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Abstract

Mosquitoes pose an increasing risk in urban landscapes, where spatial heterogeneity in juvenile habitat can
influence fine-scale differences in mosquito density and biting activity. We examine how differences in juvenile
mosquito habitat along a spectrum of urban infrastructure abandonment can influence the adult body size of
the invasive tiger mosquito, Aedes albopictus (Skuse) (Diptera: Culicidae). Adult Ae. albopictus were collected
across 3 yr (2015-2017) from residential blocks in Baltimore, MD, that varied in abandonment level, defined by
the proportion of houses with boarded-up doors. We show that female Ae. albopictus collected from sites with
higher abandonment were significantly larger than those collected from higher income, low abandonment
blocks. Heterogeneity in mosquito body size, including wing length, has been shown to reflect differences in
important traits, including longevity and vector competence. The present work demonstrates that heteroge-
neity in female size may reflect juvenile habitat variability across the spatial scales most relevant to adult Aedes
dispersal and human exposure risk in urban landscapes. Previous work has shown that failure to manage
abandonment and waste issues in impoverished neighborhoods supports greater mosquito production, and
this study suggests that mosquitoes in these same neighborhoods could live longer, produce more eggs, and

have different vector potential.
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Mosquito vector competence is the probability that a vector can be-
come infected and transmit infection to hosts (LaDeau et al. 2015).
Fundamental to vector competence is the density and fitness of the
biting vector population. Environmental heterogeneity that influences
juvenile habitat can result in intraspecific differences in life-history traits
that affect adult fitness (Armbruster & Hutchinson 2002, Delatte et al.
2009, Leisnham et al. 2009), biting behavior (Leisnham et al. 2008),
and longevity (Leisnham et al. 2008, Reiskind and Lounibos 2009, Alto
2011, Westby and Juliano 2017), and these traits can then influence
variation in vector competence (Nasci and Mitchell 1994; Alto et al.
2005, 2008a; Bevins 2008; Muturi and Alto 2011; Alto and Bettinardi
2013; Zirbel et al. 2018). However, few studies have examined trait dif-
ferences in the field under natural environmental conditions (Schneider
et al. 2004, Walsh et al. 2011, Juliano et al. 2014). Improved under-
standing of the causes and consequences of variability in life-history
traits that influence vector competence is an important challenge for
managing arboviral risk at scales relevant to human exposure.

Among the most widely measured life-history traits of adult
mosquitoes is body size. Larger mosquito size has been related to
survival (Ameneshewa and Service 1996; Briegel and Timmermann
2001; Alto 2011; Alto et al. 2012, 2015; Juliano et al. 2014) and

blood-feeding frequency (Takken et al. 1998, Leisnham et al. 2008,
Xue et al. 2008, Farjana and Tuno 2013) in a number of species.
Adult female survival is one of the most important parameters in
many mathematical models of pathogen transmission (Hawley 19835,
Smith et al. 2012, LaDeau et al. 2015). Field-based data on dengue
virus infection in Aedes (Stegomyia) aegypti (L.) support a positive
size effect (Juliano et al. 2014), although lab-based studies suggest
both positive and negative associations between size and mosquito
susceptibility to virus infection (Alto et al. 2005, 2008b; Bevins
2008). Body size is also positively associated with mosquito fecun-
dity (Blackmore and Lord 2000, Armbruster and Hutchinson 2002,
Leisnham et al. 2009), which is likely to indirectly lead to higher
disease transmission by increasing population growth rate and the
density of biting females (Livdahl and Sugihara 1984, Costanzo
et al. 2018). One of the most widely used measures of body size is
wing length since it is relatively easy to collect and highly correlated
with other measures of body size, including body weight (Petersen
et al. 2016) and adult reserves at emergence (Briegel et al. 2001).
Wing length has been used as a critical metric in both ecological
and human health studies (Hawley 1985, Nasci and Mitchell 1994,
Zirbel et al. 2018).
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The tiger mosquito, Aedes albopictus (Skuse), is a globally inva-
sive mosquito species that was first introduced to the southern United
States from Japan in the mid-1980s (Hawley et al. 1987). Since its
introduction, the species has spread rapidly to become the dominant
mosquito in many urban areas and a predominant human-biting
species across much of its new temperate range (Lounibos 2002;
Benedict et al. 2007; Paupy et al. 2009; Kraemer et al. 2015, 2019).
Like other Aedes species, Ae. albopictus oviposits drought-resistant
eggs that can remain viable for months, facilitating its spread into
new ranges (Juliano and Lounibos 2005). Transmission of dengue
and chikungunya viruses by Ae. albopictus has supported human
epidemics in temperate regions of Europe (Chretien and Linthicum
2007, Rezza et al. 2007) and Asia (Tsuda et al. 2016, Quam et al.
2015) and the species is a competent vector for zoonotic arboviruses
circulating in the United States, including West Nile virus (Turell
etal. 2005). Even without the potential disease risk, Ae. albopictus is
a significant nuisance for residents in cities where it has established
due to its aggressive daytime biting (Worobey et al. 2013, Halasa
et al. 2014, Bodner et al. 2016, Biehler et al. 2018, Goodman et al.
2018).

