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ARTICLE INFO ABSTRACT

Keywords: Cities are generally hotter than surrounding rural areas due to the Urban Heat Island (UHI) effect. These in-

NortherAnAhouse mosquito creases in temperature advance plant and animal phenology, development, and reproduction in the spring.

g‘,‘lex piptens However, research determining how increased temperatures affect the seasonal physiology of animals in the fall
lapause

has been limited. The Northern house mosquito, Culex pipiens, is abundant in cities and transmits several
pathogens including West Nile virus. Females of this species enter a state of developmental arrest, or repro-
ductive diapause, in response to short days and low temperatures during autumn. Diapausing females halt
reproduction and blood-feeding, and instead accumulate fat and seek sheltered overwintering sites. We found
that exposure to increased temperatures in the lab that mimic the UHI effect induced ovarian development and
blood-feeding, and that females exposed to these temperatures were as fecund as non-diapausing mosquitoes. We
also found that females exposed to higher temperatures had lower survival rates in winter-like conditions, despite
having accumulated equivalent lipid reserves relative to their diapausing congeners. These data suggest that
urban warming may inhibit diapause initiation in the autumn, thereby extending the active biting season of

Urban Heat Island

temperate mosquitoes.

1. Introduction

Urbanization changes the physical environment and creates unique
climates that can influence the physiology of living organisms (Pickett
etal., 2011). Urban environments have a more impervious surfaces (e.g.,
pavement and buildings), less vegetation and a higher prevalence of
atmospheric pollutants and particulates. Each of these factors cause
urban areas to have higher levels of precipitation, altered temporal
patterns of humidity and higher air temperatures (Kuttler, 2008; Pickett
et al., 2001). The phenomenon of increased temperatures within cities
(densely populated areas characterized by a large percent of impervious
surface) compared to their rural counterparts is known as the Urban
Heat Island (UHI) effect (Arnfield, 2003; Oke, 1973, 1982). The UHI
effect varies in intensity, ranging from a 1-2 °C difference to up to
5-10 °C depending on latitude, the surrounding biome, time of day, and
season (Imhoff et al., 2010; Pickett et al., 2001).

The abundance of many insect groups is affected by UHIs (Young-
steadt et al., 2017). For example, bee abundance can decrease with
increased urban temperatures (Hamblin et al., 2018), whereas the UHI
effect is associated with increased abundance of the cicadas
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Cyptotympana atrata and Hyalessa fuscata (Nguyen et al., 2018), the scale
insect Melanaspis tenebricosa (Dale and Frank, 2014a, 2014b), and
several mosquito species (Townroe and Callaghan, 2014). Additionally,
increased temperatures due to climate change and urbanization can
allow disease vectors, like mosquitoes and ticks, and invasive species to
expand into areas that were previously unfavorable (Alto and Juliano,
2001; Buczek et al., 2014; Cordonnier et al., 2020; Gutierrez and Ponti,
2014; Hongoh et al., 2012; Misslin et al., 2016; Musolin, 2012; Parris
and Hazell, 2005).

As insects are ectotherms, high temperatures in UHIs are likely to
accelerate their development and induce a wide range of physiological
stress responses (Ciota et al., 2014; Gonzalez-Tokman et al., 2020). The
UHI effect may also alter the ability of some insects and other arthropods
to persist in urban environments. For instance, while the UHI effect
increases the rate of development in moth larvae and Daphnia (Backe
etal., 2021; Brans and De Meester, 2018), increased temperatures cause
significant delays in the early development of black widow spiderlings
(Johnson et al., 2019). In cities, bee species with lower thermal maxima
experience the largest decline in abundance (Hamblin et al., 2017).
Aside from differences in thermal tolerance among species, local
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adaptation can result in intraspecific variation in the heat-tolerance of
rural and urban insect populations (Diamond et al., 2017, 2018; Nguyen
et al., 2020).

Changes to plant and animal physiology can result in phenological
shifts in urban environments (Jochner and Menzel, 2015). Increased
temperatures affect the migratory behavior of birds (Tryjanowski et al.,
2013), and cause urban plants in temperate environments to flower and
leaf-in earlier in spring (Meng et al., 2020; Mimet et al., 2009; Neil and
Wu, 2006; Seress et al., 2018). The UHI effect also advances the
springtime phenology of ants, butterflies, moths, mosquitoes, dragon-
flies and damselflies, enabling them to reproduce and reach maximum
abundance earlier in the year (Chick et al., 2019; Diamond et al., 2014;
Hajdasz et al., 2019; Townroe and Callaghan, 2014; Villalobos-Jiménez
and Hassall, 2017). UHIs can also delay the onset of overwintering
dormancy in temperate plants such that green leaf canopy in urban
environments persists later into the autumn than rural environments
(Jochner and Menzel, 2015; Melaas et al., 2016; Zipper et al., 2016).
However, we do not fully understand how the UHI effect may influence
the seasonal physiology of animals in the autumn. Several studies
indicate that increased temperatures due to climate change allow insects
to produce additional generations late in the season (Jonsson et al.,
2011; Kerr et al., 2020; Stoeckli et al., 2012; Van Dyck et al., 2015).
Urban warming also shifts the life history of invasive caterpillars such
that they spend more time in their most cold-tolerant larval stage during
autumn (Backe et al., 2021). Seasonal patterns of the incidence of
vector-borne diseases are directly linked to changes in the seasonal
physiology of the insects that transmit their associated pathogens (Fis-
man, 2012; Peffers et al., 2021). Therefore, the UHI effect could influ-
ence the seasonal biology of disease vectors and potentially extend the
period of active disease transmission within cities.

