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Simple Summary: More than 50% of the global population now resides in cities. In addition to
large human populations, some cities support large populations of vectors, such as mosquitoes.
Consequently, we have seen a resurgence in urban outbreaks of mosquito borne diseases, e.g.,
West Nile and dengue fever, in the last 60 years. The Asian Tiger mosquito, Aedes albopictus, is an
ecologically flexible species that has colonized every continent, except Antarctica, in recent decades.
In this paper, we tested the prediction that A. albopictus is more abundant in human-dominated, urban,
and suburban areas compared to rural areas in a temperate US city. We collected data on mosquito
abundance and other aspects of the environment important for mosquitoes and that also may vary by
land use type. As predicted, we found higher densities of A. albopictus in urban and suburban areas
compared to rural ones. We also found few other mosquito species, higher average temperatures,
lower nitrogen levels in aquatic larval habitats, and faster water evaporation in some sample weeks.
We conclude that this species is thriving in human-dominated areas in this metropolitan region, and
its success may be partially due to the environmental characteristic of this habitat type.

Abstract: One of the most profound recent global changes has been the proliferation of urban
metropolitan areas. A consequence of urbanization is a reduction in abundance, or diversity, of
wildlife. One exception, is the proliferation of vectors of disease; recent years have seen the emergence
and resurgence of diseases vectored by species closely associated with humans. Aedes albopictus,
a mosquito with a near global range and broad ecological niche, has been described as an urban,
suburban, or rural vector, or a forest edge species depending on local conditions. We tested the
hypothesis that abundance and phenological patterns of this species vary among different land use
types in a temperate city because of the variation in the biotic and abiotic conditions characteristic of
those habitat types. A. albopictus populations in urban and suburban areas were an order of magnitude
larger than in rural areas and were detected several weeks earlier in the season. Additionally, we
found fewer overall mosquito species, higher temperatures, lower nitrogen, higher pH, and faster
water evaporation in larval habitats in urban vs. rural areas. By understanding the ecological
differences that facilitate a species in one habitat and not another, we can potentially exploit those
differences for targeted control.

Keywords: Aedes albopictus; mosquito; urban ecology; phenology; microclimate; detritus; nitrogen;
pH; tannins; hydroperiod; heterospecifics

1. Introduction

The mass migration of people from small towns and rural areas into urban areas has
been one of the most profound changes to the global landscape [1]. The concentration of
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people in highly built environments has created a globally replicated, human-made habitat
type with no historical analog. Urban areas can be characterized by high human densities,
large expanses of impervious surfaces, and an abundance of artifacts and refuse associated
with modern humans. Urban habitat has long been viewed as inferior to “undisturbed” and
“natural” habitat for wild flora and fauna and is often associated with local extirpation of
species or declines in species richness and biodiversity [2,3]. The abundant refuse, however,
has created novel resources leading to some species adapting to, and thriving in, the human-
dominated landscape [4,5]. Importantly, many of these species capitalizing on the refuse
are considered pests or are vectors of human and domestic animal disease [6,7]. While
urban areas typically have low vector diversity [8,9], they correlate with a proliferation of
the most notorious vectors of disease.

Disease transmission in urban areas is in step with increases in human density. Dis-
eases such as dengue and chikungunya have resurged, and newly emerged viruses like
West Nile and Zika have caused global pandemics in the latter half of the 20th and into the
21st century [6,10,11]. Notably, the most important vectors of these viruses are all highly
associated with humans (e.g., Aedes aegypti, Aedes albopictus, Culex pipiens complex) [12,13].
Mathematical models describing the transmission of these vector-borne viruses incorporate
the density of vectors as important drivers of outbreaks [14,15]. It is, thus, important to
explore the aspects of the human-dominated, urban landscape that allow these vectors
to thrive.

At broad spatial scales, climate largely determines the geographic range of mosquito
vectors [16]. Atlocal scales, however, abundance patterns are influenced by a suite of abiotic
factors: availability of larval habitats [17], shade for resting [18], and microclimate [19-21],
as well as biotic factors: availability of blood hosts [22,23] and nectar sources [24,25],
predator density [26], competitors [27], and microorganism resources in larval habitats [28].
These environmental factors are known to influence all of the components of vectorial ca-
pacity models and population growth estimates for mosquitoes [29,30]. Furthermore, there
is evidence that these factors also vary with urbanization intensity, e.g., microclimates [21].
Other aspects of the landscape, such as vegetation type and cover, will impact vector abun-
dance [31]. For example, ornamental vegetation in gardens [32,33], or overgrown vegetation
from abandoned lots [34-36] provide shade, nectar, humidity, and fast-decomposing detri-
tus inputs [37] into larval habitats that may not be as available in more sylvan habitats [38].
Additionally, environmental conditions in urban areas can influence litter decomposition
rates, nutrient composition, and microbial growth in vegetation that have the potential to
alter its quality as detritus in larval habitats [39—-41]. The amount and type of litter that falls
into aquatic larval habitats as detritus forms the base of the food web and strongly affects
the number of mosquitoes a container can support [42]. Additionally, soluble nutrients in
aquatic habitats (e.g., nitrogen) may be limiting factors for growth [43], and chemicals, such
as tannins [44], or acidification [45] can negatively affect growth or cause larval mortality.
Container hydroperiod, or the length of time a container holds water before drying out,
has important implications for larval survival to adulthood, detritus quality, and predator
abundance [46-49] and is likely to be influenced by microclimatic conditions. It is unknown,
however, if the quality of artificial larval habitats varies along an urbanization gradient in
terms of resource availability, water quality, or length of hydroperiod.

In this paper, we focus on A. albopictus in a temperate US city (Saint Louis, MO, USA)
and its surrounding suburban and rural areas. A. albopictus is a globally invasive species
capable of transmitting at least 26 known viruses and Dirofilaria immitus, the parasite
responsible for dog heart worm [50]. Since its establishment in the USA in 1985, this species
has expanded its range to cover most of the eastern half of the USA and more recently parts
of Southern California [51,52]. It is an aggressive day biting mosquito and is a considerable
nuisance in areas where it reaches high densities [53]. Throughout its global range, this
species occupies different ecological niches and has been described as an urban vector [54],
a more suburban or rural vector [55], or a forest edge species [56] depending on local
conditions. We tested the hypothesis that A. albopictus larval population abundance and
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phenological patterns will differ among three categorical land use types (urban, suburban,
and rural), because attributes of artificial larval habitats will differ among these land use
types. Specifically, we measured the abundance of potential competing mosquito species
and predators, three water chemistry variables as proxies of habitat quality, weekly water
evaporation rates, and microclimates directly next to our sample locations.

