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Abstract

Disease transmission is directly tied to the spatial distribution of disease vectors. The distribution of Aedes

aegypti (L.) in the United States has diminished since the introduction of Aedes albopictus (Skuse) in the 1980s.

However, Ae. aegypti persists in some urban areas, particularly in south Florida. The pattern of habitat segrega-

tion of these two species is well documented, but the consistency of this phenomenon over time is unknown.

To examine the dynamics of the local distributions of these two species, we studied the spatial pattern of Ae.

aegypti and Ae. albopictus over time at a fine landscape scale in Palm Beach County, FL. We compared patterns

from 2006–2007 with their distributions in 2013, taking into account abiotic factors of microclimate and land

cover. We found evidence for a local shift in Ae. aegypti distribution, but could not attribute this to changes in

measured abiotic factors. Alternatively, the interaction between Ae. aegypti and Ae. albopictus that initially

resulted Ae. aegypti decline may be being attenuated through natural selection. This study confirms the

importance of monitoring the changing ranges of these two important vector species.
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The spatial distribution of Aedes (Stegomyia) aegypti (L.) in the

United States has changed significantly over the past 30 yr (O’Meara

et al. 1995, Britch et al. 2008). Once widespread in the southern

United States, Ae. aegypti declined rapidly in range and abundance

shortly after the introduction of the Asian tiger mosquito, Aedes

(Stegomyia) albopictus (Skuse), during the 1980s (O’Meara et al.

1995, Moore and Mitchell 1997). This pattern of decline after inva-

sion by Ae. albopictus is documented in other parts of the world as

well, such as in Bermuda (Kaplan et al. 2010) and Mayotte (Bagny

Beilhe et al. 2012). Although diminished in range, Ae. aegypti has

persisted locally (O’Meara et al. 1995, Britch et al. 2008, Reiskind

and Lounibos 2013) and currently occurs in the southeastern United

States, mostly restricted to urban regions and the Florida Keys.

Elsewhere, this species is patchily distributed in urban areas of

Texas, Arizona, Louisiana, and California (Gloria-Soria et al.

2014). The range of Ae. aegypti is relevant because its vector compe-

tence differs from that of Ae. albopictus. Therefore, differential vec-

tor composition alters arbovirus transmission risk (Simard et al.

2005, Juliano 2010).

Interspecific interactions influence the distribution of Ae. aegypti

(Braks et al. 2003, Rey et al. 2006, Reiskind and Lounibos 2013)

via mechanisms such as larval competition and mating interference.

A meta-analysis of lab and field experiments showed that larval Ae.

albopictus are competitively superior to Ae. aegypti, especially when

only low quality food sources are available (Juliano 2010). This ad-

vantage is context-dependent however, as Ae. aegypti suffers less

from interspecific competition when high quality food sources are

available (Juliano 2010, Reiskind et al. 2012). Mating interference

by Ae. albopictus negatively affects Ae. aegypti populations. When

heterospecific mating occurs, accessory gland products from Ae.

albopictus males sterilize Ae. aegypti females, but the converse of

this—Ae. aegypti males sterilizing Ae. albopictus females—does not

occur. This asymmetrical reduction in Ae. aegypti fitness is consid-

ered to be a driver in the rapid displacement of Ae. aegypti, along

with larval competition, and may have evolutionary implications for

Ae. aegypti persistence in the presence of Ae. albopictus

(Bargielowski and Lounibos 2015).

Aedes aegypti is also influenced by abiotic conditions determined

by climate and landscape (Jansen and Beebe 2010). Although the

global range of Ae. aegypti may be determined by macroclimate

(Capinha et al. 2014), microclimate better predicts the heteroge-

neous distribution of Ae. aegypti at a fine scale (Hayden et al.

2010). Climatic conditions directly impact Ae. aegypti at different

life stages (Christophers 1960, Costanzo et al. 2005, Lounibos et al.