Diapause is a programmed state of developmental arrest in insects
that allows them to survive unfavorable environmental conditions
(Hahn and Denlinger, 2011; Kostdl, 2006). In temperate environments,
the physiological changes associated with diapause enable insects to
survive harsh winter conditions such as low temperatures and food
scarcity (Tauber et al., 1986). Diapause is particularly important for the
persistence of temperate mosquitoes and the pathogens they transmit,
because overwintering mosquitoes can serve as reservoirs for viruses
and other pathogens (Andreadis, 2012; Denlinger and Armbruster,
2014; Eldridge, 1987). Urban warming has the potential to create
fine-scale local microclimates where insects can more easily survive
winter (Ravasi et al., 2018), which could lead to changes in the timing of
diapause (Marshall et al., 2020). The Northern house mosquito, Culex
pipiens (Family: Culicidae), transmits several pathogens in North
America, including St. Louis encephalitis virus and West Nile virus
(WNV) (Farajollahi et al., 2011; Mitchell et al., 1980). Adult females of
Cx. pipiens enter a facultative diapause in response to short daylengths
and low temperatures (Eldridge, 1968). Diapausing females accumulate
lipid reserves (Onyeka and Boreham, 1987), and arrest ovarian devel-
opment (Sanburg and Larsen, 1973). Diapausing females will also and
stop host-seeking and biting vertebrates (Mitchell, 1983). While in
diapause, females of Cx. pipiens are unable to utilize blood-meals for
reproduction, and mosquitoes that are forced to consume vertebrate
blood in laboratory settings may instead convert blood into energy re-
serves to survive the winter (Mitchell, 1983; Mitchell and Briegel, 1989).
Higher temperatures in UHIs may postpone the initiation of diapause,
thereby extending the period where mosquitoes such as Cx. pipiens are
biting and transmitting pathogens. Previous studies demonstrate that
diapause initiation was inhibited in urban flesh flies, as well as butter-
flies and moths that were exposed to higher temperatures and light
pollution (Merckx et al., 2021; Mukai et al., 2021). However, we lack
empirical evidence showing that the temperature differences caused by
the UHI effect in the autumn are sufficient to interfere with diapause
initiation in mosquitoes.

The objective of the present study was to examine whether relatively
small differences in temperatures that are characteristic of the UHI effect
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in autumn will inhibit diapause initiation in Cx. pipiens. To test this, we
conducted a laboratory experiment and exposed mosquitoes to a short-
day, autumnal photoperiod at low temperatures or at the same photo-
period at slightly higher temperatures (+2 and + 4 °C) that are repre-
sentative of the UHI effect in temperate environments. We then
measured several phenotypic makers of diapause in this species to
determine whether females had successfully entered diapause. We also
measured whether UHI-reared females are as fecund as those reared in
long-day, summer conditions and the long-term, overwintering survival
of mosquitoes prevously reared in UHI-conditions when overwintered
under the standard (18 °C) temperatureconditions. We hypothesized
that relatively small increases in temperature would be sufficient to
inhibit diapause initiation in Cx. pipiens, and result in adult female
mosquitoes with large egg follicles, decreased lipid content, increased
blood-feeding frequency, and decreased overwintering survival.

2. Materials and methods
2.1. Insect rearing and temperature treatments

Mosquitoes were obtained from a laboratory colony of Culex pipiens
(Buckeye strain) established in 2013 from field-collected egg rafts in
Columbus, OH. Larvae for the experiments were reared in environ-
mental growth chambers set to a diapause-inducing photoperiod (11.5
h:12.5 h Light:Dark) and one of three temperature treatments: 20 °C,
22 °C, and 24 °C. Our previous work shows that 20 °C and the 11.5:12.5
L:D photoperiod induces diapause in this population (Fyie et al., 2021).
Imhoff et al. (2010) have found that temperatures in the urban core
(75-100% impervious surface area) are approximately 4 °C higher than
the surrounding rural environment (areas near the urban contour with
less than 25% impervious surface area) in the “northern temperate
broadleaf and mixed forest” ecoregion. This ecoregion represents a
distinct biome within a geographical area defined by Olson et al. (2001)
and contains cities such as Columbus, OH; Baltimore, MD; and Minne-
apolis, MN (Imhoff et al., 2010). As our laboratory colony was estab-
lished from mosquitoes collected in the suburbs of Columbus in 2013,
the 4 °C increase was therefore representative of the temperature dif-
ferences mosquitoes would experience between rural and urban areas. A
2 °C temperature difference was selected as a median to that extreme,
and additionally matches the mean daily temperature difference be-
tween urban and rural areas near Toledo, OH from September and
October (Schmidlin, 1989). Therefore, these temperature differences,
while small, are ecologically relevant of the UHI effect that mosquitoes
likely experience in this region.

