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ABSTRACT. Land use and land cover (LULC) gradients are associated with differences in mosquito species
composition and the entomological risk of mosquito-borne disease. Here, we present results from a season-long
study of mosquito species richness and abundance with samples collected at 9 locations from 2 plots with contrast-
ing LULC, an urban farm and a forest preserve, in Bloomington, IN, a city in the midwestern USA. With a total
sampling effort of 234 trap-nights, we collected 703 mosquitoes from 9 genera and 21 species. On the farm, we
collected 15 species (285 mosquitoes). In the preserve, we collected 19 species (418 mosquitoes). Thirteen species
were common in both study plots, 2 were exclusive to the farm, and 6 were exclusive to the forest preserve. In both
plots, we collected Aedes albopictus and Ae. japonicus. In the farm, the most common mosquito species were Culex
restuans/Cx. pipiens and Coquillettidia perturbans. In the preserve, Ae. japonicus and Ae. triseriatus were the 2 most
common mosquito species. Time series analysis suggests that weather factors differentially affected mosquito species
richness and mosquito abundance in the plots. Temperature, relative humidity (RH), and precipitation were positively
associated with richness and abundance at the farm, while increases in the SD of RH decreased both richness and
abundance at the preserve. Our results highlight the importance that LULC has for mosquito species diversity and
abundance and confirm the presence of Ae. albopictus and Ae. japonicus in southwestern Indiana.
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INTRODUCTION

Mosquitoes are a significant source of nuisance,
and several species can transmit pathogens that affect
humans, wildlife, and domestic animals. Anthropo-
genic activities play a key role in altering the ecology
and distribution of mosquito vectors, contributing to
the emergence and reemergence of mosquito-borne
diseases (Levins et al. 1994). One of the most impor-
tant factors associated with changes in mosquito spe-
cies composition and abundance is the land use and
land cover (LULC) of areas where mosquitoes exist
(Chaves et al. 2011). This type of observation has
underpinned theories explaining how LULC change
and heterogeneity may drive changes in vector-borne
disease ecology (Pavlovsky 1966) and shape differ-
ences in transmission patterns across landscapes
(Kitron 1998, Reisen 2010). For example, arboviral
transmission depends on the simultaneous presence
of the pathogen, vector, and hosts along with favorable
environmental conditions that are associated with spe-
cific types of LULC (Kuno and Chang 2005). Similar
patterns have been reported for parasitic mosquito-
borne diseases, such as malaria (Lindblade et al. 2000).
Changes in mosquito species composition associated
with LULC are important to explain differences in
pathogen transmission. For example, West Nile virus
(WNV) transmission is more commonly associated
with Culex pipiens L. in urban environments and

across eastern continental USA. However, in rural
environments, especially in the western continental
USA, WNV transmission is mainly associated with
Cx. tarsalis Coquillett (Rhodes et al. 2023), and these
differences might be associated with a higher inci-
dence of WNV infections in regions such as the Great
Plains (Petersen 2019).

Some clear patterns have been observed about spe-
cies composition in urban and rural LULC gradients.
For example, when considering invasive species across
North America, Aedes albopictus (Skuse) has been
more commonly associated with urban environments,
while Ae. japonicus (Theobald) with rural environments
(Bartlett-Healy et al. 2012, Kaufman and Fonseca 2014).
These invasive species have also changed the abundance
patterns of local mosquitoes. For example, Rochlin et al.
(2013) documented how Ae. triseriatus (Say) has been
declining in New Jersey after the appearance of both Ae.
albopictus and Ae. japonicus, a pattern that seems wide-
spread in the USA (Andreadis and Wolfe 2010). In gen-
eral, in urban environments, the richness of mosquito
species is decreased when compared with rural or for-
ested environments, with patterns suggesting dominant
vector species, as opposed to mosquito species without
medical or veterinary importance, become more com-
mon in urban environments (Chaves et al. 2011,
Thongsripong et al. 2013, Valdez 2017, Câmara et al.
2020, Rhodes et al. 2022, Kaboré et al. 2023).

Mosquito-borne diseases are common in Indiana. For
example, the Indiana Department of Health reported 13
human infections of WNV, while all 92 counties in the
state reported WNV-positive mosquito pools in 2023
(CDC 2023). However, very little is known about basic
ecologic aspects regarding mosquito species composi-
tion and abundance, especially as it is related to LULC
in the southwestern part of the state. This study aims to
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describe mosquito abundance and species richness pat-
terns in plots with contrasting LULC in Bloomington,
IN, Monroe County. We expect mosquito species com-
position to be different when comparing samples col-
lected in a plot from an urban environment with a plot
from a forested environment.

MATERIALS AND METHODS

Study area

We conducted our research in Monroe County,
Bloomington, IN, in the southwestern part of the

state (Fig. 1A). Our study area was in the eastern
side of Bloomington, near the Indiana University
weather station (Fig. 1B). This area includes two
study plots (Fig. 1C), one located within the Indiana
University Campus Farm (IUCF) and one located
within the Indiana University Research and Teaching
Preserve (IURTP) Lake Property. The IUCF is within
an urban area near the Indiana University campus.
This site is surrounded by apartment complexes and
businesses, along with scattered bushes and trees
(Fig. 1D). The IURTP is a designated nature preserve
managed by Indiana University, intended to serve as
a natural field setting for both research and teaching