2. Materials and Methods
2.1. Sample Design

We sampled from four replicate oviposition cups placed at each of four urban sites,
four suburban sites, and four-six rural sites (six in 2017 and four in 2018). In 2017, four of the
rural sites were located at Tyson Research Center, a 2000-acre field station, and two at rural
residences. The urban and suburban sites were private residences or businesses. In 2018, we
had four sites in each of the three land use categories; three of the rural sites were at Tyson
Research Center and one at an adjoining park. All urban sites were located within the city
limits of Saint Louis with human population density >1500 individuals per km?. Suburban
sites were located in townships in Saint Louis County along the Interstate 44 corridor with
populations densities that ranged from 1000-1499 per km?. Rural sites had population den-
sities ranging from <1000 per km? (Figure 1). We used the Missouri House Districts map
for population density (https://data-msdis.opendata.arcgis.com/datasets/mo-2011-house-
districts?geometry=-91.715%2C38.383%2C-89.629%2C38.758&orderBy=BLACK&orderBy Asc=
false (accessed on 10 October 2020)). In both years, four cups were placed at each site for a
total of 56 individual cups in 2017 and 48 in 2018. All sites were 1 km or more apart, which
is estimated to be the maximum lifetime natural dispersal of A. albopictus [57]. Mosquito
larvae were sampled weekly in 2017 (20 June-5 September) and 2018 (23 May—4 September)
from 1 L black plastic oviposition cups. The cups were deployed in the field on 7-12 June in
2017 and 12-13 April in 2018 and subsequently monitored for oviposition activity; samples
were collected after larvae were first detected in the cups. Each cup was filled to capacity
weekly with rain water but detritus was allowed to accumulate naturally with no initial
additions. All cups were attached to fences or vegetation, ranging from ground level to
waist height in full to partial shade. To facilitate sampling, we used a two-cup system
where an outer cup with holes drilled in the top was attached with a zip-tie, with a drain
hole in the bottom, and a second cup with no holes was placed inside. This allowed us to
remove the inner cup and pour the entire contents into a white dishpan, remove all larvae,
and return the water and detritus to the cup easily. All larvae and pupae were removed
with a pipette and returned alive to the lab where they identified two species weekly. First
instar larvae and pupae were housed in an environmental chamber (25 °C 16:8 L:D) until
they were second instars or larger or had ecolosed as adults, for identification.

2.2. Water Chemistry and Evaporation

After the final larval sample was collected in 2017, the cups were sealed with food-
grade plastic wrap, and the entire contents were returned to the lab. We homogenized the
water column and then took a sample to measure total nitrogen, total tannins (TN), and pH.
TN and tannins were quantified using the Hach DR 2800 spectrophotometer (Loveland,
CO, USA) following the manufacturer’s protocols for Method 10071 for TN and Method
8193 for tannins. pH was measured using Eutech Instruments ecoTestr pH1 (a division of
Thermo Scientific Inc., Waltham, MA, USA).
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Figure 1. Mosquito sampling sites by habitat type. Rural: light grey, Suburban: Medium grey, Urban: dark grey. Squares:

site was sampled in both years, Circle: site was sampled in 2017, Triangle: site was sampled in 2018. The color of the icons

denote the percent impervious for each site at a 30 m? scale (data obtained from the Multi-Resolution Land Characteristics
Consortium). White: <5%, Blue: 5-55%, Red: >55%. County boundaries indicated with dark grey lines.

We also measured total water volume from each cup weekly in 2018 to assess potential
differences in evaporation between land use types. All cups were attached to trees, posts,
or vegetation and were thus not all completely vertical leading to small differences in the
maximum water volume. To account for these differences, we measured the maximum
water volume for each individual cup and the water volume weekly before taking the
larval sample and refilling the cup with rain water to its maximum volume. We were then
able to calculate the weekly percentage water loss.

2.3. Temperature and Humidity

In 2018, we also recorded the microclimate at each site using a HOBO temperature
and humidity logger placed directly next one of the cups (Onset HOBO MX2301, Bourne,
MA, USA). Recordings were made every three hours from 12 April-3 September. It is
well established that temperatures in urban areas are higher than those in more suburban
and rural areas. Less is known about the extent of microclimactic differences collected at
A. albopictus breeding sites (but see [58]). We summarized our temperature data as overall
daily mean temperatures and as a histogram of the frequency, in days, that temperature
differences were biologically relevant to this species (<1, 1-2, >2 °C) and daily mean
relative humidity.

2.4. Statistical Analyses
2.4.1. A. albopictus Abundance

We analyzed differences in A. albopictus abundance with a generalized linear mixed
model (GLMM), using the negative binomial error distribution, with year, land use type
(urban, suburban, rural), sample week, and all two-way interactions as categorical main
effects with site as a random effect. A. albopictus abundance from the four individual
cups at each site were summed for a single value per site, per sample week. We included
sample week as a main effect, as we determined a priori that abundances would non-
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randomly change through time based on phenological patterns from previously published
studies [59,60]. For this formal statistical analysis, we only included the 12 weeks that
were sampled in both years (20 June-5 September). We also ran separate analyses for
both years to obtain least squares means with the full 2018 data set and explore potential
phenological differences in A. albopictus abundance between land use types. There were
very few observations of any species other than A. albopictus in urban and suburban cups,
so no formal statistical tests were performed on these species. Instead we present a table of
the total numbers collected of each species by land use type (Table 1).

Table 1. The number of each species collected over the entire sampling period by land use type and year.

Year Type A. albopictus A. triseriatus A. japonicus A. hendersoni C. restuans C. pipiens An. Barberi T. rutilus
2017 Rural 716 1019 36 79 0 0 14 6
Suburban 5235 25 0 0 0 0 0 5
Urban 3845 2 0 0 0 0 0 1
2018 Rural 519 2199 246 254 0 1 0 6
Suburban 4873 2 9 48 616 268 0 2
Urban 4867 7 0 13 159 651 0 0

2.4.2. Water Chemistry and Evaporation

For the 2017 water chemistry data, which were only quantified once after the final
larval sample, each cup was treated as an independent observation (56 total observations).
While there were four cups placed at each site, the cups were all placed in, or under,
different vegetation types and considered independent replicates of the possible larval
habitat conditions created in each land use type. Each of the three variables (TN, tannins,
and pH) were analyzed separately using a GLMM with land use type as a fixed effect and
site as a random effect. Error distributions were chosen for each variable based on the best
fit of the data; TN was analyzed using the lognormal error distribution, tannins and pH
with the normal distribution. Tukey’s correction for multiple comparisons was used where
appropriate. We also ran a simple stepwise linear regression to determine if there was a
relationship between the abundance of A. albopictus from each cup, summed over the entire
sampling period, and either of the three water chemistry variables measured.

In 2018, water levels were recorded in each cup weekly. As with the water chemistry
data, each cup was treated as an independent replicate. Percent water loss was analyzed
with a GLMM with land use type, sample week, and the interaction as main effects and
site as a random effect using the negative binomial error distribution.

3. Results
3.1. A. albopictus Abundance

A. albopictus was significantly more abundant in urban and suburban sites, which
did not differ from each other, than rural sites (Figure 2A). Our analyses showed signif-
icant effects of year (F; 246 = 5.11, p = 0.0247), land use type (F;246 = 241.65, p < 0.0001),
sample week (F11 246 = 21.63, p < 0.0001), the interactions between year and sample week
(F11,246 = 2.55, p = 0.0045), and land use type and sample week (F23246 = 3.11, p < 0.0001),
but not year and land use type (F2,246 = 1.71, p = 0.1830). While there was variation between
years, land use types, and sample weeks (Figure 2B,C), the overall pattern was consistent
across the two study years. Additionally, there was a comparative delay in detecting
A. albopictus at rural sites in both years (Figure 2B,C).
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Figure 2. Abundance of A. albopictus larvae collected from oviposition cups. (A) The interaction between land use type and
sample year. (B) The interaction between sample week and land use type in 2017 and (C) 2018.

There were very few instances of any other mosquito species being collected from
suburban and urban cups. In 2018, several hundred Culex individuals were collected, but
these were isolated events in which two individual cups had large inputs of floral detritus
fouling the water and attracting Culex [61]. Even in the rural cups, few of the predatory
species Toxorhynchites rutilus were collected (Table 1).