For ovarian development, body size, and lipid content measure-
ments, larvae from 3 to 4 batches of egg rafts (cohorts) were placed in
clear plastic rearing containers with 450 mL of reverse osmosis (RO)
water (27 x 15.5 x 6 cm; ~220 larvae per container; three containers
per cohort, Fig. 1A). Larvae were fed ground Tetramin fish food until
pupation. Pupae from each rearing container were allowed to eclose
separately into cages (9-11 cages per temperature), and adults were
provided cotton wicks with RO water and 10% sucrose ad libitum. Wet
sponges were placed near the mesh of each adult cage and changed
regularly to maintain a relative humidity of approximately 75% within
the cage (Robich and Denlinger, 2005). Raw data for egg follicle size,
body size, and lipid content from adult mosquitoes reared at 20 °C
(diapause control) were previously published in Fyie et al. (2021).

For the blood-feeding, fecundity, and survival experiments, mos-
quito larvae were reared as described above. However, all pupae were
placed in a large cage (30.5 x 30.5 x 30.5 cm) to emerge as adults
(Fig. 1B and C). This allowed us to randomly and evenly divide female
mosquitoes into smaller cages for subsequent experiments.

For the survival experiments, mosquitoes were obtained from a
laboratory colony of Cx. pipiens established in 2013 from field-collected
egg rafts in Columbus, OH that were outcrossed with wild type
mosquitoes collected from the same geographic area in the summer of
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Fig. 1. Schematic describing rearing conditions and experimental design for differences in (a) ovarian development, lipid content, and body size; (b) blood-feeding
proclivity and fecundity; and (c) survival. The specific model used to analyze each variable is included in the diagram. GLMM = Generalized Linear Mixed Model;

LMM = Linear Mixed Model.

2021. This was done to bolster the colony’s genetic diversity. Larvae and
adults were reared in the same conditions as described above.

We also assessed phenotypic differences between non-diapausing
females and mosquitoes that were exposed to autumnal photoperiods
and low (20 °C) and higher temperatures (22 °C and 24 °C). For these
comparisons, a set of larvae from the colony outcrossed in 2021 were
reared in summer-like conditions (24 °C, 16:8 h L:D, LD24, Fig. 1B). The
LD24 group of mosquitoes allowed us to qualitatively compare pheno-
typic differences between non-diapausing females and mosquitoes that
were exposed to autumnal photoperiods and low (20 °C) and higher
temperatures (22 °C and 24 °C). However, due to potential differences in
genetics after outcrossing, the LD24 group was only included in statis-
tical analyses to assess differences in the fecundity of mosquitoes reared
in short day conditions at 22 °C and 24 °C. For these analyses, the
fecundity of the non-diapausing, LD24 mosquitoes was used as a control
because mosquitoes reared in short day conditions at 20 °C entered
diapause and did not produce any offspring.

2.2. Egg follicle measurements

Approximately seven days after adult eclosion, ovaries were
dissected from females (14-20 per cage, 168-233 total females for each

temperature treatment) in 0.9% saline solution (Fig. 1A). The egg fol-
licles were separated with a dissecting needle and measured at 200-fold
magnification with an inverted microscope (Nikon). The average egg
follicle size was determined by averaging the lengths of 10 egg follicles
for each female. Females were classified into one of three categories:
“diapause” if the average egg follicle length was <75 pm; “nondiapause”
if the average egg follicle size was >90 pm; and “intermediate” if the
average egg follicle size was between 75 and 90 pm (Meuti et al., 2015).

2.3. Blood-feeding assays

Four days after peak adult emergence, female mosquitoes were
randomly sorted into separate cages (35-50 females per cage, 8-9 cages
per temperature, Fig. 1B). Sucrose sources were removed ~24 h prior to
blood-feeding. Six to nine days after peak adult emergence, mosquitoes
were offered a blood-meal consisting of chicken blood spiked with of 0.1
M ATP (~40 pL ATP solution/3 mL of blood) with a Hemotek artificial
membrane feeding system (Blackburn, UK) 2 h prior to the onset of
scotophase (lights off). After the 2 h feeding period, blood-fed females
were identified by the presence of a distended abdomen and blood
visible in gut (Sella stage 2; Detinova, 1962; Martinez-de la Puente et al.,
2013). Females that had not taken a blood-meal were removed from the
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cage and counted to determine the proportion of blood-fed females in
each cage (number blood-fed/[number blood-fed + number
non-blood-fed]).

2.4. Fecundity measurements

Blood-fed females were left in their cages, and a 10% sucrose solu-
tion was placed back into the cages. Four days after feeding, oviposition
water was placed in cages that contained at least one blood-fed female
(6-9 cages per temperature treatment, Fig. 1B). As each female produces
a single egg raft (Mpho et al., 2002), we could determine the number of
eggs and larvae produced by individual females within each treatment.
All egg rafts were collected and placed in individual cups, photographed
using at 20x magnification (Leica Microsystems), and then returned to
the maternal temperature condition to hatch. The number of eggs in
each raft and the number of hatched larvae were subsequently counted
and the corresponding hatch rate was calculated (larvae hatched/total
eggs in each respective raft) as previously described (Huck et al., 2021).