Fig. 1. Study site and trap locations. (A) Monroe County, IN, USA. (B) The city of Bloomington within Monroe
County. In this map, the location of the weather station (GHCND: USC00120784; NOAA 2024) and our study area are
highlighted. (C) Study area showing the location of the Indiana University Campus Farm (IUCF) and the Indiana Univer-
sity Research and Teaching Preserve (IURTP). (D) Trap locations within the IUCF plot. (E) Trap locations within the
IURTP plot. (F) Mosquito traps set in a Centers for Disease Control and Prevention configuration. Baseline maps for (B)
and (C) are courtesy of OpenStreetMap and were retrieved using the OpenStreetMap package for R (Brunsdon and
Comber 2015). Baseline images for (D) and (E) are courtesy of the US Department of Agriculture Farm Production and
Conservation, Business Center, Geospatial Enterprise Operations and were retrieved using the Google Earth Engine (Goo-
gle 2024). In (D) and (E), numbers are used to reference trap locations, starting in the southernmost location, 1 in the
IUCF, to the northernmost location and 9 in the IURTP.
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activities for Indiana University’s students and fac-
ulty members. This location features a mature decid-
uous forest patch (Fig. 1E). These contrasting sites
thus offer an opportunity to study the impacts of
LULC on mosquito fauna diversity and abundance.

Mosquito sampling

We performed a season-long study, collecting mos-
quitoes weekly from May 23, 2023 (epidemiologic
week 21) to November 14, 2023 (epidemiologic week
46). This season corresponds to the time when adult
mosquitoes have been described as active in Indiana
(Siverly 1972). Adult mosquitoes were collected
using 9 BG-Pro traps (Biogents AG, Regensburg,
Germany). At IUCF, we placed 4 traps (Fig. 1D) and
at IURTP 5 traps (Fig. 1F), identified with numbers
from 1 to 9. We set traps in the style of the Centers
for Disease Control and Prevention at a standard
height of 1.2 m above the ground (Fig. 1F), including
a BG-Lure, whose attractants included caproic acid,
lactic acid, and ammonia, and traps were also
equipped with the BG-Pro LED lights. Traps were
set every Monday at 5:00 p.m. for 16 h and retrieved
on Tuesday at 9:00 a.m. during the study period (this
sampling effort we refer to as trap-night). Following the
retrieval of traps, all mosquito samples were killed by
placing them at �20°C for 15 min before identification
using taxonomic keys (Siverly 1972) and a dissection
scope (S9E Stereo Zoom; Leica, Germany). Voucher
specimens, conserved in ethanol 100%, were deposited
in the School of Public Health, Indiana University
(Bloomington).

Weather data

In this study, we used weather data from the Indi-
ana University, Bloomington, IN, weather station
(GHCND: USC00120784; Fig. 1B), which included
daily precipitation and maximum and minimum tem-
perature. These data were obtained using the Climate
Data Online tool from the National Centers of Envi-
ronmental Observation of the National Oceanic and
Atmospheric Administration (NOAA 2024). We also
obtained maximum and minimum relative humidity
(RH) estimates for Monroe County, IN, using the cli-
mate engine (Hungtinton et al. 2017), which is based
on gridMET, a dataset of daily high spatial resolution
(»4-km) surface meteorologic data covering the con-
tinental USA (Abatzoglou 2013). For both tempera-
ture and RH, maximum and minimum daily values
were used to estimate a daily average. Weekly mean
(sum for rainfall), SD, and kurtosis of each weather
variable were estimated based on daily records from
each one of the weather variables. We included SD
and kurtosis of weather variables because organisms
are sensitive to both average environments and the
patterns of variability, as suggested by Schmalhau-
sen’s law (Chaves 2017a).

Statistical analysis

Mosquito data were tabulated by species, sex,
location, and collection date. We estimated species
accumulation curves (SACs) using rarefaction, a
method in which individuals are sampled with replace-
ment to obtain confidence intervals (Colwell and Cod-
dington 1994, Hoshi et al. 2014b). The SAC estimates
were obtained for all of our trap-nights and also for the
total trap-nights for each sampling plot (i.e., IUCF and
IURTP). A flattening SAC implies a comprehensive
sampling of species richness with the sampling tool
used. We also used the Chao2 species richness index
to estimate the total number of mosquito species (i.e.,
species richness) by sampling plot, and the selection
of this method was based on having used a uniform
sampling methodology (Chao et al. 2006, Chaves
et al. 2011). We used the Sørensen index of dissimi-
larity (beta diversity) to measure the similarity in
species composition across our 9 sampling locations
in the 2 plots. The Sørensen dissimilarity index
ranges from 0 to 1, with low values indicating a high
similarity in species composition. We used a hierar-
chic cluster analysis to display results from the
Sørensen dissimilarity index (Hoshi et al. 2014b).
We assessed the association between species richness
(number of species), total mosquito abundance (the
total number of collected mosquitoes from all spe-
cies), and weather variables at IUCF and IURTP
using techniques for time series analysis. We fol-
lowed a standard protocol and started by inspecting
the autocorrelation (ACF) and partial autocorrelation
(PACF) function of the time series of interest: in this
case, species richness and total mosquito abundance
by plot (Hoshi et al. 2014a). The ACF allows us to
assess if the time series observations are not indepen-
dent through time, and the PACF allows us to iden-
tify the lags at which the time series is correlated
with itself. For time series without significant ACF,
we proceeded with the estimation of cross-correla-
tion functions (CCFs) to estimate the lag at which the
studied time series (mosquito richness or abundance)
was correlated with weather variables using the raw
time series. When a time series had a significant
PACF, at a given time lag, we fitted an autoregressive
model and prewhitened the weather time series to
estimate the CCFs by using the residuals of the autor-
egressive model and the prewhitened weather time
series. This additional step is included to remove
similar ACF structures from the weather time series
that can lead to the identification of associations that
reflect a common autoregressive structure but not the
real association between 2 variables (Chaves and
Kitron 2011). We then fitted full models that included
all the significant time-lagged associations between
mosquito species richness, or total abundance, with
the weather time series, and simplified the models
using a process of stepwise backward elimination.
Covariates are removed one by one based on the
minimization of the Akaike information criterion
(AIC), ensuring the AIC was smaller or had less than
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2 units of difference with the full model, including all
weather covariates and a null model that did not
include any weather covariates (Chaves and Friberg
2021).