2010, Eisen and Moore 2013), and a combination of rainfall, tem-

perature, and humidity can dictate the suitability of a habitat (Mogi

et al. 1996, Reiskind and Lounibos 2013). Rainfall generally in-

creases mosquito abundance by the filling of suitable container habi-

tats (Costanzo et al. 2005, Reiskind and Lounibos 2013, Simoes

et al. 2013). Aedes aegypti eggs and adults are generally more desic-

cation tolerant than Ae. albopictus (Sota and Mogi 1991, Mogi

et al. 1996, Juliano et al. 2002, Reiskind and Lounibos 2009,
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Lounibos et al. 2010), which further highlights the importance of

temperature and humidity in determining the distribution of the two

species.

In Florida, Ae. aegypti predominates in highly urbanized areas

yet is relatively rare in rural areas (O’Meara et al. 1995, Braks et al.

2003, Rey et al. 2006, Reiskind and Lounibos 2013). Similarly, the

spatial pattern of Ae. aegypti was associated with urban variables in

Buenos Aires, Argentina, and in Ribeirao Preto, Brazil (Carbajo

et al. 2006, Summers 2011). When considering landscape, geo-

graphic scale is an important factor as microhabitats may enable Ae.

aegypti presence within inhospitable landscapes. For example, in a

largely arid Arizona desert, Ae. aegypti was positively associated

with highly vegetated areas (Hayden et al. 2010), as might be ex-

pected because vegetation provides shade, regulates humidity, and

provides allochthonous inputs that nourish container habitats

(Vezzani et al. 2005, Barrera et al. 2006).

The persistence of Ae. aegypti in the United States is worrisome

because hot urban habitats suitable for Ae. aegypti are expected to

double or triple within the next 50 yr due to urban sprawl and cli-

mate change (Terando et al. 2014). It is possible the incomplete dis-

placement of Ae. aegypti is a transient phase, and eventually Ae.

aegypti will become extirpated from areas in sympatry with Ae.

albopictus (Paupy et al. 2010). Alternatively, stable coexistence with

Ae. albopictus, or even an expansion of Ae. aegypti distributions

may be possible. Such an expansion could be due to resource avail-

ability (Juliano 2010), spatio-temporal heterogeneity in competitive

congener distributions (Mogi et al. 1996, Juliano et al. 2002,

Lounibos et al. 2010, Reiskind and Lounibos 2013, Fader and

Juliano 2014), a reduction in interspecific competition through natu-

ral selection (Bargielowski et al. 2013), or climatic changes that fa-

vor Ae. aegypti.

We assessed Ae. aegypti persistence and recrudescence by com-

paring Ae. aegypti and Ae. albopictus distribution data from 2006,

2007, and 2013 across a 45- by 15-km landscape in Palm Beach

County, FL, where the two species have co-occurred since at least

the early 1990s (Moore and Mitchell 1997). Palm Beach County

encompasses a longitudinal landscape gradient from the heavily ur-

banized coastline to rural inland Florida, as well as temperature and

humidity gradients (Reiskind and Lounibos 2013). We evaluated the

changes in Ae. aegypti distributions in this region of south Florida

by comparing patterns between years, taking into account microcli-

mate, biotic, and landscape variations.

Materials and Methods

Site Selection
We monitored Ae. aegypti and Ae. albopictus in Palm Beach

County, FL, at sites previously sampled in 2006 and 2007 by

Reiskind and Lounibos (2013). The sites were located along six lon-

gitudinal 15-km long transects that extended westward from the

east Florida coastline; each transect contained five sites located at 0,

1, 3, 8, and 15 km from the coast (Fig. 1). By collecting from previ-

ously sampled sites using the same methods over the same time pe-

riod, we were able to compare relative population changes over

time.

Mosquito Collection and Rearing
Over a 6-wk period from May to July 2013, three oviposition traps

at each site collected mosquito eggs and larvae using the same meth-

ods described by Reiskind and Lounibos (2013). GPS coordinates

for each trap were recorded using a Trimble Juno 3B Handheld

computer running Esri ArcPAD 10.1 software with 5 m accuracy

(Trimble Navigation Ltd., Sunnyvale, CA; Esri, Redlands, CA). Eggs

and residual aquatic fractions were collected, and traps were

rebaited weekly (Reiskind and Lounibos 2013). Traps were kept in

the same location the entirety of the study unless they were found to

be missing or destroyed (1.48% of all traps were lost or destroyed).