2.5. Lipid content and body size

One week after adult emergence, the body size of the female
mosquitoes was obtained using previously described protocols (Mpho
et al., 2000) by measuring the wing length of a subset of 5-15 female
mosquitoes used in ovarian dissections per cage (59-68 total females per
temperature treatment, Fig. 1A). Photos were taken at 20x magnifica-
tion (Leica Microsystems) and wing lengths were measured as previ-
ously described (Fyie et al., 2021).

The average lipid content was measured in 4-8 females per cage (60-
68 total females per temperature, Fig. 1A) using Vanillin-Phosphoric
acid assay protocols as previously described (Van Handel, 1985), with
minor adjustments that enabled the use of small volumes of mosquito
lipid content to be measured using a microplate reader as previously
described (Meuti et al., 2015). After determining the lipid content in
each individual mosquito, the values were standardized by calculating
the ratio of lipid to lean mass (total mass-total lipid content) as previ-
ously described (Huck et al., 2021).

2.6. Survival

Mosquitoes were reared from larvae as previously described.
Approximately seven days after adult emergence, diapausing (20 °C)
and UHI-reared (22 °C and 24 °C) females were transferred into smaller
cages (40 females per cage, 3 cages per temperature treatment, Fig. 1C).
Adults from each of the three temperature treatments were then placed
in a common incubator set to a photoperiod of 8:16 (L:D) and 18 °C and
all food sources were removed. This photoperiod, temperature, and lack
of food were used to simulate overwintering conditions for diapausing
Cx. pipiens. A relative humidity of approximately 75% was maintained
by placing a wet sponge at each cage and wrapping in clear plastic
(Robich and Denlinger, 2005). To further prevent mosquitoes from
desiccating, adults were provided RO water ad libitum. Survival was
measured every 2-3 days for the first 6 weeks, and then once a week for
the remaining weeks by counting and removing dead females from the
cage. The total number of dead females each week was recorded for
analysis. The survival experiment was concluded at 11 weeks (12 weeks
after female emergence) as this represents roughly 3 months in diapause
and the length of time that diapausing females are kept in our
laboratory.

2.7. Data analysis

All statistical analyses were performed in R 4.0.4 using generalized
linear models (R Foundation for Statistical Computing, Vienna, Austria).
Wing length, lipid content, egg follicle size, number of eggs per raft, and
number of larvae hatched per raft were analyzed for normality using an
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Anderson-Darling test (nortest package; Gross and Ligges, 2015). A
logarithmic transformation was applied to the ratio of lipid to lean mass
to fit normality assumptions (Fig. 1). For all analyses, simple linear
models were used to detect outliers which were removed from the sta-
tistical analyses and graphical representations of the data (car package;
Fox and Weisberg, 2019). For data transparency, summary statistics and
graphical visualization of all data including outliers where they were
removed are presented as supplementary data (Fig. S1, Table S1). We
were unable to transform all other data to normality, and thus used
generalized linear models with appropriate distributions for the data.
For all models, type II analysis-of-variance was performed to generate
likelihood ratio test statistics (car package; Fox and Weisberg, 2019),
and an alpha level of 0.05 was used to determine significance.

Due to the bimodal distribution of the data, differences in egg follicle
size were analyzed using a Generalized Linear Mixed-Effect model with
an inverse Gaussian distribution and log link as previously described
with cage as a random effect (Ime4 package; Bates et al., 2015; Fyie
et al., 2021, Fig. 1), and post-hoc pairwise comparisons were examined
using Tukey’s test (multcomp package; Hothorn et al., 2008). Differences
in diapause status (as classified by egg follicle size) were analyzed using
a multinomial logistic regression (nnet package; Venables and Ripley,
2002, Fig. 1) and pairwise comparisons were tested using estimated
marginal mean contrasts (emmeans package; Lenth, 2021).

Differences in the female proclivity to blood-feed and number of egg
rafts laid per blood-fed females were analyzed using a binomial logistic
regression and post-hoc comparisons were tested using Tukey’s test
(multcomp package; Hothorn et al., 2008, Fig. 1). Photos of egg rafts that
were not suitable for counting were removed (i.e. parts of the raft were
obscured, 7 out of 397 rafts) and rafts with a calculated hatch rate
greater than 1 were also removed from the analysis (11 out of 397 total
collected rafts, n = 379 remaining egg rafts that were analyzed). The
number of eggs per raft were analyzed using Linear Mixed-Effect Models
(Ime4 package; Bates et al., 2015, Fig. 1) with temperature as a fixed
effect and cage as a random effect. Due to zero-inflation in the data and
overdispersion, differences in the number of larvae produced per female
were tested using a zero-inflated negative binomial model (pscl package;
Zeileis et al., 2008, Fig. 1). As the data were highly variable, compari-
sons of hatch rate by temperature and photoperiodic condition were
analyzed using a Generalized Linear Model with a quasibinomial dis-
tribution (Fig. 1). Post-hoc pairwise comparisons for the number of
eggs/raft and hatch rate were analyzed using general linear hypotheses
with Tukey’s test in the multcomp package (Hothorn et al., 2008) and
using estimated marginal means in the emmeans package for larvae
number (Lenth, 2021).