All analyses were performed using the statistical
software R, version 4.3.0 (R Core Team, Vienna, Aus-
tria). We used the vegan package in R for the species
richness and species dissimilarity analyses, the cluster
package for the cluster analysis, the package e1071 to
estimate the kurtosis of the weather time series, and
the base package for all other analyses.

RESULTS

From epidemiologic week 21 (May 23, 2023) to
epidemiologic week 46 (November 14, 2023), our
sampling effort included a total of 234 trap-nights.
However, during the 1st 2 wk and the last week of
this period, we did not collect any adult mosquitoes,
so we removed those trap-nights from all subsequent
analysis. Between epidemiologic week 23 (June 6,
2023) and epidemiologic week 45 (November 7,
2023), we collected 703 mosquitoes (463 females
and 240 males) over a 207 trap-night sampling effort
(92 trap-nights at IUCF and 115 at IURTP). On aver-
age (6SD), we collected 3.40 6 8.89 mosquitoes per
trap-night each week. At IUCF, we collected 285
mosquitoes (202 females and 83 males), with a
weekly average of 3.09 6 8.68 mosquitoes per trap-
night. At IUCF, we collected 418 mosquitoes (261
females and 157 males), with a weekly average 6SD
of 3.63 6 9.09 mosquitoes per trap-night. Mosqui-
toes belonged to 9 genera and 21 distinct species. In
our samples (Table 1), the dominant genus was Aedes
spp. (n ¼ 354, 50%), followed by Culex spp. (n ¼
175, 25%), Anopheles spp. (n ¼ 85, 12%), and
Coquillettidia spp. (n ¼ 79, 11%), while the remain-
ing 10 samples belonged to Uranotaenia spp. (n ¼
5), Toxorhynchites spp. (n ¼ 2), and 1 sample each
from Culiseta spp., Orthopodomyia spp., and Psoro-
phora spp., as shown in Table 1. Common species at
both the IUCF and IURTP plots (Table 1) included
the following 13: Ae. albopictus; Ae. japonicus; Ae.
triseriatus; Ae. mitchellae Dyar; Ae. trivittatus
(Coquillet); Ae. vexans (Meigen); Cx. pipiens; Cx.
restuans Theobald; Cx. erraticus (Dyar and Knab);
Cx. salinarius Coquillett; An. punctipennis (Say); An.
quadrimaculatus Say; and Cq. perturbans (Walker).

The dominant genus at IURTP was Aedes spp. (n ¼
263, 63%), followed by Culex spp. (n ¼ 82, 20%), and
Anopheles spp. (n ¼ 55, 13%). At IUCF, the dominant
genera were Culex spp. (n ¼ 93, 33%), closely fol-
lowed by Aedes spp. (n ¼ 91, 32%) and Coquillettidia
spp. (n¼ 71, 25%). The SACs for both study plots sug-
gest that the sampling was comprehensive, as the
curve flattened toward the end, and we collected 21
from the 26 species predicted by the Chao2 index
(Fig. 2A).

The dominant mosquito species at IUCF was a cat-
egory for Cx. pipiens or Cx. restuans, which we refer
to as Cx. pipiens/Cx. restuans, as these mosquitoes

are morphologically undistinguishable when key
characters, such as white scales in the scutum, are
missing for Cx. restuans (Harrington and Poulson
2008). These mosquitoes constituted 31% (n ¼ 87)
of our samples, followed by Cq. perturbans at 25%
(n ¼ 71) and Ae. vexans, at 19% (n ¼ 55). The SAC
for samples from the IUCF flattened, and we found
15 species; this was within the lower confidence
interval of the 20 species predicted by the Chao2
index (Fig. 2B). Two species were only found at this
plot: Ae. sticticus (Meigan) and Cx. territans Walker.
The dominant mosquito species at IURTP was Ae.

japonicus that accounted for 35% (n ¼ 146) of the
samples, followed by Ae. triseriatus at 15% (n ¼
63), and An. punctipennis at 11% (n ¼ 11%). The
SAC for samples from the IURTP flattened, and we
found 19 species, which was within the lower confi-
dence interval of the 22 species predicted by the
Chao2 index (Fig. 2C). The following 6 species were
only found at this plot: An. barberi Coquillett; Cs.
minnesotae Barr; Or. signifera Theobald; Ps. ciliata
(Fabricius); Tx. rutilus Coquillet; and Ur. sapphirina
(Osten Sacken).
The cluster analysis of Sørensen dissimilarity sug-

gests that IUTRP locations had more similar mos-
quito faunas when compared with each other than the
IUCF were to each other. Figure 3 shows how the
mosquito faunas of sites of all locations at IURTP
had less than 50% dissimilarity and formed 2 clusters
with less than 35% dissimilarity in species composi-
tion. By contrast, samples from IUCF fell in 3 clus-
ters (Fig. 3). Locations 1 and 4 were very similar
(over 35%), but overall, dissimilarity was near 70%
for the locations at IUCF, with the trap at location 3
collecting the mosquito fauna most dissimilar from
all other traps (this being the only location where Ae.
sticticus was collected).
Time series for species richness, mosquito abun-