3.2. Water Chemistry and Evaporation

There was a significant effect of land use type on TN (F, 41 = 5.30, p = 0.0090). Higher
levels of TN were detected in rural cups compared to urban and suburban cups, which did
not differ (Figure 3A). The effect of land use on tannins was not significant (Fp4; = 1.87,
p =0.1670) (Figure 3B); however, there was a significant effect on pH (F5 39 = 5.01, p = 0.0116).
The pH was significantly higher in urban cups compared to rural cups, but the other
comparisons were not significant (Figure 3C). The stepwise regression model included the
effects of TN (F = 2.59, p = 0.1140) and tannins (F = 5.19, p = 0.0269) with an adjusted R?
of 0.1026. There was a slight, but significant negative relationship between A. albopictus
abundance and tannin concentration (Figure 3D).
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p = 0.2970); however, the effect of sample week (Fi5491 = 30.00, p < 0.0001) and their
interaction were significant (F3p 491 = 5.01, p = 0.0078) (Figure 3). There was a lot of within
land use type and weekly variation in the percent of water lost from the cups, but in general,
water loss was lower in rural sites compared to urban sites (Figure 5).
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Figure 4. Ovicup hydroperiod, measured as weekly percent water loss in 2018.

3.3. Temperature and Humidity

As expected, daily mean temperatures were generally higher in urban areas com-
pared to rural ones with suburban temperatures being intermediate (Figure 5A). We were
specifically interested in the number of days throughout the mosquito breeding season
that temperatures, measured at our larval sampling sites, differed in a magnitude large
enough to alter development times and population growth estimates. We estimated that
threshold to be 2 °C based on a laboratory study [62]. On the majority of the 145 days we
recorded, daily mean temperature differences between land use types were less than 2 °C,
indicating that for the majority of the spring and summer, temperature differences, when
measured at the microclimatic scale, may not be large enough to affect growth rates. The
largest temperature differences occurred between urban and rural sites (Figure 5B). Daily
mean humidity was also highly variable throughout the season. The greatest differences
between the land use types occurred in the spring before any mosquitoes were collected.
In general, humidity was highest in rural areas, and lowest in urban ones (Figure 5C).
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4. Discussion

The notion that the density of mosquitoes is important for predicting disease risk is
at least as old as the works of Ronald Ross at the turn of the 20th century [63]. It has thus
been a century long pursuit to understand the factors that determine mosquito population
densities at a relevant scale, particularly for important vector species. The world’s most
important arbovirus vectors, and the viruses they transmit, are all closely associated with
human habitation [6]. A. albopictus has achieved a nearly global distribution in recent
decades, is an aggressive biter often reaching high densities, and vectors important viruses
such as dengue and chikungunya [50]. In this paper, we present data that show that
A. albopictus population abundance and phenology varies among three land use types.
We also show that there are significant differences in artificial larval habitats; specifically,
abundance of heterospecifics, water chemistry, microclimate, and hydroperiod.

We found that A. albopictus larval abundance was as much as an order of magnitude
higher in suburban and urban cups compared to rural ones. There was also a significant
delay in detecting A. albopictus larvae in rural cups in both years we sampled. Additionally,
the general increase in abundance we observed throughout the growing season in suburban
and urban cups was not achieved in rural ones, and densities always remained comparably
low. This fits with the pattern observed at Tyson Research Center (one of our rural sample
sites); despite a decade plus of establishment in this forest, A. albopictus is not a dominant
species in artificial containers [64]. Differences in abundance by urban—rural land use clas-
sifications have been documented for this species in other geographic areas. Interestingly,
there is not a consistent overall pattern throughout its global range. For example, popula-
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tions are larger in urban areas in Guangdong Province, China, while suburban and rural
populations are smaller and more similar in size [54]. In Brazil, A. albopictus is most abun-
dant in peri-urban and sylvan areas or urban parks and is much less associated with urban
dwellings [65]. Two major issues arise, however, when comparing patterns among regions
and studies. First, researchers use different criteria to qualify land use types that are not
easily comparable [66]. Second, there are many other confounding environmental variables
that can predict abundance that are not accounted for, nor would it be possible to account
for, in each study. One such example is neighborhood socio-economic status, which is a
significant predictor of A. albopictus abundance in Baltimore, Maryland, and Washington,
DC [67], but not in southeastern New York State only a few hundred kilometers away [68].
Additionally, the strength of interspecific interactions among species will vary depending
on the species present [69]. A. albopictus abundance may be more depressed in urban areas
when A. aegypti is present, such as in Brazil and Florida, USA [65,70]. This global variation
in relative densities by habitat type makes it even more crucial to understand density
patterns to inform local vector control methods.

In the Saint Louis, Mo region, we found that A. albopictus is the dominant species
occupying ovicups in urban and suburban areas. In fact, outside of a few individuals of
other Aedes spp. and a few instances where the water became foul due to a large input
of ornamental flowers attracting Culex [61], it was the sole species collected. This is in
contrast to rural habitat, where other native and non-native species were present, consistent
with the hypothesis that human-dominated landscapes have lower vector diversity. Based
on the data from our 1 L ovicups, it appears that these species are rare in, or have been
extirpated from, metropolitan Saint Louis. Container breeding species, however, have
preferences for different sized vessels [46], so it is possible that we missed other species
by using only one size of cup for our samples. In fact, we have collected many Culex spp.
from 8 L buckets and tires in the area and have seen the predatory T. rutilus in tree-holes in
urban parks (Westby, unpublished data). Importantly, we did collect seven species using the
1 L cups at our rural sites, so we conclude that in many artificial containers in the human
dominated landscape, A. albopictus faces little to no interspecific competition or predation.
Saint Louis has had an established A. albopictus population likely since 1986, one of the
earliest cities in the USA [71]. From the limited information available in the literature about
the species that occupied containers in temperate metropolitan areas before the infestation,
it appears that Aedes altropalpis, Aedes triseriatus, Culex pipiens, and Culex restuans were
the dominant species [72-74]. It is possible that A. albopictus is responsible for the local
extinction of other Aedes spp. in suburban and urban areas, something that it has not been
able to accomplish in rural and sylvan habitat [64]. This supports our hypothesis that
artificial containers have different biotic communities across the landscape. Future work is
needed to further elucidate these findings and should include surveys and experiments
using a wide range of container types and sizes (e.g., natural vs. artificial, tires vs. buckets)
to fully characterize the container mosquito community across the landscape.

We also hypothesized that the abiotic conditions within artificial container habitats
would differ among land use types. Microclimates at breeding and resting sites have
been shown to be important in estimating population growth rates and vectorial capacity
for A. albopictus in Georgia, USA [21,58]. In our study area, as expected, we found that
temperatures were generally higher at urban sites compared to rural ones, with suburban
sites intermediate. Most of the differences in daily mean temperatures between land
use types were less than 2 °C, which may or may not be sufficient to impact growth
rates. Laboratory studies examining the impact of temperature on growth rates in this
species test at temperature intervals of 2-5 °C [62,75,76]. The mean temperature difference
between rural and urban sites was greater than 2 °C for more than 40 days during our
sampling period, which, based on laboratory studies [62], may be sufficient to increase
the number of generations in a growing season for this multivoltine species. We also
detected generally higher relative humidity in rural compared to urban habitat. Much less
is known about how humidity affects A. albopictus (but see [77]) outside of its effects on
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rates of egg desiccation [78], which can be severe enough to limit population growth and
impact the outcome of interspecific competition [79]. It does not appear that the humidity
is low enough in our urban and suburban microclimates to have a deleterious effect, as
A. albopictus populations are thriving.