Adult Ae. albopictus population size is strongly associated with
variation in the quantity and type of local juvenile habitat (Bartlett-
Healy et al. 2012, Dowling et al. 2013, LaDeau et al. 2013, Little
et al. 2017, Bodner et al. 2019). Aedes albopictus have limited
dispersal and are most likely to be sampled within 100 m of their
juvenile habitat (Niebylski and Craig 1994, Hondrio et al. 2003,
Guerra et al. 2014). Greater numbers of discarded (unmanaged
and abandoned) container habitat were predictive of host-seeking
adult Ae. albopictus density at the scale of a city block in Baltimore,
MD (Bodner et al. 2019) and adult and juvenile densities increased
with the proportion of abandoned buildings on a block (Little et al.
2017). Given differences in the quantity and type of juvenile hab-
itat observed in Baltimore (LaDeau et al. 2013, Little et al. 2017)
and the strong spatial association between juvenile habitat and adult
numbers (Bodner et al. 2019), we hypothesized that adult body size
might also reflect block- and neighborhood-level differences in ju-
venile habitat. The preset study examines body size of individual
female Ae. albopictus collected over 3 yr from the same 13 blocks
examined by Little et al. (2017).

Materials and Methods

Adult mosquitoes were trapped using BG-Sentinel traps baited with
CO, and a 2.0-ml Octenol Lure (a mammal-derived attractant) for 3
d every third week during June and July 2015-2017. Two traps were
placed in two to three focal blocks in five neighborhoods in West
Baltimore, MD (13 blocks total). The neighborhoods examined in
this study were predominantly residential and spanned a range of
socioeconomic status (SES)-related conditions, from blocks with a
relatively high level of management and occupancy (high SES) to
a low level of management and high infrastructure abandonment
(low SES). Infrastructure abandonment was measured as the propor-
tion of buildings that were uninhabitable with boarded-up doors.
More details on study design can be found in Little et al. (2017).
Two neighborhoods each were categorized as low and intermediate
SES and one neighborhood was high SES. In 2017, focal blocks were
revisited in only the four low and intermediate SES neighborhoods
due to funding constraints. All neighborhoods were similarly distant
from large water bodies and forested parks. To evaluate whether
the differences in unmanaged and discarded container habitat across
sites was associated with differences in adult body size, we examined

samples from across blocks with variable levels of abandoned in-
frastructure. Information about the number of abandoned buildings
and vacant parcels was recorded for each focal block and propor-
tion abandoned has been previously shown to be an important local
predictor of juvenile habitat and larval mosquito abundance across
these same neighborhoods (Little et al. 2017). For exploratory fig-
ures, abandonment levels were classified as low (0-5% buildings un-
inhabitable), intermediate (18-29%), or high (42-58%) based on
observed occupancy and infrastructure condition of each block.

Mosquito collections were identified by species and labeled with
the date, neighborhood and block number, species, and sex at the
time of collection. Female mosquitoes were dried in microcentrifuge
tubes with silicate beads. The right wing of each female was re-
moved, photographed, and measured using Olympus cellSens digital
imaging software. Wings were all measured from the jugal fold to the
end of the Radius 1 (R1) vein in millimeters.

Wing lengths were transformed to log scale for all statistical
analyses to meet parametric and homogeneity of variance assump-
tions. All graphs, figures, and analyses were completed using the R
Statistical Software (R Core Team 2018). Differences in wing length
among months, years, and abandonment categories were evalu-
ated with analysis of variance and, when appropriate, Bonferroni-
corrected pairwise #-tests. To assess the relationship between female
wing length and block abandonment level, we then used mixed-
effects models in the LME4 package, with month, year, and block all
treated as random effects to account for repeated measures at each
of these levels (Bates et al. 2015).

Results

In total, 1,097 female Ae. albopictus wings were measured, with 341,
353, and 403 wings from 2015, 2016, and 2017, respectively. Wing
sizes differed between months (F = 123.47, df = 1, P < 0.001; Fig.
1), years (F = 16.40, df = 2, P < 0.001), and grouped abandonment
level (F=9.51,df =2, P <0.001). Aedes albopictus size did not differ
between 2015 and 2016 (2.63 mm = 0.51), but wing lengths were
smaller on average for samples collected in 2017 (2.47 mm = 0.30;
t=-4.73,df = 603.6, P < 0.001). Regardless of year, mosquitoes were
generally smaller in July (2.46 mm = 0.35) relative to June (2.69 mm
= 0.41; ¢ = 10.35, df = 1,021.8, P < 0.001). Likewise, wing lengths
were on average smaller for Ae. albopictus collected from sites classi-
fied as low abandonment (2.47 mm = 0.34) relative to high abandon-
ment (2.58 mm = 0.40; £ = 3.16, df = 624.7, P = 0.002).