dance, and weather variables are presented in Fig. 4.
Mosquito species richness fluctuated more frequently
at IUCF; after epidemiologic week 35, there were
consistently more species at IURTP (Fig. 4A). Total
mosquito abundance, on the other hand, was higher
and with ample fluctuations at the beginning of the
season at IUCF when compared with IURTP, where
mosquitoes were more abundant after epidemiologic
week 38 (Fig. 4B). At IUCF, mosquito peaks seemed
to follow rainfall events, with a different relationship
at IURTP, when abundance was highest when rainfall
was low (Fig. 4C). Both temperature (Fig. 4D) and
RH (Fig. 4E) seem to limit both mosquito species
richness and abundance of adult mosquitoes, as val-
ues in these mosquito time series decreased with
extreme low values for temperature and RH. When
the SD of RH (Fig. 4F) was high, species richness
and abundance seemed to decrease at IURTP. Kurto-
sis patterns in the weather variables (Fig. 4G) do not
seem to be associated with species richness or total
mosquito abundance patterns.
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Species richness at IUCF was the only time series
whose ACF and PACF inspection suggested a lack of
temporal independence. This time series had a signif-
icant (P , 0.05) cyclic autoregression with 2 wk of
lag. The inspection of the CCFs suggested it was
associated with precipitation (no time lag), average
and minimum temperature (both with 1 wk of lag),
and minimum RH (1 wk of lag). The full model con-
sidering these covariates had an AIC of 94, an
improvement over a model without weather covariates

(AIC ¼ 101). However, the best model (AIC ¼ 91)
only considered average temperature and minimum
RH, both of which were positively correlated with
species richness at IUCF (Table 2). Meanwhile, spe-
cies richness at IURTP was only negatively associated
with the SD of average RH (no lag): this model (AIC ¼
109) being selected over a model without weather
covariates (AIC ¼ 112). When comparing the intercepts
of both models, results suggest that on average IURTP
has 2 additional mosquito species when compared with
IUCF at any single week (Table 2).
Examination of CCFs suggested that total mos-

quito abundance at IUCF was associated with precip-
itation, average and minimum temperature, with
correlations maximized at 1 wk of lag, and average
and minimum RH (both without a lag). Model selec-
tion revealed precipitation and minimum temperature
as the only covariates in the best model (AIC ¼ 113),
which outperformed both a full model with all covar-
iates (AIC ¼ 114) and a model without any covari-
ates (AIC ¼ 125). Abundance at the IURTP site was
associated with the SD of average and minimum tem-
perature (with 2 wk of lag) and the SD of RH (no
time lag). A full model with all these covariates had
a smaller AIC (¼105) than a model without covari-
ates (AIC ¼ 110). However, the best model (AIC ¼
104) only considered the SD of RH as a covariate,
with the relationship being negative (Table 2). The
abundance model for IURTP suggests this site had
on average, based on intercept estimates, 1 additional
mosquito for 2 trap-nights when compared with the
IUCF model (Table 2).
Model fit, as assessed by R2, was better in the

IUCF than the IURTP. For both species richness and
mosquito abundance, higher R2 values were observed
in the IUCF models. Ecologic dynamics were sensi-
tive to changes in average weather values in the IUCF,
with the association always being positive, but more
sensitive to variability changes in the IURTP, where
both species richness and abundance decreased, as the
SD of RH increased.

DISCUSSION

We found 21 adult mosquito species in our study
plots. We found the following species of medical
importance: Cx pipiens, Cx restuans, Cx. erraticus,
and Cx. salinarius (vectors of WNV and other arbo-
viruses); Ae. vexans and Cq. perturbans (vectors of
eastern equine encephalitis); Ae. triseriatus and Ae.
japonicus (La Crosse virus); Ae. albopictus (dengue,
Zika, and chikungunya viruses); and An. quadrima-
culatus and An. punctipennis (historic malaria vec-
tors in the midwestern USA; Siverly 1972, Turell
et al. 2005, Kaufmann and Fonseca 2014, Armstrong
and Andreadis 2021, Day et al. 2023, Huynh and
Minakawa 2022). The presence of all these medically
important mosquito species calls for the continued
implementation of measurements that reduce vector-
borne disease transmission, such as the screening of
homes, but also, at a more personal level, encouraging
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Fig. 2. Species accumulation curves (SACs). (A) The
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the use of appropriate clothing when visiting the abun-
dant parks and recreation areas in Bloomington and
the whole of Monroe County in southwestern Indiana.
As historical records show from 1999 to 2022 (CDC
2023), there have been 3 human infections with WNV
detected in Monroe County, IN: 2 in 2012 and 1 in
2007. Infections in mosquitoes are reported almost
every year, highlighting that mosquito-borne pathogen
transmission risk is present in the area.
Our data and analysis further support that LULC is

an important factor behind mosquito species compo-
sition. The cluster analysis shows that mosquito spe-
cies composition was more similar within than
between the plots that we studied. The only occasion
in which locations from the 2 plots were related in a
cluster (Fig. 3) was in the branch containing 1 loca-
tion from the farm (location 2 in Table 1 and Fig.
1D) and 2 locations from the preserve (location 5 and
8 in Table 1 and Fig. 1E), and all of these were simi-
lar in the sense that they correspond to locations at
the interface where forested areas meet with human
modified LULC. Location 2 in the farm is in the
southwestern corner of the property and next to a
small forested patch, while location 5 in the preserve
is near the border of the preserve, with an adjacent
golf course, and location 8 was next to the preserve
main building. This result suggests that the spatial
grain at which changes in LULC can affect mosquito
species diversity is very fine. This is a pattern that