Comparisons of significant differences in wing length and lipid
content by treatment were analyzed using Linear Mixed-Effect Models
(Ime4 package; Bates et al., 2015) with temperature as a fixed effect and
cage as a random effect (Fig. 1). Differences in survival times between
mosquitoes reared at different temperatures were analyzed using a Cox
proportional hazards regression model (survival package; Therneau,
2020; Therneau and Grambsch, 2000, Fig. 1). To account for possible
variation between cages, cage identity was included in the model as a
clustered variable. We found evidence of non-proportional hazards,
which can be explained by variation in the risk of death over time
(Zhang et al., 2018). To address this, we included a time-dependent
coefficient with the interaction of time and rearing temperature (time
interval cut at 5 observation weeks when female mosquitoes were 6
weeks old; timedep vignette in the survival package; Therneau, 2020).
Post-hoc pairwise contrasts of the hazard ratio for each temperature over
time were analyzed using estimated marginal means with Tukey p-value
adjustments (emmeans package; Lenth, 2021).
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3. Results
3.1. Ovarian development

Exposure to higher temperature stimulated with ovarian develop-
ment in females of Cx. pipiens (Fig. 2). Female mosquitoes that were
reared at higher temperatures had larger average egg follicle size
(Fig. 2A; Table 1, p < 0.0001). Average egg follicle size was 28% larger
in females reared at 22 °C (Mean =+ SE; 68.15 + 1.13 pm) than those
reared at 20 °C (Mean + SE; 54.64 + 0.87 pm) and this difference was
significant (Table 1, p < 0.0001). Similarly, the average egg follicle size
of females reared at 24 °C was 38% larger than those reared at 20 °C
(Mean for 24 °C + SE; 75.40 + 1.31 pm; Table 1, p < 0.0001). Addi-
tionally, three individuals (one reared at 22 °C and two at 24 °C)
exhibited egg follicles larger than 200 pm, indicative of autogenous egg
development. These individuals were identified as outliers and are not
included in the egg follicle size analysis but are included in Fig. S1.

A a b c
150

100

Average Egg Follicle Size (um)

50
0
20°C 22°C 24°C
Rearing Temperature
B 1001 = .Diapause (<75 um)

@ 163/179 D Intermediate (75-90 pum)
% I:' Nondiapause (> 90 pm)
% 751
89
‘45 147/233 b
S\i 50
§ s7r16s 71168
8
w2
[} ]
E 2 30/168
<
‘g 111179
/ol

20°C 22°C 24°C
Rearing Temperature

Fig. 2. Exposure to higher temperatures stimulates reproductive development
reduces the proportion of females in diapause. (A) UHI temperatures (22 °C and
24 °C) increased average egg follicle size. Significant pairwise differences are
indicated by different letters (Tukey Post-Hoc, p < 0.05). (B) Percent of in-
dividuals in diapause decreased as temperatures increased. Individuals were
considered to be in diapause if average egg follicle length was <75 pm, in a
nondiapause state if average egg follicle length was >90 pm, and an interme-
diate state if average egg follicle length was between 76 and 89 pm. The
number of individuals in each diapause status are indicated above the bars.
Significant pairwise differences in proportion of females in each diapause state
are indicated by different letters (EMMs Contrasts, p < 0.05). For both panels:
20 °C (n = 179 females), 22 °C (n = 233 females), 24 °C (n = 168 females).
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Table 1

Summarization of generalized linear models examining how exposure to
increased temperatures influence various phenotypes relating to diapause in
Culex pipiens. Post-hoc pairwise comparisons are included where the main effect

was significant.

Model Parameters

Test Statistic, P value

Average Egg Follicle Size

(a) Temperature
1)22°C
2) 24°C

(a) Tukey Contrasts
1) 22°C-20 °C
2) 24 °C-20 °C
3)24°C-22°C

Diapause Status
(a) Temperature

1) Intermediate
a)22°C
b) 24 °C

2) Nondiapause
a) Intercept
b) 22 °C
c)24°C

(a) Estimated Marginal Means

1) Diapause
a) 20 °C/22°C
b) 20 °C/24 °C
¢) 22°C/24°C

2) Intermediate
a) 20 °C/22°C
b) 20 °C/24 °C
¢) 20 °C/24 °C

3) Nondiapause
a) 20 °C/22°C
b) 20 °C/24 °C
c) 22°C/24°C

Blood-Feeding Frequency

(a) Temperature
1)22°C
2)24°C

(b) Tukey Contrasts
1) 22°C-20 °C
2) 24 °C-20 °C
3)24°C-22°C

Egg Raft Production Rate
(a) Temperature
1)22°C
2)24°C
(b) Tukey Contrasts
1) 22°C-20 °C
2) 24°C-20°C
3)24°C-22°C
Number of Eggs per Raft
(a) Temperature
1) 22°C
2)24°C
2) Long Day 24 °C

Number of Larvae per Raft
(a) Temperature
1) 24°C
2) Long Day 24 °C

Hatch Rate (Larvae/Eggs per Raft)
(a) Temperature
1)24°C
2) Long Day 24 °C
(b) Tukey Contrasts
1) 24°C-22 °C
2) Long Day 24 °C-22 °C
3) Long Day 24 °C-24 °C