Evaporation from cups was highly variable among land use types, likely driven by
highly variable daily mean temperatures and humidity, or rainfall (which we did not
measure). There was a significant interaction between sample week and land use type,
highlighting the temporally and spatially dynamic nature of larval habitats across the
landscape. In some weeks, the water loss was greater in urban vs. rural areas, and it was
equivocal in other weeks. Even in weeks with overlapping errors, urban cups lost as much
as 10% more water than rural cups. This could potentially lead to differences in larval
growth rates [48], total habitat desiccation, especially for smaller sized containers [46,80],
and differences in detritus and solute concentrations [81]. Future research is needed to
explore the importance of differences in water evaporation rates across the landscape.

The importance of detritus type and amount, and soluble nutrients, for container
communities is well established [82-84]. Detritus, which forms the base of the food web in
these aquatic communities, largely determines the number of mosquito larvae a container
can support to adult emergence, the outcome of interspecific competition, and even the
distribution of species on a local scale [28,37,60]. Much less is known, however, about
how land use type affects the quality of container habitats through effects on detritus
composition and quality. Two notable exceptions found that land use type had significant
effects on detritus amount, water chemistry, and mosquito community composition (urban
vs. pasture [85], forested vs. unforested [86]), though these significant differences were
not found for the entire breeding season [86]. In our study, we found that total nitrogen
was higher in rural cups compared to suburban and urban cups; the opposite was true
for pH. Similarly to Kling et al. 2007 and Leisnham et al. 2007, we found limited evidence
that water chemistry was a predictor of mosquito abundance. Interestingly, the significant
correlations that were observed contrasted from previous work. In one study there was a
significant correlation with pH [85], phosphorus in another [86], and tannins in the present
study. We observed a negative correlation between A. albopictus abundance and tannin
concentration. This result is unsurprising, as tannins are generally considered detrimental
to aquatic insects, precipitating protein [87], damaging gut tissues [88], prolonging larval
development, and increasing mortality rates [44]. We were, however, only able to measure
water chemistry once at the end of the study, so any fine-scale or temporal variation in
these metrics was not captured.

It appears that, in general, water chemistry may be a poor predictor of larval mosquito
abundance in the field, and in turn, of larval habitat quality. Previous work in laboratory
studies has shown that nitrogen, tannins, and pH can significantly affect the performance
of Aedes mosquitoes [43-45,83,89]. For example, the addition of soluble nitrogen had a
significant positive effect on larval survival and adult mass [43], but was not a significant
predictor of A. albopictus abundance in tire samples [90], suggesting that while nitrogen
is important in the larval habitat, it may not vary on a biologically relevant scale in field
habitats or is not limiting enough to be correlated with abundance. The abundance of
mosquito larvae in individual samples is not a direct measure of habitat quality and may not
accurately reflect the number of adult mosquitoes a container can produce. Nutrient ratios
(C, N, and P), however, were significant predictors of larval abundance in field containers
in Florida, USA, and mosquito survival in follow-up laboratory bioasssays [37], suggesting
that nutrient ratios may have more explanatory power than absolute numbers. Recognizing
the weaknesses in extrapolating habitat quality from a single point measurement of water
chemistry, future work should include additional bioassays of habitats created in different
land use types to determine if there are meaningful differences in terms of population
growth potential.
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5. Conclusions

In 2018, the CDC released a report indicating that reported cases of vector-borne
diseases tripled between 2004 and 2016 (https://www.cdc.gov /vitalsigns /vector-borne/
index.html (accessed on 4 January 2021).). With the climate changing, and increasing
uncertainty as to how that will affect the incidence, and new emergence, of vector-borne
diseases, it is increasingly urgent that we explore the different factors that allow vectors to
thrive. In this paper, we have demonstrated that an important vector species in a temperate
metropolitan area shows distinct abundance and phenological patterns in rural areas com-
pared to urban and suburban ones. This species thrives in the human dominated landscape
in this region, potentially putting thousands of residents at risk. Additionally, we have
shown that there are constitutive differences between artificial container characteristics
among land use types, notably the presence of heterospecifics, water evaporation rates,
microclimate, and some water chemistry variables. We conclude that it is important to
more rigorously explore the suite of variables that keep A. albopictus populations low in
rural areas in this region in hopes of exploiting that knowledge for targeted control efforts.

Author Contributions: KM.W,, S.A.A,, E.G.B., AJ.B. and K.A.M. contributed to the conceptualiza-
tion and methodology. K M.W. conducted the data curation, formal analysis, and wrote the original
draft of the manuscript. KM.W, A.].B. and K.A.M. contributed to resource acquisition, supervision,
and project administration. K.A.M. secured the funding. All authors contributed to manuscript
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data will be made publicly available in the Dryad Data Repository
after publication of the manuscript.

Acknowledgments: We would like to thank T. Agbigbe, S. Leach, H. Peterman, T. Powell, D. Sayer,
L. Sterling, and A. White for assistance with field collections and mosquito identification. We thank
P. Elliot for making the map of our field sites, S. Flowers for student program support, and the friends,
colleagues, and friends of colleagues that allowed us to use their homes and businesses as sampling
sites. This work was funded by Tyson Research Center.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Grimm, N.B,; Faeth, S.H.; Golubiewski, N.E.; Redman, C.L.; Wu, J.; Bai, X.; Briggs, ].M. Global change and the ecology of cities.
Science 2008, 319, 756-760. [CrossRef] [PubMed]

2. Kowarik, I. Novel urban ecosystems, biodiversity, and conservation. Environ. Pollut. 2011, 159, 1974-1983. [CrossRef]

3. Choate, B.A.; Hickman, P.L.; Moretti, E.A. Wild bee species abundance and richness across an urban-rural gradient. J. Insect
Conserv. 2018, 22, 391-403. [CrossRef]

4.  Wilke, A.B.B.; Chase, C.; Vasquez, C.; Carvajal, A.; Medina, J.; Petrie, W.D.; Beier, J.C. Urbanization creates diverse aquatic
habitats for immature mosquitoes in urban areas. Sci. Rep. 2019, 9, 1-11. [CrossRef]

5. Juliano, S.A.; Lounibos, L.P. Invasions by mosquitoes: The roles of behaviour across the life cycle. In Biological Invasions and
Animal Behavior; Weis, J., Sol, D., Eds.; Cambridge University Press: Cambridge, UK, 2016; pp. 245-265.

6.  Weaver, S.C. Urbanization and geographic expansion of zoonotic arboviral diseases: Mechanisms and potential strategies for
prevention. Trends Microbiol. 2013, 21, 360-363. [CrossRef]

7. Himsworth, C.G; Parsons, K.L.; Jardine, C.; Patrick, D.M. Rats, cities, people, and pathogens: A systematic review and narrative
synthesis of literature regarding the ecology of rat-associated zoonoses in urban centers. Vector-Borne Zoonotic Dis. 2013, 13,
349-359. [CrossRef]

8.  Ferraguti, M.; Martinez-de la Puente, J.; Roiz, D.; Ruiz, S.; Soriguer, R.; Figuerola, J. Effects of landscape anthropization on
mosquito community composition and abundance. Sci. Rep. 2016, 6, 1-9. [CrossRef]

9.  Townroe, S.; Callaghan, A. British container breeding mosquitoes: The impact of urbanisation and climate change on community
composition and phenology. PLoS ONE 2014, 9, €95325. [CrossRef]

10. Wahid, B.; Ali, A.; Rafique, S.; Idrees, M. Global expansion of chikungunya virus: Mapping the 64-year history. Int. ]. Infect. Dis.