has been observed in faraway locations. For example,
the transmission of yellow fever in recent epidemics
in the metropolitan area of Sao Paulo, Brazil, tended
to be clustered in less urbanized areas that harbored
Haemagogus spp., which are associated with forested
landscapes (Mucci et al. 2016, Cunha et al. 2019,
Wilk-da-Silva et al. 2020). In the opposite extreme,
we have the transmission of WNV, where, for exam-
ple, Cx. pipiens and infections tend to be clustered in
more urbanized landscapes within metropolitan areas
of the USA (Chaves et al. 2011, Karki et al. 2020,
McMillan et al. 2020) and also by dengue transmis-
sion in tropical urban areas, where the mosquito fauna
is dominated by Ae. aegypti (L.) (Thongsripong et al.
2013, Huynh and Minakawa 2022).

Temporal dynamics in species richness and abun-
dance also add further evidence to the importance of
weather in explaining mosquito species richness and
total abundance. As we observed, the 2 plots had
similar number of species each week (Fig. 4A). The
larger number of species in the preserve, however,
indicates that species turnover through the season
more frequently occurs in forested than in urban
areas, an observation made by Toma and Miyagi
(1981) and Toma et al (1982) when studying similar
urban and forest gradients in Okinawa, Japan. In
explaining these patterns, an interesting feature of
our data was the relation with weather variability. In
the farm, both richness and abundance followed the
average lagged value of weather variables, while in
the preserve, both parameters of the mosquito com-
munity were negatively affected by more unstable
environments associated with higher SD in RH. This
is something that is worth exploring in different
global regions. On the one hand, the results in the
preserve suggest that the importance of environmen-
tal disturbance for species diversity (sensu Connell
1978) might be related to LULC in mosquitoes. On
the other hand, this kind of pattern has potential
implications for the entomological risk of vector-
borne disease transmission in urban, rural, and for-
ested gradients, as urban environments might be
more sensitive to mean environmental conditions but
forested environments to the variability of such con-
ditions. Therefore changes in mosquito-borne disease
transmission might be conditioned on LULC, among
other factors, not simply on rising temperatures (Pav-
lovsky 1966, Siverly 1969, Lindblade et al. 2000).
One limitation of our study comes from the weather
data that we used, based on estimates from a unique
point in the Bloomington area (i.e., the Indiana Univer-
sity weather station for temperature and precipitation),
and on area estimates for RH. Although beyond the
goals of this study, microclimatic heterogeneity and
variability might be important to more finely grained
patterns of diversity, and such an analysis could be
done using weather data from sensors located at the
points where mosquitoes were collected or using avail-
able remote sensing data that can be linked to the sam-
pled locations (Chaves 2017b, Chaves et al. 2020,
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2021). Similarly, collecting detailed data about larval
mosquito populations, either monitoring treeholes (Tsuda
et al. 1994) or using standardized ovitraps (Hoshi et al.
2014b, Romero et al. 2019) would help understand the
impacts of climate change in mosquitoes from south-
western Indiana.

Finally, we think southern Indiana is an excellent
place to study the ecology of invasive mosquito spe-
cies. In both the farm and preserve, we found Ae.
albopictus and Ae. japonicus, major globally inva-
sive species (Chaves 2016). The Asian Bush mos-
quito, Ae. japonicus, has been already reported for
southern Indiana, being found in Clark, Floyd, and
Harrison counties (Moberly et al. 2005), and our
findings support its establishment in Monroe County,
also in southern Indiana. Bloomington, IN, is also at
a latitude, and within a region of North America,
where the expansion of Ae. aegypti and Cx. nigripal-
pus Theobald in the continental USA is occurring.
Thus, Bloomington, IN, is a place well located to
study changes in the local mosquito fauna in
response to invasive mosquito species under climate
change. For example, Bloomington, IN, is at the same

latitude of the Washington, DC, area, where an estab-
lished Ae. aegypti population has been documented
(Gloria-Soria et al. 2018). Moreover, historically Ae.
aegypti was recorded in 1944 in Clark County, south-
ern Indiana (Siverly 1972), so the expansion and
establishment of Ae. aegypti into southern Indiana is
something that could be expected in the near future.
Similarly, Cx. nigripalpus has been expanding north-
ward in the continental USA, including some reports
at the same latitude in the neighboring state of Illinois
(Akaratovic et al. 2021). These changes in species dis-
tribution of several insect taxa are becoming increas-
ingly more common with climate change (Taheri et al.
2021). These changes in mosquito species distribution
are very important, as locally they may have a great
impact on increasing the entomological risk of vector-
borne transmission, for example, by increasing the
number of species competent to transmit pathogens
(Chaves 2017a). Invasive species also disrupt the ecol-
ogy of local mosquito species. For example, as
reported for Connecticut, we found that Ae. triseriatus
is outnumbered by Ae. japonicus in forested landscapes
(Andreadis and Wolfe 2010). However, unlike what has
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been reported for New Jersey, both Ae. albopictus and
Ae. triseriatus seem to coexist as adults in the urban
environment at low numbers (Rochlin et al. 2013), with
Ae. triseriatus clearly outnumbering Ae. albopictus in
more forested areas, as reported for southern Virginia
when Ae. japonicus was unlikely to be present in the
area (Barker et al. 2003a, 2003b). With the potential
arrival of invasive mosquito species, southern Indiana is
a place where the ecologic interactions of native and
invasive mosquito species can be studied in response to
both climate change and gradients in LULC.