Wing Size
(a) Temperature
2)22°C
3)24°C

¥* = 72.39, p < 0.0001
t=6.17, p < 0.0001
t = 8.20, p < 0.0001

z=6.17, p < 0.001
z = 8.20, p < 0.001
z = 2.66, p = 0.022

x? = 111.28, p < 0.001

z = 4.904, p < 0.001
z=17.76,p < 0.001

2 =17.68, p < 0.001
z=3.89, p < 0.001
z=5.32, p < 0.001

t ratio = 6.44, p = 0.002
t ratio = 5.69, p = 0.003
t ratio = 1.27, p = 0.461

t ratio = —1.75, p = 0.264
t ratio = —4.41, p = 0.011
t ratio = —1.52, p = 0.349

t ratio = —2.17, p = 0.156
t ratio = —3.94, p = 0.018
t ratio = —0.32, p = 0.950

¥* =131.91, p < 0.0001
z = 4.47, p < 0.0001
z=19.11, p < 0.0001

z=4.47, p < 0.001
z =9.11, p < 0.001
z = 8.18, p < 0.001

¥* = 21.35, p < 0.001
z = 3.08, p = 0.002
z = 3.83, p = 0.0001

z = 3.08, p = 0.005
z = 3.83, p = 0.0003
z=1.37,p=0.339

x? = 6.33, p = 0.097
z=2.31, p = 0.021
z = 2.46, p = 0.014
z = 2.50, p = 0.013

x> = 1.46, p = 0.482
z=—0.62, p = 0.539
z =1.053, p = 0.292

¥% = 6.43, p = 0.040
z =1.65, p = 0.099
z=0.173, p = 0.863

z =1.65,p =0.218
z=0.17,p = 0.983
z = —2.41, p = 0.040

¥? = 1.00, p = 0.606
z=—-0.51, p = 0.613
z = —1.00, p = 0.317

(continued on next page)
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Table 1 (continued)

Model Parameters Test Statistic, P value

Total Lipid Content/Total Lean Mass

(a) Temperature x%=1.38, p = 0.501
2)22°C z=-0.34,p=0.734
3)24°C z=—-1.15,p =0.251

Temperature also altered the proportion of individuals in diapause
(average egg follicles <75 pm), nondiapause (>90 pm), or in an inter-
mediate state (75-90 pm; Fig. 2B, Table 1, p < 0.0001). Although nearly
all females reared at 20 °C were in diapause (N = 163/179 females),
significantly fewer females reared at 22 °C (N = 147/233 females;
Table 1; p = 0.002) and 24 °C (N = 67/168 females; Table 1; p = 0.003)
were in diapause. However, only the 24 °C treatment had significantly
more females that were in an intermediate state (N = 71/168 females;
Table 1, p = 0.011) and nondiapause state (N = 30/168 females;
Table 1, p = 0.018) relative to the 20 °C treatment (N = 11/179 females
in an intermediate state). In contrast, there is no significant difference in
percentage of females that were in an intermediate or nondiapause state
relative to those reared at 20 °C (N = 5/179 females in a nondiapause
state) and 22 °C (N = 55/233 and 31/233 females respectively; Table 1,
p > 0.05).

3.2. Blood-feeding proclivity

Exposure to higher temperatures induced blood-feeding in females of
Cx. pipiens (Fig. 3; Table 1, p < 0.0001). Mosquitoes reared at 24 °C were
significantly more likely to blood-feed than those reared at 20 °C
(Table 1, p < 0.0001). We found that 48.68% =+ 4.21% (Mean =+ SE) of
females reared at 24 °C took a blood-meal while only 2.08% + 0.71%
(Mean =+ SE) of females reared at 20 °C did. At 22 °C, 12.97% + 2.76%
(Mean =+ SE) of females took a blood-meal, which was also significantly
higher than the percentage of diapausing females that were reared at
20 °C that took a blood meal (Table 1, p < 0.0001).

3.3. Fecundity

At least some females reared at all temperatures that took a blood-
meal laid egg rafts (Table 2). Temperature significantly influenced

100+

~
W

Blood—Feeding Females (%)
W
(e}

251 .
Or
0l e °
20°C 22°C 24°C

Rearing Temperature

Fig. 3. Females exposed to UHI temperatures are more likely to take a blood-
meal. Individual cages containing 35 to 50 female mosquitoes are shown in
gray dots. Mean + SE are shown in black. Significant pairwise comparisons are
indicated with different letters (Tukey Post-Hoc, p < 0.001).
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Table 2
Rates of egg rafts laid per female blood-fed at each rearing temperature.

Total Egg Rafts/Total
Blood-Fed Females

Percent Blood-fed females Producing Egg Rafts
per Cage (Mean + SE) (N = Number of Cages)

20°C  2/12
22°C  39/54
24°C  114/148

5.55% =+ 5.55% (N = 6)
75.26 + 8.70% (N = 6)
81.19% + 4.58% (N = 7)

whether blood-fed females laid egg rafts (Fig. 4A, Table 1, p < 0.0001)
such that females that took a blood-meal and were reared at 22 °C and
24 °C were more likely to lay eggs than those reared at 20 °C (Table 1, p
= 0.005 and p = 0.0003 respectively). We then compared the repro-
ductive output of all females reared at both UHI temperatures (22 °C and
24 °C) to the fecundity of diapausing and non-diapausing mosquitoes
that were reared at long days (16:8 L:D) and 24 °C. Females reared at
short days and elevated UHI temperatures were as fecund as non-
diapausing mosquitoes in all metrics we examined (Fig. 4). The num-
ber of eggs in each raft did not differ between any of the temperatures
and rearing conditions (Fig. 4B; Table 1, p = 0.097). None of the egg
rafts produced by females reared at 20 °C produced larvae, and so this
temperature treatment was removed from larval output and hatch rate
analyses. Temperatures and photoperiod did not affect the number of
larvae per female (Fig. 4C; Table 1, p = 0.482), but did affect the hatch
rate, or number of larvae that hatch per eggs laid by an individual female
(Fig. 4D Table 1, p = 0.040), such that egg rafts produced by females
reared in short day conditions at 24 °C have a significantly higher hatch
rate than those reared in long day conditions at the same temperature
(66.9 &+ 3.6% and 57.0 + 2.8% [Mean =+ SE], respectively; Table 1, p =
0.040).

