmeals, and a
higher rate of WNYV infection and dissemination [62—65].

We observed that WNV-positive mosquito pools gen-
erally occurred in regions estimated to have a moderate
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mosquito abundance based on the kriged surfaces. While
the estimated abundance of Cx. quinquefasciatus is a
critical indicator in calculating the transmission risk of
mosquito-borne diseases; other factors should also be
considered when assessing transmission risk. Other
determinants of WNV transmission risk, in addition to
mosquito abundance, include human density, human-
vector contact, and the presence of competent bird spe-
cies [66—68].

Climate variation is also a critical factor in the abun-
dance of Cx. quinquefasciatus and WNV transmission.
Previous studies have identified the optimal tempera-
ture range for Cx. quinquefasciatus development to be
between 75.2 °F (24 °C) to 82.4 °F (28 °C) [1]. As Harris
County regularly exceeds this temperature range dur-
ing May to October, the negative relationship between
peak temperature and peak abundance in our study
reflects the critical temperature limits of the species
[1]. The average maximum temperature from May to
October was slightly lower in 2021 (average maximum
temperature for May — Oct 2021: 89.3 °F/27.2 °C) com-
pared to 2020 (average temperature for May — Oct 2020:
90.0 °F/32.2 °C) and 2022 (average temperature for May
— Oct 2022: 92.2 °F/33.4 °C) in Harris County. This cool
temperature anomaly during the summer of 2021 could
have provided a slight reprieve from the typical hot sum-
mer temperatures in Houston, allowing a proliferation
in the abundance of Cx. quinquefasciatus mosquitoes.
Precipitation can have varying effects on mosquito abun-
dance depending on the amount of rainfall, percentage
of impervious surfaces, and quality of drainage systems
in an environment [65]. In addition, aging infrastructure
and vacant properties moderate the impact of normal
to above-normal precipitation events [69]. As a result,
further research is needed to elucidate the association
between temperature, rainfall, and mosquito abundance
across various environments in Harris County.

Our results demonstrate how geostatistical analysis
using mosquito surveillance datasets can provide valu-
able information about local vector ecology and support
for developing targeted abatement strategies. In addition,
our study confirmed the presence of significant spatial
autocorrelation within the data, underscoring the impor-
tance of accounting for spatial dependencies in future
modeling approaches [47, 70, 71]. The study’s strengths
include the systematic placement of traps among MCOAs
and robust spatial analysis techniques. One limitation is
that an unequal sampling of trap sites across the county
within the study period may have introduced bias. More-
over, empirical Bayesian kriging assumes that the under-
lying spatial process is constant across the study area
[49]. However, spatial processes are often non-stationary
due to various factors, including land use, land cover,
and the built environment, including urban development
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patterns. The cross-validation results indicate that the
kriging models are generally unbiased in their predic-
tions. However, future models may benefit from incorpo-
rating environmental factors into abundance estimates.
Model prediction errors should also be considered when
the results are utilized in decision-making. Finally, while
our study provides valuable insights into the geospatial
distribution of Cx. quinquefasciatus, further research is
needed to understand the complex interactions between
environmental factors, vector ecology, the built environ-
ment, and WNV transmission dynamics in large urban
centers.

Conclusion

Our study contributes to the growing literature on the
geospatial epidemiology of mosquito-borne diseases and
their vectors. This information offers valuable insights
into areas that may require additional surveillance or
outreach and education initiatives [25]. By elucidating
the geospatial and temporal distribution of Cx. quinque-
fasciatus in Harris County, Texas, our findings support
evidence-based decision-making and targeted interven-
tions in high-risk areas. These findings also highlight the
importance of considering socioeconomic disparities and
culturally relevant educational initiatives when develop-
ing mosquito surveillance and control efforts. The result-
ing interventions should be designed using an integrated
approach, fostering collaboration across multiple county
sectors, including public health, housing, planning and
development, and public works, to effectively manage
WNV and other mosquito-borne diseases in our most
vulnerable communities.
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