ACKNOWLEDGMENTS

We thank Michael Chitwood and James Farmer for
facilitating research at Indiana University Research and
Teaching Preserve and Indiana University Campus
Farm during this study. Gabe Filippelli from Indiana
University (Indianapolis) provided support accessing
National Oceanic and Atmospheric Administration
weather data. We also thank Chris Bibbs and Ary Faraji
for hosting Sajjad Khan at the Salt Lake City Mosquito
Abatement District for training on mosquito sampling
and species identification during summer of 2023.
Indiana University School of Public Health funded this
work and Sajjad Khan (Pay It Forward fellowship).

REFERENCES CITED

Abatzoglou JT. 2013. Development of gridded surface
meteorological data for ecological applications and mod-
elling. Int J Climatol 33:121–131.

Akaratovic KI, Kiser JP, Whitt PB, Harrison RL, Harrison
BA. 2021. Culex nigripalpus distribution expansion: first
record in Virginia, new county records in North Carolina,
and revised United States map. J Am Mosq Control
Assoc 37:188–197.

Andreadis TG, Wolfe RJ. 2010. Evidence for reduction of
native mosquitoes with increased expansion of invasive
Ochlerotatus japonicus japonicus (Diptera: Culicidae) in
the northeastern United States. J Med Entomol 47:43–52.

Armstrong PM, Andreadis TG. 2021. Ecology and epidemiol-
ogy of eastern equine encephalitis virus in the northeastern

United States: an historical perspective. J Med Entomol
59:1–13.

Barker CM, Brewster CC, Paulson SL. 2003a. Spatiotem-
poral oviposition and habitat preferences of Ochlerotatus
triseriatus and Aedes albopictus in an emerging focus of
La Crosse virus. J Am Mosq Control Assoc 19:382–391.

Barker CM, Paulson SL, Cantrell S, Davis BS. 2003b. Habi-
tat preferences and phenology of Ochlerotatus triseriatus
and Aedes albopictus (Diptera: Culicidae) in southwestern
Virginia. J Med Entomol 40:403–410.

Bartlett-Healy K, Unlu I, Obenauer P, Hughes T, Healy S,
Crepeau T, Farajollahi A, Kesavaraju B, Fonseca D,
Schoeler G, Gaugler R, Strickman D. 2012. Larval mos-
quito habitat utilization and community dynamics of
Aedes albopictus and Aedes japonicus (Diptera: Culici-
dae). J Med Entomol 49:813–824.

Brunsdon C, Comber L. 2015. An introduction to R for spa-
tial analysis and mapping. London, United Kingdom:
Sage Publications.

Câmara DCP, Pinel CdS, Rocha GP, Codeço CT, Honório
NA. 2020. Diversity of mosquito (Diptera: Culicidae)
vectors in a heterogeneous landscape endemic for arbovi-
ruses. Acta Trop 212:105715.

CDC [Centers for Disease Control and Prevention]. 2023.
ArboNET current year data (2023) [Internet]. Atlanta,
GA: Centers for Disease Control and Prevention [accessed
February 14, 2024]. Available from: https://www.cdc.gov/
westnile/statsmaps/current-season-data.html

Chao A, Chazdon RL, Colwell RK, Shen TJ. 2006. Abun-
dance-based similarity indices and their estimation when
there are unseen species in samples. Biometrics 62:361–371.

Chaves LF. 2016. Globally invasive, withdrawing at home:
Aedes albopictus and Aedes japonicus facing the rise of
Aedes flavopictus. Int J Biometeorol 60:1727–1738.

Chaves LF. 2017a. Climate change and the biology of insect
vectors of human pathogens. In: Johnson S, Jones H, eds.
Global climate change and terrestrial invertebrates. Chi-
chester, UK: Wiley. p 126–147.

Chaves LF. 2017b. Mosquito species (Diptera: Culicidae)
persistence and synchrony across an urban altitudinal
gradient. J Med Entomol 54:329–339.

Chaves LF, Friberg MD. 2021. Aedes albopictus and Aedes
flavopictus (Diptera: Culicidae) pre-imaginal abundance
patterns are associated with different environmental fac-
tors along an altitudinal gradient. Curr Res Insect Sci
1:100001.

Table 2. Parameter estimates (6SE) for the best time series models explaining species richness and total mosquito abun-
dance at Indiana University Campus Farm (IUCF) and Indiana University Research and Teaching Preserve (IURTP) in

Bloomington, IN. All parameter estimates presented in the table are statistically significant (P , 0.05).

Species richness Mosquito abundance

Parameter Lag IUCF IURTP IUCF IURTP

Intercept (l) 3.71 6 0.46 5.26 6 0.47 3.10 6 0.49 3.63 6 0.42
Cyclic autoregressive (/) 2 0.39 6 0.19
Average temperature (a1) 1 0.33 6 0.11
Minimum relative humidity (RH) (a2) 1 0.10 6 0.04
SD of average RH (a3) 0 �0.52 6 0.22 �0.61 6 0.20
Precipitation (a4) 1 0.06 6 0.02
Minimum temperature (a5) 1 0.43 6 0.16
Variance (r2) 1.98 5.11 5.60 4.08
R2 0.66 0.23 0.53 0.33

JUNE 2024 MOSQUITO DIVERSITY IN BLOOMINGTON, IN 89

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-08 via free access

https://www.cdc.gov/westnile/statsmaps/current-season-data.html
https://www.cdc.gov/westnile/statsmaps/current-season-data.html


Chaves LF, Friberg MD, Moji K. 2020. Synchrony of glob-
ally invasive Aedes spp. immature mosquitoes along an
urban altitudinal gradient in their native range. Sci Total
Environ 734C:139365.