The mixed-effects model testing the relationship between wing
length and abandonment suggests that mosquito size is positively
associated with the proportion abandoned infrastructure on a given
block, after accounting for the sampling design (Fig. 2; coef = 0.08
[log scale], df = 13.39, ¢ = 2.27, P = 0.041).

Discussion

We found that female Ae. albopictus mosquitoes collected from
urban blocks with higher levels of infrastructure abandonment had
larger wing sizes relative to females collected on blocks with little
or no abandonment. This study demonstrates that fine-scale spa-
tial variation in juvenile mosquito habitat can generate block and
neighborhood-level heterogeneity in mosquito size. Although this
study did not directly address potential mechanisms for observed
size differences, the results are consistent with the conclusion that
juvenile habitat associated with infrastructural abandonment sup-
ports the production of larger female Ae. albopictus. The study also
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Fig. 1. Boxplots show quartiles and spread in wing measurement data. Heavy lines denote median values, and points are outliers. Letters denote significant

differences given Bonferroni-corrected P-values < 0.05.
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Fig. 2. There is a positive association between wing size and the proportion
abandoned infrastructure on the block where individual was collected. Points
represent individual mosquitoes; line shows fit from mixed-effects model.

collected larger wings in June relative to the warmer month of July,
providing vital field data that is consistent with past studies showing
the development of smaller bodied adult mosquitoes under warmer
conditions (Armbruster and Conn 2006, Muturi and Alto 2011,
Barreaux et al. 2018, Evans et al. 2018).

Research conducted across the same sites in Baltimore reported
significantly higher densities of juvenile Ae. albopictus in lower

SES blocks where the majority of container habitats were unman-
aged (i.e., discarded trash; Little et al. 2017). On average, lower
SES blocks had about 400 habitats per km? with 80% positive for
Ae. albopictus larvae compared with higher income blocks that
had fewer than 50 containers per km? with less than 5% positive
(Little et al. 2017). Bodner et al. (2019) further demonstrated that
the amount of discarded container habitat with juvenile mosquito
present on a block was a positive predictor of adult Ae. albopictus
densities on that same block (Bodner et al. 2019). If Ae. albopictus
from lower SES blocks are also larger, as suggested in the study re-
ported here, variation in container habitat conditions experienced by
juveniles may also be predictably influenced by neighborhood eco-
nomics and infrastructural maintenance.

Numerous studies have shown sizes of adult Aedes mosquitoes
to be positively related to available animal and plant detritus and as-
sociated microbial food resources (Nasci 1986, Teng and Apperson
2000, Costanzo et al. 2011, Walsh et al. 2011, Alto et al. 2012) and
negatively related to temperature (Armbruster and Conn 2006,
Muturi and Alto 2011, Evans et al. 2018). Among our study blocks,
Little et al. (2017) showed that vegetation was positively associated
with juvenile Ae. albopictus indices in lower SES blocks, suggesting
that higher allochthonous litter inputs related to opportunistic or
unmanaged vegetation might result in reduced density-dependent
competition in these areas. On the other hand, temperature data
collected from loggers positioned at adult trapping sites on each
block showed that mean daily temperatures were greatest at both
the highest (low abandonment) and lowest (high abandonment) SES
blocks (unpublished data). These results suggest that food resources
within container habitats may be the main factor causing differ-
ences in female Ae. albopictus sizes at this block scale. Nevertheless,
temperature records at adult trap sites may not accurately reflect
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container temperatures on the same block. Future studies should
attempt to determine the relative roles of container resources and
temperatures at influencing Ae. albopictus size in urban landscapes.

Studies consistently show that size of female Aedes is associated
with differences in longevity, fecundity, and individual capacity
for transmitting mosquito-borne viruses, although the magnitude
and direction of these effects may be highly context dependent
and nonlinear (Nasci and Mitchell 1994, Alto et al. 2005, Alto
et al. 2008b, Bevins 2008, Muturi and Alto 2011, Buckner et al.
2016, Zirbel et al. 2018). Higher competition at larval stages has
been associated with smaller adults and increased susceptibility to
dengue virus infection (Alto et al. 2008a). However, the frequency
of dengue virus infection was greater for larger, field-caught Ae.
aegypti from Brazil, presumably due to greater longevity and biting
frequency that offset decreases in viral susceptibility (Juliano et al.
2014). Although the present study does not measure vectorial ca-
pacity, previous studies have demonstrated that wing length differ-
ences less than 1 mm can affect important traits such as fecundity
and longevity and may influence potential transmission risk (e.g.,
Juliano et al. 2014, Costanzo et al. 2018). The present work dem-
onstrates that significant heterogeneity in body size is evident
across fine spatial scales representative of adult Aedes dispersal
and human exposure risk and highlights a need for vector com-
petence studies across individuals at these same scales. Failure to
manage abandonment and waste issues in impoverished neighbor-
hoods supports greater mosquito production, and mosquitoes in
these same neighborhoods may live longer, produce more eggs, and
could have greater vector potential.
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