When this occurred, replacement traps were relocated in close prox-

imity to the original trap (<10 m).

An iButton data logger (Maxim Corp., Dallas, TX) was attached

to the underside of one trap at each site and recorded temperature

and humidity readings every 10 min for at least three weeks over the

6-wk period. The proportion of traps containing water was recorded

for each site during trap servicing—this metric reflected rainfall at

each site.

Eggs and aquatic fractions were transported to the laboratory on

the day of collection, and eggs were dried overnight, counted, and

then hatched the following day. Mosquito eggs and larvae were

reared in food grade plastic containers (700 ml total volume,

Instawares.com, Kennesaw, GA) with high quality rearing medium

consisting of 200 ml tap water, 100 ml leaf infusion, 0.03 g Brewer’s

yeast, and 0.03 g powdered freeze-dried egg yolk or Bacto TC lactal-

bumin (BD Biosciences, San Jose, CA). Pupae were identified to spe-

cies using a dissecting microscope and, although uncommon, if

larvae died before pupation they were identified at the larval stage.

Pupae were transferred to vented 50-ml conical tubes, allowed to

eclose, and then were freeze-killed and preserved in 80–100%

ethanol.

Subsampling
Collected eggs and larvae were subsampled in two ways due to logis-

tical constraints. First, one of three traps was selected for rearing

and species identification from every site per week. Only traps con-

taining eggs were considered for selection. If only one of the three

traps contained eggs, that trap was selected. If two or three traps

contained eggs, a random integer generator was used to randomly

select one of the traps. All mosquito larvae collected in aquatic frac-

tions of traps were reared to the fourth-instar or pupal stage for spe-

cies identifications, but only larvae corresponding to selected traps

during subsampling were included in the analysis. Mortality during

rearing was assessed by comparing egg counts with mosquito yields

and by attempting to vacuum-induce hatch a subset of unhatched

eggs; the pattern of mortality appeared to be random.

Second, a maximum of 30 eggs were subsampled from selected

traps. This was achieved by cutting paper strips into sections and

haphazardly choosing 30 eggs by section for rearing. Only 16 of 162

traps had>30 eggs and required subsampling. Although this proce-

dure sacrificed the identification to species of every egg laid, the pro-

portion of Ae. aegypti relative to Ae. albopictus at each site is the

focus of this study and was accurately measured using this method.

Further, the proportion of each species was used to account for

nonidentified mosquitoes to estimate abundance based on egg

counts (Lozano-Fuentes et al. 2014).

Incorporation of GIS data
Areas within 100 m of collection sites were classified by land cover

type (Fig. 1). Esri ArcMap 10.2.2 software (Esri, Redlands, CA) was

used to digitize land cover using high-resolution orthoimagery for

the years 2006 (0.5 m pixel resolution, USGS, 2006, USGS Earth

Explorer) and 2013 (0.3 m pixel resolution, Palm Beach County

Information System Services, 2013, Palm Beach County GIS

Database); orthoimagery was not available for 2007. The
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classification system used was modified from the Anderson Land

Cover Classification System (Anderson et al. 1976) and included

eight land cover types: building or structure, pavement, bare ground,

fine vegetation, coarse vegetation, freshwater, saltwater, and swim-

ming pool. Classifications were determined on the basis of visual in-

terpretation of satellite data and ground-truth verification. Using

this method, fine scale changes in landscape from 2006 to 2013

were quantified in such a way that land cover types could be in-

cluded in statistical analyses as possible explanatory factors for spa-

tial variation between species.

Statistics
Sites were compared by distance from the coast (0, 1, 3, 8, 15 km),

and each transect was treated as a replicate. Abiotic variables in-

cluding temperature, relative humidity (RH), and site wetness were

examined for the 6-wk sampling period. The daily minimum, aver-

age, and maximum temperature and RH at each distance from the

coast were calculated. The percentage of wet containers at each dis-

tance from the coast was calculated by dividing the total number of

wet containers at each distance by the total number of containers re-

covered. Esri ArcMap 10.2.2 software was used to calculate the area

of each land cover type at every site. Temperature, RH, site wetness,

and land cover type were analyzed with linear regressions as a func-

tion of distance from the coast (JMP Pro 11.2, 2014). Paired t-tests

were used to compare between sampling periods the temperature,

RH, and land cover types at each distance (JMP Pro 11.2, 2014).