Chaves LF, Hamer GL, Walker ED, Brown WM, Ruiz MO,
Kitron UD. 2011. Climatic variability and landscape het-
erogeneity impact urban mosquito diversity and vector
abundance and infection. Ecosphere 2:art70.

Chaves LF, Kitron UD. 2011. Weather variability impacts on
oviposition dynamics of the southern house mosquito at
intermediate time scales. Bull Entomol Res 101:633–641.

Chaves LF, Valerín Cordero JA, Delgado G, Aguilar-
Avendaño C, Maynes E, Gutiérrez Alvarado JM, Rojas
MR, Romero LM, Rodríguez RM. 2021. Modeling the
association between Aedes aegypti ovitrap egg counts,
multi-scale remotely sensed environmental data and arbo-
viral cases at Puntarenas, Costa Rica (2017–2018). Curr
Res Parasitol Vector Borne Dis 1:100014.

Colwell RK, Coddington JA. 1994. Estimating terrestrial
biodiversity through extrapolation. Philos Trans R Soc
Lond B Biol Sci. 345:101–118.

Connell JH. 1978. Diversity in tropical rain forests and coral
reefs: high diversity of trees and corals is maintained only
in a nonequilibrium state. Science 199:1302–1310.

Cunha, MDP, Duarte-Neto AN, Pour SZ, Ortiz-Baez AS,
Černý J, Pereira BBdS, Braconi CT, Ho YL, Perondi, B,
Sztajnbok J, Alves VAF, Dolhnikoff M, Holmes EC,
Saldiva PHN, Zanotto PMDA. 2019. Origin of the São
Paulo yellow fever epidemic of 2017–2018 revealed
through molecular epidemiological analysis of fatal
cases. Sci Rep 9:20418.

Day CA, Byrd BD, Trout Fryxell RT. 2023. La Crosse virus
neuroinvasive disease: the kids are not alright. J Med
Entomol 60:1165–1182.

Gloria-Soria A, Lima A, Lovin DD, Cunningham JM,
Severson DW, Powell JR. 2018. Origin of a high-latitude
population of Aedes aegypti in Washington, DC. Am J
Trop Med Hyg 98:445–452.

Google. 2024. Earth engine data catalog [Internet]. Mountain
View, CA: Google [accessed February 14, 2024]. Available
from: https://developers.google.com/earth-engine/datasets

Harrington LC, Poulson RL. 2008. Considerations for accu-
rate identification of adult Culex restuans (Diptera:
Culicidae) in field studies. J Med Entomol 45:1–8.

Hoshi T, Higa Y, Chaves LF. 2014a. Uranotaenia novobs-
cura ryukyuana (Diptera: Culicidae) population dynam-
ics are denso-dependent and autonomous from weather
fluctuations. Ann Entomol Soc Am 107:136–142.

Hoshi T, Imanishi N, Higa Y, Chaves LF. 2014b. Mosquito
biodiversity patterns around urban environments in south-
central Okinawa Island, Japan. J Am Mosq Control Assoc
30:260–267.

Huntington JL, Hegewisch KC, Dauder, B, Morton C.G,
Abatzoglou JT, McEvoy DJ, Erickson T. 2017. Climate
engine: cloud computing and visualization of climate and
remote sensing data for advanced natural resource moni-
toring and process understanding. Bull Am Meteorol Soc
98:2397–2410.

Huynh TTT, Minakawa N. 2022. A comparative study of
dengue virus vectors in major parks and adjacent residen-
tial areas in Ho Chi Minh City, Vietnam. PLoS Negl Trop
D 16:e0010119.

Kaboré DPA, Soma DD, Gil P, Kientega M, Sawadogo SP,
Ouédraogo GA, Van de Perre P, Baldet T, Gutierrez S,
Dabiré RK. 2023. Mosquito (Diptera: Culicidae) popula-
tions in contrasting areas of the western regions of Burkina

Faso: species diversity, abundance and their implications
for pathogen transmission. Parasit Vectors 16:438.

Karki S, Brown WM, Uelmen J, Ruiz MOH, Smith RL.
2020. The drivers of West Nile virus human illness in the
Chicago, Illinois, USA area: fine scale dynamic effects
of weather, mosquito infection, social, and biological
conditions. PLoS One 15:e0227160.

Kaufman MG, Fonseca DM. 2014. Invasion biology of
Aedes japonicus japonicus (Diptera: Culicidae). Annu
Rev Entomol 59:31–49.

Kitron U. 1998. Landscape ecology and epidemiology of
vector-borne diseases: tools for spatial analysis. J Med
Entomol 35:435–445.

Kuno G, Chang GJ. 2005. Biological transmission of arbo-
viruses: reexamination of and new insights into compo-
nents, mechanisms, and unique traits as well as their
evolutionary trends. Clin Microbiol Rev 18:608–637.

Levins R, Awerbuch T, Brinkmann U, Eckardt I, Epstein P,
Makhoul N, de Possas CA, Puccia C, Spielman A,
Wilson ME. 1994. The emergence of new diseases.
Am Sci 82:52–60.

Lindblade KA, Walker ED, Onapa AW, Katungu J, Wilson
ML. 2000. Land use change alters malaria transmission
parameters by modifying temperature in a highland area
of Uganda. Trop Med Int Health 5:263–274.