2017, 58, 69-76. [CrossRef] [PubMed]


https://www.cdc.gov/vitalsigns/vector-borne/index.html
https://www.cdc.gov/vitalsigns/vector-borne/index.html
http://doi.org/10.1126/science.1150195
http://www.ncbi.nlm.nih.gov/pubmed/18258902
http://doi.org/10.1016/j.envpol.2011.02.022
http://doi.org/10.1007/s10841-018-0068-6
http://doi.org/10.1038/s41598-019-51787-5
http://doi.org/10.1016/j.tim.2013.03.003
http://doi.org/10.1089/vbz.2012.1195
http://doi.org/10.1038/srep29002
http://doi.org/10.1371/journal.pone.0095325
http://doi.org/10.1016/j.ijid.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28288924

Insects 2021, 12, 196 16 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

Petersen, L.R.; Brault, A.C.; Nasci, R.S. West Nile virus: Review of the literature. |. Am. Med. Assoc. 2013, 310, 308-315. [CrossRef]
[PubMed]

Powell, ].R.; Tabachnick, W.J. History of domestication and spread of Aedes aegypti—A review. Memdrias do Inst. Oswaldo Cruz
2013, 108, 11-17. [CrossRef]

Gangoso, L.; Aragonés, D.; Martinez-de la Puente, J.; Lucientes, ].; Delacour-Estrella, S.; Estrada Pena, R.; Montalvo, T.; Bueno-
Mari, R.; Bravo-Barriga, D.; Frontera, E.; et al. Determinants of the current and future distribution of the West Nile virus mosquito
vector Culex pipiens in Spain. Environ. Res. 2020, 188, 109837. [CrossRef]

Lounibos, L.P,; Kramer, L.D. Invasiveness of Aedes aegypti and Aedes albopictus and vectorial capacity for chikungunya virus. J.
Infect. Dis. 2016, 214, 5453-5458. [CrossRef]

Brady, O.J.; Godfray, H.C.].; Tatem, A.].; Gething, PW.; Cohen, ].M.; Ellis McKenzie, F.; Alex Perkins, T.; Reiner, R.C.; Tusting, L.S.;
Sinka, M.E.; et al. Vectorial capacity and vector control: Reconsidering sensitivity to parameters for malaria elimination. Trans. R.
Soc. Trop. Med. Hyg. 2016, 110, 107-117. [CrossRef] [PubMed]

Johnson, T.L.; Haque, U.; Monaghan, A.J.; Eisen, L.; Hahn, M.B.; Hayden, M.H.; Savage, H.M.; McAllister, J.; Mutebi, ].P; Eisen,
R.J. Modeling the environmental suitability for Aedes (Stegomyia) aegypti and Aedes (Stegomyia) albopictus (Diptera: Culicidae) in
the contiguous United States. J. Med. Entomol. 2017, 54, 1605-1614. [CrossRef] [PubMed]

Evans, M.V; Hintz, C.W.; Jones, L.; Shiau, J.; Solano, N.; Drake, ].M.; Murdock, C.C. Microclimate and larval habitat density
predict adult Aedes albopictus abundance in urban areas. Am. J. Trop. Med. Hyg. 2019, 101, 362-370. [CrossRef]

Service, M.W. The daytime distribution of mosquitoes resting in vegetation. J. Med. Entomol. 1971, 8, 271-278. [CrossRef]
[PubMed]

Lounibos, L.P,; O’'Meara, G.E,; Juliano, S.A.; Nishimura, N.; Escher, R.L.; Reiskind, M.H.; Cutwa, M.; Greene, K. Differential
survivorship of invasive mosquito species in south Florida cemeteries: Do site-specific microclimates explain patterns of
coexistence and exclusion? Ann. Entomol. Soc. Am. 2010, 103, 757-770. [CrossRef]

Jones, C.E.; Lounibos, L.P.; Marra, PP; Kilpatrick, A.M. Rainfall influences Survival of Culex pipiens (Diptera: Culicidae) in a
residential neighborhood in the Mid-Atlantic United States. J. Med. Entomol. 2012, 49, 467-473. [CrossRef] [PubMed]

Murdock, C.; Evans, M.; McClanahan, T.; Miazgowicz, K.; Tesla, B. Fine-scale variation in microclimate across and urban
landscape changes the capacity of Aedes albopictus to vector arboviruses. PLoS Negl. Trop. Dis. 2017, 11, e€0005640. [CrossRef]
[PubMed]

Faraji, A.; Egizi, A.; Fonseca, D.M.; Unlu, L; Crepeau, T.; Healy, S.P,; Gaugler, R. Comparative host feeding patterns of the Asian
tiger mosquito, Aedes albopictus, in urban and suburban northeastern USA and implications for disease transmission. PLoS Negl.
Trop. Dis. 2014, 8. [CrossRef] [PubMed]

Valerio, L.; Marini, F.; Bongiorno, G.; Facchinelli, L.; Pombi, M.; Caputo, B.; Maroli, M.; Torre, A. Host-feeding patterns of Aedes
albopictus (Diptera: Culicidae) in urban and rural contexts within Rome, Province Italy. Vector-Borne Zoonotic Dis. 2010, 10,
291-294. [CrossRef]

Stone, C.M.; Jackson, B.T.; Foster, W.A. Effects of plant-community composition on the vectorial capacity and fitness of the
malaria mosquito Anopheles gambiae. Am. ]. Trop. Med. Hyg. 2012, 87, 727-736. [CrossRef] [PubMed]

Davis, T.J.; Kline, D.L.; Kaufman, P.E. Aedes albopictus (Diptera: Culicidae) oviposition preference as influenced by container size
and Buddleja davidii plants. ]. Med. Entomol. 2016, 53, 273-278. [CrossRef] [PubMed]

Juliano, S.A.; Westby, K.M.; Ower, G.D. Know your enemy: Effects of a predator on native and invasive container mosquitoes. J.
Med. Entomol. 2019, 56, 320-328. [CrossRef]

Fader, ].E. The importance of interspecific interactions on the present range of the invasive mosquito Aedes albopictus (Diptera:
Culicidae) and persistence of resident container species in the United States. J. Med. Entomol. 2016, 53, 992-1001. [CrossRef]
Yee, D.A.; Kneitel, ].M.; Juliano, S.A. Environmental correlates of abundances of mosquito species and stages in discarded vehicle
tires. J. Med. Entomol. 2010, 47, 53-62. [CrossRef] [PubMed]

Clements, A. The Biology of Mosquitoes. Viral, Arboviral, and Bacterial Pathogens; CABI Publishing: Cambridge, UK, 2011; Volume 3.
Clements, A.N. The Biology of Mosquitoes. Development, Nutrition, and Reproduction; CABI Publishing: Cambridge, UK, 1992;
Volume 1.