The total numbers of Ae. aegypti and Ae. albopictus eggs for

each distance from the coast for the entire sampling period were cal-

culated, as well as weekly Ae. aegypti abundance (Supp. Fig. 1 [on-

line only]). Egg abundances and the proportions of Ae. aegypti were

analyzed with linear regressions as a function of distance from the

coast. Paired t-tests were used to compare between sampling periods

the abundances of both species at each distance (JMP Pro 11.2,

2014).

Data from 2006 and 2007 were summarized for time periods

that overlapped with 2013 sampling (two weeks in 2006, and six

weeks in 2007). For 2006 and 2007, only 11–15 of the 30 sites had

associated environmental data, so linear regression equations were

used to estimate missing temperature and RH variables for all sites

(Reiskind and Lounibos 2013). The yearly proportions of Ae.

aegypti for each distance from the coast were compared between

sampling periods with a generalized linear mixed model logistic re-

gression (PROC GLIMMIX, SAS 10.3 Institute, 2014). The propor-

tion of Ae. aegypti served as the dependent variable and was

analyzed using a binomial distribution and a logit link function.

Distance, year, and the interaction of distance and year were mod-

eled as independent variables, and site was modeled as a random

effect (Lozano-Fuentes et al. 2014).

Results

Spatial Variation of Abiotic Variables
In 2013, temperature, RH, and four land cover types varied signifi-

cantly with distance from the coast. Average daily temperature de-

creased with distance from the coast (Fig. 2A, R2¼0.2475,

F1,28¼9.2076, P¼0.0052). The average parameter estimate for the

linear coefficient of distance from the coast for temperature

is�0.0861�C (range:�0.1144�C to�0.0577�C), meaning that for

each kilometer west from the coast, temperature decreased

by�0.086�C, or about 1.3�C across each longitudinal transect.

Minimum daily temperature also decreased with distance from the

coast (R2¼0.4395, F1,28¼21.9586, P<0.0001), but maximum

daily temperature did not (R2¼0.0599, F1,28¼1.785, P¼0.1923).

Temperature parameter estimates are similar to parameter estimates

for 2006 and 2007 (range:�0.0705�C to 0.1475�C, Reiskind and

Lounibos 2013). Temperature was significantly cooler in 2007 and

2013 than in 2006 at 15 km from the coast by a mean difference of

0.468�C and 0.865� C, respectively (Paired t-test, 2007,

Fig. 1. Collection sites in Palm Beach County, FL. Site locations within Florida are shown in the left panel as black circles. The center panel shows site locations

within Palm Beach County as black circles, and indicates generalized land cover (urban and suburban, rural, open water). The right panel shows a single site with

its associated land cover classifications (building, fine vegetation, bare ground, coarse vegetation, pool, and pavement) (Online figure in color).
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t¼�9.4821, df¼5, P¼0.0001; 2013, t¼�4.0458, df¼5,

P¼0.0099). No other significant differences in average daily tem-

perature were detected between 2013 and 2006 or 2007.

Average daily RH increased with distance from the coast

(Fig. 2B, R2¼0.3065, F1,28¼12.3749, P¼0.0015). The average pa-

rameter estimate for the linear coefficient of distance from the coast

for RH was 0.4963% (range: 0.3552% to 0.6374%), meaning that

for each kilometer west from the coast, humidity increased

by�0.5%, or about 7.5% across each transect. Maximum daily RH

also significantly increased with distance from the coast

(R2¼0.3158, F1,28¼12.9212, P¼0.0012), but minimum daily RH

did not (R2¼0.0916, F1,28¼2.8224, P¼0.1041). These parameter

estimates are similar to parameter estimates for 2006 and 2007

(range: 0.2529% to 0.5533%, Reiskind and Lounibos 2013) and

show the same positive trend. No significant differences in average

daily RH were detected between 2013, 2006, or 2007. Percent

site wetness did not decrease with distance from the coast in 2013

(Fig 2C, R2¼0.0099, F1,28¼0.2798, P¼0.0601).