McMillan JR, Armstrong PM, Andreadis TG. 2020. Pat-
terns of mosquito and arbovirus community composition
and ecological indexes of arboviral risk in the northeast
United States. PLoS Negl Trop D 14:e0008066.

Moberly SP, Lalor C, McDonough M, Foster B, Estes A,
Bentfield DJ. 2005. Discovery of an exotic Asian mos-
quito, Ochlerotatus japonicus (Diptera, Culicidae) in
southern Indiana. Proc Ind Acad Sci 114:62–64.

Mucci LF, Medeiros-Sousa AR, Ceretti-Júnior W, Fernandes
A, Camargo AA, Evangelista E, Oliveira Christe R,
Montes J, Teixeira RS, Marrelli MT. 2016. Haemagogus
leucocelaenus and other mosquitoes potentially associated
with sylvatic yellow fever in Cantareira State Park in the
São Paulo Metropolitan Area, Brazil. J Am Mosq Control
Assoc 32:329–332.

NOAA [National Oceanic and Atmospheric Administration].
2024. Daily summaries station details: Indiana Univer-
sity, Bloomington weather station [Internet]. Washington,
DC: National Oceanic and Atmospheric Administration
[accessed February 14, 2024]. Available from: https://
www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/
GHCND:USC00120784/detail

Pavlovsky EN. 1966. Natural nidality of transmissible dis-
eases, with special reference to the landscape epidemiol-
ogy of zooanthroponoses. Urbana, IL: Univ. Illinois
Press.

Petersen LR. 2019. Epidemiology of West Nile Virus in the
United States: implications for arbovirology and public
health. J Med Entomol 56:1456–1462.

Reisen WK. 2010. Landscape epidemiology of vector-borne
diseases. Annu Rev Entomol 55:461–483.

Rhodes CG, Chaves LF, Bergmann LR, Hamer GL. 2023.
Ensemble species distribution modeling of Culex tarsalis
(Diptera: Culicidae) in the continental United States. J
Med Entomol 60:664–679.

Rhodes CG, Scavo NA, Finney M, Fimbres-Macias JP,
Lively MT, Strauss BH, Hamer GL. 2022. Meta-analysis
of the relative abundance of nuisance and vector mosqui-
toes in urban and blue-green spaces. Insects 13:271.

Rochlin I, Gaugler R, Williges E, Farajollahi A. 2013. The
rise of the invasives and decline of the natives: insights
revealed from adult populations of container-inhabiting

90 JOURNAL OF THE AMERICAN MOSQUITO CONTROL ASSOCIATION VOL. 40, NO. 2

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-08 via free access

https://www.ncbi.nlm.nih.gov/pubmed/7972351
https://developers.google.com/earth-engine/datasets
https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:USC00120784/detail
https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:USC00120784/detail
https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:USC00120784/detail


Aedes mosquitoes (Diptera: Culicidae) in temperate
North America. Biol Invasions 15:991–1003.

Romero LM, Chaverri LG, Chaves LF. 2019. Mosquito
(Diptera: Culicidae) species composition in ovitraps
from a Mesoamerican tropical montane cloud forest. J
Med Entomol 56:491–500.

Siverly RE. 1969. Factors influencing the species composi-
tion of mosquito populations in Indiana. Proc Ind Acad
Sci 79:238–248.

Siverly RE. 1972. Mosquitoes of Indiana. Indianapolis, IN:
Indiana State Board of Health.

Taheri S, Naimi B, Rahbek C, Araújo MB. 2021. Improve-
ments in reports of species redistribution under climate
change are required. Sci Adv 7:eabe1110.

Thongsripong P, Green A, Kittayapong P, Kapan D, Wilcox
B, Bennett S. 2013. Mosquito vector diversity across hab-
itats in central Thailand endemic for dengue and other
arthropod-borne diseases. PLoS Negl Trop D 7:e2507.

Toma T, Miyagi I. 1981. Notes on the mosquitoes collected
at forest areas in the northern part of Okinawajima, Ryu-
kyu Islands, Japan. Jpn J Sanit Zool 32:271–279.

Toma T, Sakamoto S, Miyagi I. 1982. The seasonal appear-
ance of Aedes albopictus in Okinawajima, the Ryukyu
archipelago, Japan.Mosq News 42:179–183.

Tsuda Y, Takagi M, Wada Y. 1994. Ecological study on
mosquito communities in tree holes in Nagasaki, Japan,
with special reference to Aedes albopictus (Diptera:
Culicidae). Jpn J Sanit Zool 45:103–111.

Turell MJ, Dohm DJ, Sardelis MR, O’Guinn ML,
Andreadis TG, Blow JA. 2005. An update on the poten-
tial of North American mosquitoes (Diptera: Culicidae)
to transmit West Nile virus. J Med Entomol 42:57–62.

Valdez MRWd. 2017. Mosquito species distribution across
urban, suburban, and semi-rural residences in San Anto-
nio, Texas. J Vector Ecol 42:184–188.

Wilk-da-Silva R, Mucci LF, Ceretti-Junior W, Duarte
AMRDC, Marrelli MT, Medeiros-Sousa MR. 2020. Influ-
ence of landscape composition and configuration on the
richness and abundance of potential sylvatic yellow fever
vectors in a remnant of Atlantic Forest in the city of São
Paulo, Brazil. Acta Trop 204:105385.

JUNE 2024 MOSQUITO DIVERSITY IN BLOOMINGTON, IN 91

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-08 via free access