Gardner, A.M.; Anderson, TK.; Hamer, G.L.; Johnson, D.E.; Varela, K.E.; Walker, E.D.; Ruiz, M.O. Terrestrial vegetation and
aquatic chemistry influence larval mosquito abundance in catch basins, Chicago, USA. Parasit. Vectors 2013, 6, 9. [CrossRef]
Miiller, G.C.; Xue, R.; De Schlein, Y. Differential attraction of Aedes albopictus in the field to flowers, fruits and honeydew. Acta
Trop. 2011, 118, 45-49. [CrossRef]

Davis, A.; Major, R.E.; Taylor, C.E. The association between nectar availability and nectarivore density in urban and natural
environments. Urban Ecosyst. 2015, 18, 503-515. [CrossRef]

Yang, L.; Turo, K.J.; Riley, C.B.; Inocente, E.A.; Tian, J.; Hoekstra, N.C.; Piermarini, PM.; Gardiner, M.M. Can urban greening
increase vector abundance in cities? The impact of mowing, local vegetation, and landscape composition on adult mosquito
populations. Urban Ecosyst. 2019, 22, 827-839. [CrossRef]

Little, E.; Biehler, D.; Leisnham, P.T; Jordan, R.; Wilson, S.; LaDeau, S.L. Socio-ecological mechanisms supporting high densities
of Aedes albopictus (Diptera: Culicidae) in Baltimore, MD. J. Med. Entomol. 2017, 54, 1183-1192. [CrossRef]

Katz, G.; Leisnham, P.T.; LaDeau, S.L. Aedes albopictus body size differs across neighborhoods with varying infrastructural
abandonment. J. Med. Entomol. 2020, 57, 615-619. [CrossRef]


http://doi.org/10.1001/jama.2013.8042
http://www.ncbi.nlm.nih.gov/pubmed/23860989
http://doi.org/10.1590/0074-0276130395
http://doi.org/10.1016/j.envres.2020.109837
http://doi.org/10.1093/infdis/jiw285
http://doi.org/10.1093/trstmh/trv113
http://www.ncbi.nlm.nih.gov/pubmed/26822603
http://doi.org/10.1093/jme/tjx163
http://www.ncbi.nlm.nih.gov/pubmed/29029153
http://doi.org/10.4269/ajtmh.19-0220
http://doi.org/10.1093/jmedent/8.3.271
http://www.ncbi.nlm.nih.gov/pubmed/4399111
http://doi.org/10.1603/AN09142
http://doi.org/10.1603/ME11191
http://www.ncbi.nlm.nih.gov/pubmed/22679852
http://doi.org/10.1371/journal.pntd.0005640
http://www.ncbi.nlm.nih.gov/pubmed/28558030
http://doi.org/10.1371/journal.pntd.0003037
http://www.ncbi.nlm.nih.gov/pubmed/25101969
http://doi.org/10.1089/vbz.2009.0007
http://doi.org/10.4269/ajtmh.2012.12-0123
http://www.ncbi.nlm.nih.gov/pubmed/22927493
http://doi.org/10.1093/jme/tjv201
http://www.ncbi.nlm.nih.gov/pubmed/26733402
http://doi.org/10.1093/jme/tjy196
http://doi.org/10.1093/jme/tjw095
http://doi.org/10.1093/jmedent/47.1.53
http://www.ncbi.nlm.nih.gov/pubmed/20180308
http://doi.org/10.1186/1756-3305-6-9
http://doi.org/10.1016/j.actatropica.2011.01.009
http://doi.org/10.1007/s11252-014-0417-5
http://doi.org/10.1007/s11252-019-00857-7
http://doi.org/10.1093/jme/tjx103
http://doi.org/10.1093/jme/tjz170

Insects 2021, 12, 196 17 of 18

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

Murrell, E.G.; Damal, K.; Lounibos, L.P; Juliano, S.A. Distributions of competing container mosquitoes depend on detritus types,
nutrient ratios, and food availability. Ann. Entomol. Soc. Am. 2011, 104, 688—698. [CrossRef]

Godefroid, S.; Koedam, N. Distribution pattern of the flora in a peri-urban forest: An effect of the city-forest ecotone. Landsc.
Urban Plan. 2003, 65, 169—185. [CrossRef]

Pouyat, R.V.; Carreiro, M.M. Controls on mass loss and nitrogen dynamics of oak leaf litter along an urban-rural land-use gradient.
Oecologia 2003, 135, 288-298. [CrossRef]

Carreiro, M.M.; Howe, K,; Parkhurst, D.F,; Pouyat, R.V. Variation in quality and decomposability of red oak leaf litter along an
urban-rural gradient. Biol. Fertil. Soils 1999, 30, 258-268. [CrossRef]

Dorendorf, J.; Wilken, A.; Eschenbach, A.; Jensen, K. Urban-induced changes in tree leaf litter accelerate decomposition. Ecol.
Process. 2015, 4, 1-16. [CrossRef]

Yee, D.A; Juliano, S.A. Consequences of detritus type in an aquatic microsystem: Effects on water quality, micro-organisms and
performance of the dominant consumer. Freshw. Biol. 2006, 51, 448—459. [CrossRef]

Kaufman, M.G.; Walker, E.D. Indirect effects of soluble nitrogen on growth of Ochlerotatus triseriatus larvae in container habitats.
J. Med. Entomol. 2006, 43, 677-688. [CrossRef]

Sota, T. Performance of Aedes albopictus and A. riversi larvae (Diptera: Culicidae) in waters that contain tannic acid and decaying
leaves: Is the treehole species better adapted to treehole water? Ann. Entomol. Soc. Am. 1993, 86, 450-457. [CrossRef]
Carpenter, S.R. Stemflow chemistry: Effects on population dynamics of detritivorous mosquitoes in tree-hole ecosystems.
Oecologia 1982, 53, 1-6. [CrossRef] [PubMed]

Westby, K.M.; Juliano, S.A. No detectable role for predators mediating effects of aquatic habitat size and permanence on
populations and communities of container-dwelling mosquitoes. Ecol. Entomol. 2017, 42, 439-448. [CrossRef] [PubMed]

Chase, ].M.; Knight, T.M. Drought-induced mosquito outbreaks in wetlands. Ecol. Lett. 2003, 6, 1017-1024. [CrossRef]

Juliano, S.A.; Stoffregen, T.L. Effects of habitat drying on size at and time to metamorphosis in the tree hole mosquito Aedes
triseriatus. Oecologia 1994, 97, 369-376. [CrossRef] [PubMed]

Leberfinger, K.; Bohman, I.; Herrmann, J. Drought impact on stream detritivores: Experimental effects on leaf litter breakdown
and life cycles. Hydrobiologia 2010, 652, 247-254. [CrossRef]

Paupy, C.; Delatte, H.; Bagny, L.; Corbel, V.; Fontenille, D. Aedes albopictus, an arbovirus vector: From the darkness to the light.
Microbes Infect. 2009, 11, 1177-1185. [CrossRef]

Moore, C.G. Aedes albopictus in the United States: Current status and prospects for further spread. J. Am. Mosq. Control Assoc.
1999, 15, 221-227.