Land cover types varied longitudinally (Supp. Table 1 [online

only]). Areas of buildings and pavement declined with distance from

the coast (R2¼0.1424, F1,28¼4.6476, P¼0.0398; R2¼0.1454,

F1,28¼4.7637, P¼0.0376, respectively), while freshwater bodies

and coarse vegetation areas increased with distance from the coast

(R2¼0.1780, F1,28¼6.0622, P¼0.0202; R2¼0.2809, F1,28¼10.

9364, P¼0.0026, respectively). The parameter estimate for build-

ings was�0.564%, meaning that for each kilometer the percentage

of building land cover decreased by 0.56%, or�8.4% across each

transect. The parameter estimate of pavement was�1.1201%,

meaning the percentage of pavement land cover decreased�16.8%

across each transect. Parameter estimates indicate the area of fresh-

water (parameter estimate¼0.381%) increased by�5.7% across

transects, and coarse vegetation (parameter estimate¼1.343%) in-

creased by�20.1%. Buildings and pavement are typically associated

with urban areas, as coarse vegetation and freshwater bodies are as-

sociated with rural areas. Bare soil, saltwater bodies, pools, and fine

vegetation did not show significant relationships with distance from

the coast. No significant differences were detected between 2006

and 2013 for any land cover types at any distance from the coast,

except for a significant decrease in bare ground at 15 km (Paired t-

test, t¼�2.412, df¼5, P¼0.0304). This difference can be attrib-

uted to a transition from a construction site in 2006 to fine vegeta-

tion in 2013 at a single study site.

Spatial Patterns of Mosquito Abundance
Aedes aegypti predominated in coastal, urban environments, while

Ae. albopictus was more abundant in inland, rural environments

during the 2013 collection period, as observed for 2006–2007 by

Reiskind and Lounibos (2013; Fig. 3). In 2013, there were signifi-

cant differences between Ae. aegypti and Ae. albopictus total abu-

dance at 0, 1, and 15 km (Paired t-test, 0 km, t¼�4.412, df¼5,

P¼0.0069; 1 km, t¼�4.221, df¼5, P¼0.0083; 15 km, t¼6.167,

df¼5, P¼0.0016), and no significant differences at 3 and 8 km

from the coast (Paired t-test, 3 km, t¼�0.803, df¼5, P¼0.4585;

8 km, t¼�0.083, df¼5, P¼0.937). The proportion of Ae. aegypti

decreased with distance from the coast (R2¼0.622, df¼29,

P<0.0001), on which scale egg abundance increased (R2¼0.303,

df¼29, P<0.0016).

Spatio-Temporal Changes in Mosquito Distributions
Our study supports a distributional shift in Ae. aegypti proportions

inland from the coast (Fig. 4). The generalized linear mixed model

logistic regression model showed that the interaction between dis-

tance and year significantly affected the proportion of Ae. aegypti

collected (Table 1). The proportion of Ae. aegypti was significantly

higher at 3 and 8 km in 2013 compared with 2006 and 2007

(P<0.0001 for both years). At 1 km, the proportion of Ae. aegypti

was higher in 2007 compared with 2013 (P<0.0001).

Fig. 2. (A) Average daily temperature (�C), (B) average daily relative humidity

(%), and (C) average proportion of wet oviposition traps per site for 2006

(blue), 2007 (green), and 2013 (yellow). Each error bar is constructed using 1

standard error from the mean (Online figure in color).
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Discussion

We found that the distributional patterns of Ae. aegypti and Ae.

albopictus in Palm Beach County, FL, were similar to those de-

scribed by Reiskind and Lounibos (2013). Aedes aegypti

predominated at and near the urbanized coast, while Ae. albopictus

was more abundant inland, with the greatest overlap in distributions

of two species at 3 and 8 km (Reiskind and Lounibos 2013). Most

notably, we found the distribution of Ae. aegypti had expanded

Fig. 3. Proportion of Ae. aegypti and Ae. albopictus in 2006, 2007, and 2013. Each pie chart represents a collection site. Yellow represents Ae. aegypti and blue

represents Ae. albopictus. Base map data sources include the National Land Cover Database and the U.S. Census Bureau (Online figure in color).