3.4. Mosquito size and lipid content

The size of female mosquitoes, as measured by wing length, did not
differ across the temperatures (Table 1, p = 0.606). Temperature also
did not alter lipid accumulation (Fig. 5A; Table 1, p = 0.501). The total
percentage of lipid (pg) to lean mass (ug) of females reared at 20 °C,
22 °C, and 24 °C were 11 + 1%, 12 + 1% pg, and 10 + 1% respectively
(Mean =+ SE).

3.5. Survival

Long-term survival in winter-like conditions (18 °C, 8:16 L:D, no
food) differed between females that were initially reared in simulated
UHI temperatures (22 °C and 24 °C) and those that were initially reared
at diapause-inducing temperatures (20 °C; Fig. 5B; Wald test = 310.4, df
= 4, p < 0.001). From 1 to 5 weeks after the removal of food, the
mortality rate for females that were initially reared at 24 °C was 35 times
higher than those reared at 20 °C (Table 3, p < 0.001). However, the
mortality rate for individuals initially reared at 22 °C was not signifi-
cantly different than that of mosquitoes reared at 20 °C when both
groups were exposed to 18 °C (Table 3, p = 0.128). Although females
initially reared at 22 °C had similar mortality rates for the first five
weeks that they were exposed to 18 °C and the absence of food, their
mortality rate for the next six weeks was 6 times greater than diapausing
females that had been initially reared at 20 °C (Table 3, p < 0.001). The
survival rates of mosquitoes that were initially reared at 22 °C and 24 °C
that were both exposed to 18 °C without food were significantly
different for the first time-block (2-6 weeks old: EMMs, z ratio = —4.77,
p < 0.001), but during not the second time-block (6-12 weeks old,
EMMs, z ratio = 2.40, p = 0.157).

4. Discussion

Previous studies demonstrate that both photoperiod and temperature
regulate diapause in Cx. pipiens (Eldridge, 1968; Sanburg and Larsen,
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1973; Spielman and Wong, 1973). Our results are consistent with these
foundational studies. For example, Eldridge (1968) found that both
short photoperiods and low temperatures are necessary for the sup-
pression of ovarian development and blood-feeding in Cx. pipiens, such
that females reared at 25 °C had a high percentage of developing ovaries
and blood-feeding. However, our study additionally shows that small
increases in temperature are sufficient to inhibit diapause. We also
found that females reared in elevated temperatures not only fail to
suppress ovarian development but are as fecund as long day-reared,
nondiapausing females. As other researchers have observed that
several species of insects are able to produce additional generations in
response to climate change (Kerr et al., 2020; Stoeckli et al., 2012), this
suggests that higher temperatures associated with UHIs have the ca-
pacity to postpone diapause initiation. Further, urban warming, in
combination with other elements of the urban environment like light
pollution, appears to inhibit diapause induction in the autumn in both
flesh flies and lepidopterans (Merckx et al., 2021; Mukai et al., 2021).
Our results highlight that temperature increases alone may be sufficient
to inhibit diapause initiation in insects.

This study shows that exposure to slightly higher temperatures
caused female mosquitoes to be more likely to blood-feed (Fig. 3), lay
eggs, and produce larvae (Fig. 4). Our results indicate that the UHI effect
may increase vector-borne pathogen transmission by extending the
amount of time mosquitoes are actively biting and thereby prolong
seasonal cycles of pathogen transmission. Previous studies also
demonstrate that elevated temperatures alter mosquito phenology
(Murdock et al., 2017; Reisen et al., 2010). For example, higher winter
temperatures lead to earlier springtime Culex activity in California
(Reisen et al., 2010) and urban warming is expected to enhance the

Rearing Temperature

ability of the tiger mosquito, Aedes albopictus, to transmit pathogens in
the autumn (Murdock et al., 2017). We found that mosquitoes reared in
slightly elevated temperatures were able to produce larvae. Therefore,
higher temperatures in cities have the potential to increase vector-borne
pathogen transmission in the autumn by increasing mosquito proclivity
to blood-feed when West Nile virus is most prevalent (Kilpatrick et al.,
2006).