Metzger, M.E.; Yoshimizu, M.H.; Padgett, K.A.; Hu, R.; Kramer, V.L,; Ritchie, S. Detection and establishment of Aedes Aegypti and
Aedes albopictus (Diptera: Culicidae) mosquitoes in California, 2011-2015. J. Med. Entomol. 2017, 54, 533-543. [CrossRef]
Englbrecht, C.; Gordon, S.; Venturelli, C.; Rose, A.; Geier, M. Evaluation of BG-sentinel trap as a management tool to reduce Aedes
albopictus nuisance in an urban environment in Italy. . Am. Mosq. Control Assoc. 2015, 31, 16-25. [CrossRef]

Li, Y;; Kamara, F; Zhou, G.; Puthiyakunnon, S; Li, C.; Liu, Y.; Zhou, Y.; Yao, L.; Yan, G.; Chen, X.-G. Urbanization increases Aedes
albopictus larval habitats and accelerates mosquito development and survivorship. PLoS Negl. Trop. Dis. 2014, 8, e3301. [CrossRef]
Tsuda, Y.; Suwonkerd, W.; Chawprom, S.; Prajakwong, S.; Takagi, M. Different spatial distribution of Aedes aegypti and Aedes
albopictus along an urban-rural gradient and the relating environmental factors examined in three villages in northern Thailand. J.
Am. Mosq. Control Assoc. 2006, 22, 222-228. [CrossRef]

Higa, Y. Dengue vectors and their spatial distribution. Trop. Med. Health 2011, 39, 17-27. [CrossRef]

Honodrio, N.A ; Silva, W.C.; Leite, P.J.; Gongalves, ].M.; Lounibos, L.P.; Lourengo-de-Oliveira, R. Dispersal of Aedes aegypti and
Aedes albopictus (Diptera: Culicidae) in an urban endemic dengue area in the State of Rio de Janeiro, Brazil. Memodrias do Inst.
Oswaldo Cruz 2003, 98, 191-198. [CrossRef]

Wimberly, M.C.; Davis, ] K.; Evans, M.V.; Hess, A.; Newberry, PM.; Solano-Asamoah, N.; Murdock, C.C. Land cover affects
microclimate and temperature suitability for arbovirus transmission in an urban landscape. PLoS Negl. Trop. Dis. 2020, 14,
e0008614. [CrossRef] [PubMed]

Murrell, E.G.; Juliano, S.A. Predation resistance does not trade off with competitive ability in early-colonizing mosquitoes.
Oecologia 2013, 173, 1033-1042. [CrossRef]

Murrell, E.G.; Ives, A.R.; Juliano, S.A. Intrinsic and extrinsic drivers of succession: Effects of habitat age and season on an aquatic
insect community. Ecol. Entomol. 2014, 39, 316-324. [CrossRef] [PubMed]

Reiskind, M.H.; Wilson, M.L. Culex restuans (Diptera: Culicidae) oviposition behavior determined by larval habitat quality and
quantity in southeastern Michigan. J. Med. Entomol. 2004, 41, 179-186. [CrossRef]

Alto, B.W,; Juliano, S.A. Temperature effects on the dynamics of Aedes albopictus (Diptera: Culicidae) populations in the laboratory.
J. Med. Entomol. 2001, 38, 548-556. [CrossRef] [PubMed]

Reiner, R.C.; Perkins, T.A.; Barker, C.M.; Niu, T.; Chaves, L.F; Ellis, A.M.; George, D.B.; Le Menach, A.; Pulliam, ].R.C.; Bisanzio,
D.; et al. A systematic review of mathematical models of mosquito-borne pathogen transmission: 1970-2010. J. R. Soc. Interface
2013, 10, 20120921. [CrossRef] [PubMed]

Westby, K.M.; Juliano, S.A.; Medley, K.A. Aedes albopictus (Diptera: Culicidae) has not become the dominant species in artificial
container habitats in a temperate forest more than a decade after establishment. J. Med. Entomol. 2020, 1-6. [CrossRef]


http://doi.org/10.1603/AN10158
http://doi.org/10.1016/S0169-2046(03)00013-6
http://doi.org/10.1007/s00442-003-1190-y
http://doi.org/10.1007/s003740050617
http://doi.org/10.1186/s13717-014-0026-5
http://doi.org/10.1111/j.1365-2427.2005.01504.x
http://doi.org/10.1603/0022-2585(2006)43[677:IEOSNO]2.0.CO;2
http://doi.org/10.1093/aesa/86.4.450
http://doi.org/10.1007/BF00377128
http://www.ncbi.nlm.nih.gov/pubmed/28310595
http://doi.org/10.1111/een.12405
http://www.ncbi.nlm.nih.gov/pubmed/28959086
http://doi.org/10.1046/j.1461-0248.2003.00533.x
http://doi.org/10.1007/BF00317327
http://www.ncbi.nlm.nih.gov/pubmed/28313632
http://doi.org/10.1007/s10750-010-0337-1
http://doi.org/10.1016/j.micinf.2009.05.005
http://doi.org/10.1093/jme/tjw237
http://doi.org/10.2987/14-6444.1
http://doi.org/10.1371/journal.pntd.0003301
http://doi.org/10.2987/8756-971X(2006)22[222:DSDOAA]2.0.CO;2
http://doi.org/10.2149/tmh.2011-S04
http://doi.org/10.1590/S0074-02762003000200005
http://doi.org/10.1371/journal.pntd.0008614
http://www.ncbi.nlm.nih.gov/pubmed/32956355
http://doi.org/10.1007/s00442-013-2674-z
http://doi.org/10.1111/een.12103
http://www.ncbi.nlm.nih.gov/pubmed/24910493
http://doi.org/10.1603/0022-2585-41.2.179
http://doi.org/10.1603/0022-2585-38.4.548
http://www.ncbi.nlm.nih.gov/pubmed/11476335
http://doi.org/10.1098/rsif.2012.0921
http://www.ncbi.nlm.nih.gov/pubmed/23407571
http://doi.org/10.1093/jme/tjaa215

Insects 2021, 12, 196 18 of 18

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

Ferreira-de-Lima, V.H.; Camara, D.C.P,; Honério, N.A.; Lima-Camara, T.N. The Asian tiger mosquito in Brazil: Observations on
biology and ecological interactions since its first detection in 1986. Acta Trop. 2020, 205, 105386. [CrossRef] [PubMed]

Ramalho, C.E.; Hobbs, R.J. Time for a change: Dynamic urban ecology. Trends Ecol. Evol. 2012, 27, 179-188. [CrossRef]

LaDeau, S.L.; Leisnham, P.T.; Biehler, D.; Bodner, D. Higher mosquito production in low-income neighborhoods of Baltimore and
Washington, DC: Understanding ecological drivers and mosquito-borne disease risk in temperate cities. Int. ]. Environ. Res. Public
Health 2013, 10, 1505-1526. [CrossRef]

Shragai, T.; Harrington, L.C. Aedes albopictus (Diptera: Culicidae) on an invasive edge: Abundance, spatial distribution, and
habitat usage of larvae and pupae across urban and socioeconomic environmental gradients. J. Med. Entomol. 2019, 56, 472-482.
[CrossRef] [PubMed]

Juliano, S.A. Species interactions among larval mosquitoes: Context dependence across habitat gradients. Annu. Rev. Entomol.
2009, 54, 37-56. [CrossRef]

Rey, ].R.; Nishimura, N.; Wagner, B.; Braks, M.A.H.; O’Connell, S.M.; Lounibos, L.P. Habitat segregation of mosquito arbovirus
vectors in south Florida. J. Med. Entomol. 2006, 43, 1134-1141. [CrossRef] [PubMed]

Moore, C.G; Francy, D.B.; Eliason, D.A.; Monath, T. Aedes albopictus in the United States: Rapid spread of a potential disease
vector. |. Am. Mosq. Control Assoc. 1988, 4, 356-361. [CrossRef]

Moore, C.G,; Francy, D.B,; Eliason, D.A.; Bailey, R.E.; Campos, E.G. Aedes albopictus and other container-inhabiting mosquitoes in
the United States: Results of an eight-city survey. ]. Am. Mosq. Control Assoc. 1990, 6, 173-178. [PubMed]

Andreadis, T.G. A survey of mosquitoes breeding in used tire stockpiles in Connecticut. J. Am. Mosq. Control Assoc. 1988, 4,
256-260.