Fig. 4. Generalized linear mixed model logistic regression results. The proportion of Ae. aegypti served as the dependent variable and was analyzed using a bino-

mial distribution and a logit link function. Distance, year, and the interaction of distance and year were modeled as independent variables, and site was modeled

as a random effect. Lines represent the modeled logistic of the probability of Ae. aegypti as a function of distance for each year (Online figure in color).

840 Journal of Medical Entomology, 2016, Vol. 53, No. 4

Downloaded from https://academic.oup.com/jme/article-abstract/53/4/836/2222428
by North Carolina State University user
on 16 March 2018

Deleted Text: des
Deleted Text: des
Deleted Text: ORIDA


inland since 2006–2007. While overall relative species abundances

were similar in 2013 to 2006–2007, we detected a significant in-

crease in the proportion of Ae. aegypti at 8 km from the coast.

Historically, Ae. aegypti was less geographically restricted and

occurred across both urban and rural areas in south Florida

(O’Meara et al. 1995). Today, Ae. aegypti is generally restricted to

urban areas. Urban areas are a niche to which Ae. albopictus is less

well adapted, and may act as a refuge for Ae. aegypti populations

(Braks et al. 2003). These urban refugia could sustain Ae. aegypti

populations, which may then recolonize wider areas either when

conditions improve or when competition is overcome through natu-

ral selection (Hylander et al. 2015). However, these small and iso-

lated populations may also be more susceptible to genetic drift,

inbreeding, and stochastic events resulting in extinction. There is ev-

idence Ae. aegypti populations in contact with Ae. albopictus are

adapting to avoid competitive mating interference (Bargielowski

et al. 2013). Bargielowski and Lounibos (2015) demonstrated rapid

behavioral adaptations of naı̈ve Ae. aegypti females to avoid hetero-

specific matings with Ae. albopictus males over only 1–3 generations

in the laboratory. If Ae. albopictus populations exclude Ae. aegypti

geographically through mating interference, and Ae. aegypti adapts

to avoid heterospecific mating, this behavioral adaptation may facil-

itate the observed local expansion of Ae. aegypti in Palm Beach

County.

It is also possible that local microclimates have changed in a way

that now supports Ae. aegypti populations further inland. Land

cover classifications confirmed a longitudinal urban–rural gradient

across the total study area, and data loggers recorded temperature

and RH gradients. Temperature and impermeable surfaces, includ-

ing buildings and pavement, decreased with distance from the coast,

while coarse vegetation, freshwater bodies, and humidity increased.

These habitat qualities correspond to what is already known about

either species’ habitat preferences (O’Meara et al. 1995, Braks et al.

2003, Reiskind and Lounibos 2013, Leisnham et al. 2014); the two

species spatially segregate based, in part, on climatic conditions and

condition specific interspecific competition (Costanzo et al. 2005,

Leisnham et al. 2014). Aedes aegypti tolerate dry conditions better

than Ae. albopictus as eggs and adults (Sota and Mogi 1991, Mogi

et al. 1996, Reiskind and Lounibos 2009, Lounibos et al. 2010), and

Ae. albopictus is generally the superior larval competitor under wet

conditions (Juliano et al. 2002, Costanzo et al. 2005). Leisnham

et al. (2014) also found spatial partitioning in Tampa, FL, consistent

with habitat segregation and condition-specific competition.

However, our measurements of temperature, humidity, and site wet-

ness did not significantly change over time at 8 km distance from the

coast, and land cover changed little between 2006 and 2013.

Although microclimatic and land cover variables do not explain this

change independently, subtle changes in environmental variables

working in tandem could have influenced the spread of Ae. aegypti.

It is also possible that the relative abundances and geographic distri-

butions of either species fluctuate at random, that random processes

yield ranges that wax and wane, and that this pattern cannot be as-

cribed to competition, competitive evolution, land use, or climate.

Only long-term datasets, which are rare, could truly assess a shift in

local range relative to a normal level invariation. Unrecorded vari-

ables, such as changes in host density and pesticide treatment re-

gimes, also have the potential to influence distributions.

We sought to document and determine whether local Ae. aegypti

distributions have decreased, increased, or remained stable in recent

history. Though it is compelling to speculate on the mechanisms

that may explain an increase in Ae. aegypti, further study is needed

to understand the patterns observed. Intensive sampling every 5 to

7 yr of the same area using the same methods will build a robust

dataset that tracks field populations of Ae. aegypti and Ae. albopic-

tus over time. Landscape genetic analyses can inform whether Ae.

albopictus acts as a biological barrier to Ae. aegypti and can poten-

tially identify a molecular basis for the behavioral adaptations of

Ae. aegypti observed in the laboratory. Furthermore, larger-scale

monitoring of Ae. aegypti populations, informed by historical data-

sets (e.g., O’Meara et al. 1995), may also provide evidence for

changes in the ecology of this vector in the southern United States.

Supplementary Data

Supplementary data are available at Journal of Medical Entomology online.

Acknowledgments

We wish to thank Dr. L. Phil Lounibos and Dr. Walter Tabachnick of the

Florida Medical Entomology laboratory in Vero Beach, FL, for sharing their

facility and expertise, and Kyle Jones for his field assistance. We also thank

Dr. L. Phil Lounibos, Dr. Ed Vargo, and the anonymous reviewers for their

valuable comments and suggestions to improve the manuscript. This material

is based upon work supported by the National Science Foundation Graduate

Research Fellowship under Grant (DGE-1252376).

References Cited

Anderson, J. R., E. E. Hardy, J. T. Roach, and R. E. Witmer. 1976. A land use

and land cover classification system for use with remote sensor data, USGS

Numbered Series. United States Geological Survey.

Bagny Beilhe, L., S. Arnoux, H. Delatte, G. Lajoie, and D. Fontenille. 2012.

Spread of invasive Aedes albopictus and decline of resident Aedes aegypti in

urban areas of Mayotte 2007–2010. Biol Invasions 14: 1623–1633.

Bargielowski, I. E., and L. P. Lounibos. 2015. Satyrization and satyrization-re-

sistance in competitive displacements of invasive mosquito species. Insect

Sci. 23: 162–174.

Bargielowski, I. E., L. P. Lounibos, and M. C. Carrasquilla. 2013. Evolution

of resistance to satyrization through reproductive character displacement in

populations of invasive dengue vectors. Proc. Natl. Acad. Sci. USA. 110:

2888–2892.

Barrera, R., M. Amador, and G. G. Clark. 2006. Ecological factors influencing

Aedes aegypti (Diptera: Culicidae) productivity in artificial containers in

Salinas, Puerto Rico. J. Med. Entomol. 43: 484–492.

Braks, M. A., N. A. Honorio, R. Lourencqo-De-Oliveira, S. A. Juliano, and L.

P. Lounibos. 2003. Convergent habitat segregation of Aedes aegypti and

Aedes albopictus (Diptera: Culicidae) in southeastern Brazil and Florida. J.

Med. Entomol. 40: 785–794.

Britch, S. C., K. J. Linthicum, A. Anyamba, C. J. Tucker, and E. W. Pak. 2008.

Long-term surveillance data and patterns of invasion by Aedes albopictus in

Florida. J. AM. Mosq. Control 24: 115–120.

Table 1. Generalized linear mixed model logistic regression results

Type III tests of fixed effects

Effect Num df Den df F value Pr> F

Distance 4 49 20.40 <0.0001

Year 2 49 75.22 <0.0001

Distance�Year 8 49 41.41 <0.0001

The proportion of Ae. aegypti served as the dependent variable and was an-

alyzed using a binomial distribution and a logit link function. Distance, year,

and the interaction of distance and year were modeled as independent vari-

ables, and site was modeled as a random effect.

Journal of Medical Entomology, 2016, Vol. 53, No. 4 841

Downloaded from https://academic.oup.com/jme/article-abstract/53/4/836/2222428
by North Carolina State University user
on 16 March 2018

Deleted Text: -
Deleted Text: -
Deleted Text:  
Deleted Text: South 
Deleted Text: -
Deleted Text: -
Deleted Text: ORIDA
Deleted Text:  
Deleted Text: ea
Deleted Text: s
Deleted Text:  
http://jme.oxfordjournals.org/lookup/suppl/doi:10.1093/jme/tjw050/-/DC1


Capinha, C., J. Rocha, and C. A. Sousa. 2014. Macroclimate determines the

global range limit of Aedes aegypti. EcoHealth 11: 420–428.