Beier, J.C.; Travis, M.; Patricoski, C.; Kranzfelder, ]. Habitat segregation among larval mosquitoes (Diptera: Culicidae) in tire
yards in Indiana, USA. ]. Med. Entomol. 1983, 20, 76-80. [CrossRef] [PubMed]

Delatte, H.; Gimonneau, G.; Triboire, A.; Fontenille, D. Influence of temperature on immature development, survival, longevity,
fecundity, and gonotrophic cycles of Aedes albopictus, vector of chikungunya and dengue in the Indian Ocean. . Med. Entomol.
2009, 46, 33-41. [CrossRef]

Alto, B.W,; Juliano, S.A. Precipitation and temperature effects on populations of Aedes albopictus (Diptera: Culicidae): Implications
for range expansion. J. Med. Entomol. 2001, 38, 646—656. [CrossRef]

Schmidt, C.A.; Comeau, G.; Monaghan, A.].; Williamson, D.J.; Ernst, K.C. Effects of desiccation stress on adult female longevity in
Aedes aegypti and Ae. albopictus (Diptera: Culicidae): Results of a systematic review and pooled survival analysis. Parasit. Vectors
2018, 11, 267. [CrossRef] [PubMed]

Juliano, S.A.; O'Meara, G.E,; Morrill, ].R.; Cutwa, M.M. Desiccation and thermal tolerance of eggs and the coexistence of competing
mosquitoes. Oecologia 2002, 130, 458-469. [CrossRef]

Costanzo, K.S.; Kesavaraju, B.; Juliano, S.A. Condition-specific competition in container mosquitoes: The role of noncompeting
life-history stages. Ecology 2005, 86, 3289-3295. [CrossRef] [PubMed]

Wellborn, G.A.; Skelly, D.K.; Werner, E.E. Mechanisms creating community structure across a freshwater habitat gradient. Annu.
Rev. Ecol. Syst. 1996, 27, 337-363. [CrossRef]

Aspbury, A.S.; Juliano, S.A. Negative effects of habitat drying and prior exploitation on the detritus resource in an ephemeral
aquatic habitat. Oecologia 1998, 115, 137-148. [CrossRef]

Fish, D.; Carpenter, S.R. Leaf litter and larval mosquito dynamics in tree-hole ecosystems. Ecology 1982, 63, 283-288. [CrossRef]
Kaufman, M.G.; Goodfriend, W.; Kohler-Garrigan, A.; Walker, E.D.; Klug, M.]. Soluble nutrient effects on microbial communities
and mosquito production in Ochlerotatus triseriatus habitats. Aquat. Microb. Ecol. 2002, 29, 73-88. [CrossRef]

Moore, ].C.; Berlow, E.L.; Coleman, D.C.; De Suiter, P.C.; Dong, Q.; Hastings, A.; Johnson, N.C.; McCann, K.S.; Melville, K.; Morin,
P]J.; et al. Detritus, trophic dynamics and biodiversity. Ecol. Lett. 2004, 7, 584-600. [CrossRef]

Leisnham, P.T.; Slaney, D.P.; Weinstein, P; Slaney, D.P.; Lester, P.J.; Weinstein, P.; Heath, A.C.G. Mosquito density, macroinver-
tebrate diversity, and water chemistry in water-filled containers: Relationships to land use. N. Z. J. Zool. 2007, 34, 203-218.
[CrossRef]

Kling, L.J.; Juliano, S.A.; Yee, D.A. Larval mosquito communities in discarded vehicle tires in a forested and unforested site:
Detritus type, amount, and water nutrient differences. J. Vector Ecol. 2007, 32, 207-217. [CrossRef]

Ostrofsky, M.L. Effect of tannins on leaf processing and conditioning rates in aquatic ecosystems: An empirical approach. Can. J.
Fish. Aquat. Sci. 1993, 50, 1176-1180. [CrossRef]

David, J.P; Rey, D.; Pautou, M.P,; Meyran, J.C. Differential toxicity of leaf litter to dipteran larvae of mosquito developmental
sites. J. Invertebr. Pathol. 2000, 75, 9-18. [CrossRef] [PubMed]

Rogers, R.E.; Yee, D.A. Response of Aedes aegypti and Aedes albopictus (Diptera: Culicidae) survival, life history, and population
growth to oak leaf and acorn detritus. J. Med. Entomol. 2019, 1-8. [CrossRef]

Costanzo, K.S.; Mormann, K ; Juliano, S.A. Asymmetrical competition and patterns of abundance of Aedes albopictus and Culex
pipiens (Diptera: Culicidae). J. Med. Entomol. 2005, 42, 559-570. [CrossRef]


http://doi.org/10.1016/j.actatropica.2020.105386
http://www.ncbi.nlm.nih.gov/pubmed/32027837
http://doi.org/10.1016/j.tree.2011.10.008
http://doi.org/10.3390/ijerph10041505
http://doi.org/10.1093/jme/tjy209
http://www.ncbi.nlm.nih.gov/pubmed/30566612
http://doi.org/10.1146/annurev.ento.54.110807.090611
http://doi.org/10.1093/jmedent/43.6.1134
http://www.ncbi.nlm.nih.gov/pubmed/17162945
http://doi.org/10.1300/J108v05n03
http://www.ncbi.nlm.nih.gov/pubmed/2370523
http://doi.org/10.1093/jmedent/20.1.76
http://www.ncbi.nlm.nih.gov/pubmed/6131138
http://doi.org/10.1603/033.046.0105
http://doi.org/10.1603/0022-2585-38.5.646
http://doi.org/10.1186/s13071-018-2808-6
http://www.ncbi.nlm.nih.gov/pubmed/29695282
http://doi.org/10.1007/s004420100811
http://doi.org/10.1890/05-0583
http://www.ncbi.nlm.nih.gov/pubmed/17450188
http://doi.org/10.1146/annurev.ecolsys.27.1.337
http://doi.org/10.1007/s004420050500
http://doi.org/10.2307/1938943
http://doi.org/10.3354/ame029073
http://doi.org/10.1111/j.1461-0248.2004.00606.x
http://doi.org/10.1080/03014220709510079
http://doi.org/10.3376/1081-1710(2007)32[207:LMCIDV]2.0.CO;2
http://doi.org/10.1139/f93-134
http://doi.org/10.1006/jipa.1999.4886
http://www.ncbi.nlm.nih.gov/pubmed/10631052
http://doi.org/10.1093/jme/tjy172
http://doi.org/10.1603/0022-2585(2005)042[0559:ACAPOA]2.0.CO;2

	Introduction 
	Materials and Methods 
	Sample Design 
	Water Chemistry and Evaporation 
	Temperature and Humidity 
	Statistical Analyses 
	A. albopictus Abundance 
	Water Chemistry and Evaporation 


	Results 
	A. albopictus Abundance 
	Water Chemistry and Evaporation 
	Temperature and Humidity 

	Discussion 
	Conclusions 
	References