Carbajo, A. E., S. I. Curto, and N. J. Schweigmann. 2006. Spatial distribution

pattern of oviposition in the mosquito Aedes aegypti in relation to urbaniza-

tion in Buenos Aires: southern fringe bionomics of an introduced vector.

Med. Vet. Entomol. 20: 209–218.

Christophers, S. R. 1960. Aedes aegypti Yellow Fever Mosquito, Cambridge

University Press, United Kingdom.

Costanzo, K. S., B. Kesavaraju, and S. A. Juliano. 2005. Condition-specific

competition in container mosquitoes: The role of noncompeting life-history

stages. Ecology 86: 3289–3295.

Eisen, L., and C. G. Moore. 2013. Aedes (Stegomyia) aegypti in the continen-

tal United States: A vector at the cool margin of its geographic range. J.

Med. Entomol. 50: 467–478.

Fader, J. E., and S. A. Juliano. 2014. Oviposition habitat selection by con-

tainer-dwelling mosquitoes: Responses to cues of larval and detritus abun-

dances in the field. Ecol. Entomol. 39: 245–252.

Gloria-Soria, A., J. E. Brown, V. Kramer, M. Hardstone Yoshimizu, and J. R.

Powell. 2014. Origin of the dengue fever mosquito, Aedes aegypti, in

California. PLoS Negl. Trop. Dis. 8: e3029.

Hayden, M. H., C. K. Uejio, K. Walker, F. Ramberg, R. Moreno, C.

Rosales, M. Gameros, L. O. Mearns, E. Zielinski-Gutierrez, and C. R.

Janes. 2010. Microclimate and human factors in the divergent ecology

of Aedes aegypti along the Arizona, U.S./Sonora, MX border.

Ecohealth 7: 64–77.

Hylander, K., J. Ehrlen, M. Luoto, and E. Meineri. 2015. Microrefugia: Not

for everyone. Ambio 44: 60–68.

Jansen, C. C., and N. W. Beebe. 2010. The dengue vector Aedes aegypti: What

comes next. Microbes Infect 12: 272–279.

Juliano, S. A. 2010. Coexistence, exclusion, or neutrality? A meta-analysis of

competition between Aedes albopictus and resident mosquitoes. Isr. J. Ecol.

Evol. 56: 325–351.

Juliano, S. A., G. F. O’Meara, J. R. Morrill, and M. M. Cutwa. 2002.

Desiccation and thermal tolerance of eggs and the coexistence of competing

mosquitoes. Oecologia 130: 458–469.

Kaplan, L., D. Kendell, D. Robertson, T. Livdahl, and C. Khatchikian. 2010.

Aedes aegypti and Aedes albopictus in Bermuda: extinction, invasion, inva-

sion and extinction. Biol. Invasions 12: 3277–3288.

Leisnham, P. T., S. L. LaDeau, and S. A. Juliano. 2014. Spatial and

temporal habitat segregation of mosquitoes in urban Florida. PLoS ONE 9:

e91655.

Lounibos, L. P., G. F. O’Meara, S. A. Juliano, N. Nishimura, R. L. Escher, M.

H. Reiskind, M. Cutwa, and K. Greene. 2010. Differential survivorship of

invasive mosquito species in South Florida cemeteries: Do site-specific mi-

croclimates explain patterns of coexistence and exclusion? Ann. Entomol.

Soc. Am. 103: 757–770.

Lozano-Fuentes, S., C. Welsh-Rodriguez, A. J. Monaghan, D. F. Steinhoff, C.

Ochoa-Martinez, B. Tapia-Santos, M. H. Hayden, and L. Eisen. 2014.

Intra-annual changes in abundance of Aedes (Stegomyia) aegypti and Aedes

(Ochlerotatus) epactius (Diptera: Culicidae) in high-elevation communities
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