Although the diapause state in Cx. pipiens consists of both repro-
ductive arrest and lipid accumulation, individuals that are exposed to
simulated-UHI temperatures in the presence of short days became
reproductively active (Fig. 4) while simultaneously accumulating
nutrient reserves (Fig. 5). Although we were not able to statistically
analyze lipid accumulation between the UHI-reared females and non-
diapausing, long-day females because of differences in their genetic
backgrounds and slight differences in the larval feeding protocol, UHI-
reared females appear to have slightly higher lipid content than non-
diapausing females (Table S2). We found no differences in the fecun-
dity of UHI-exposed females relative to long-day reared, non-diapausing
females, indicating that females exposed to short days and high tem-
peratures were somehow able to simultaneously allocate resources to
both reproduction and lipid accumulation. These results raise inter-
esting questions about paradigms of metabolic trade-offs during
diapause, which may have implications for long-term fitness in these
populations (Hahn and Denlinger, 2007).

Diapause is an alternative developmental pathway that is generally
considered to be energetically costly, with its own distinct metabolic
requirements and demands (Hahn and Denlinger, 2007; Harvey, 1961;
MacRae, 2010). Insects that enter adult reproductive diapause invest
energy in survival at the expense of reproduction (Hahn and Denlinger,
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Fig. 5. Female mosquitoes exposed to UHI temperatures (22 °C and 24 °C)
accumulate equivalent lipid reserves, but do not survive as long as diapausing
females (20 °C). (A) Proportion of lipid to lean mass of each female did not
differ significantly among female mosquitoes reared at different temperatures
(LMM, p = 0.501); 20 °C (n = 66 females), 22 °C (n = 65 females), 24 °C (n =
60 females). Non-significant differences are indicated by N.S. on the figure. (B)
Kaplan Meier survival curves for female mosquitoes reared under low (20 °C)
and UHI temperatures (22 °C and 24 °C) that were transferred to short day
conditions at 18 °C (Wald Test, p < 0.001); n = 120 females for each tem-
perature. 95% Confidence Intervals are shown shaded around each sur-
vival curve.

2011). Diapausing females of Cx. pipiens undergo a metabolic shift away
from blood-feeding toward sugar-feeding by downregulating genes
associated with blood meal digestion and upregulating genes associated
with lipid accumulation (Robich and Denlinger, 2005; Sim and Den-
linger, 2009). However, in our study, mosquitoes that were exposed
higher temperatures and short days were able to digest and utilize
blood-meals for reproduction while accumulating high lipid reserves in
preparation for overwintering. Although ovarian development and lipid
accumulation are seen in tandem in diapausing Cx. pipiens, there is ev-
idence that different aspects of their molecular biology may regulate
these to two phenotypes separately (Chang and Meuti, 2020; Sim et al.,
2015; Sim and Denlinger, 2008, 2009). Photoperiod is the primary cue
for diapause induction in this species because it is consistent across years
(Denlinger and Armbruster, 2016; Peffers et al., 2021). However, tem-
perature may differentially influence reproductive development and
nutrient acquisition, but future studies are needed to uncover whether
higher temperatures in cities impact the molecular regulation of
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Table 3

Output for individual variables in Cox proportional hazard regression model. For
temperature, 20 °C was the reference level. The Wald statistic for each variable is
provided by the z-value. Time was split at 6 weeks old (5 weeks of observation)
for time-dependent interactions.

Regression Robust Hazard Ratio  z- p-value
Coefficient SE (HR) (95% value
CcDh
Temp (22°C)x  1.39 0.92 4.02 (0.67- 1.52 0.128
Time (2-6 24.18)
wks old)
Temp (24°C)x  3.55 0.84 34.83 (6.73- 4.23 <0.001
Time (2-6 180.18)
wks old)
Temp (22°C)x  1.78 0.11 5.95 (4.78- 15.91 <0.001
Time (7-12 7.42)
wks old)
Temp (24°C)x  1.45 0.15 4.28 (3.20- 9.88 <0.001
Time (7-12 5.70)
wks old)

diapause Cx. pipiens in the autumn. Interestingly, while females reared
in elevated temperatures developed their ovaries (Fig. 2) and ingested
blood-meals (Fig. 3), truly non-diapausing females reared in long-day,
summer-like conditions (L:D: 16:8, 24 °C) appear to have larger egg
follicles and a higher blood-feeding frequency (Table S2).

To survive prolonged periods without food diapausing insects in
temperate environments must suppress their metabolic rate to preserve
energy reserves acquired before diapause (reviewed by Hahn and Den-
linger, 2011). Individuals that fail to accumulate sufficient reserves or
otherwise inappropriately use energy will either die or opt to terminate
diapause early (Hahn and Denlinger, 2011). Energy reserves for
diapausing insects are highly restricted (Sinclair, 2015). For example,
diapausing females of Cx. pipiens lose about 80% of their accumulated
lipid reserves and the primary cause of mortality during diapause is
premature depletion of these reserves (Onyeka and Boreham, 1987).
Metabolic depression, which can reduce the rate at which nutrient re-
serves are consumed, is nearly universal during diapause and helps
overwintering insects persist in the absence of food (Hahn and Den-
linger, 2011; Sinclair, 2015). We found that despite acquiring equivalent
lipid reserves, female mosquitoes that were reared at higher tempera-
tures as larvae and young adults were not able to survive as long
compared to those reared in diapause-inducing conditions when all
three groups were subjected to the same low temperature (18 °C) and
short-day photoperiodic conditions (L:D 8:16; Fig. 5B). This could be
because of differences in the metabolic rates of the mosquitoes, or
because of differences in the utilization of lipid reserves. Evidence
suggests that Cx. pipiens, like other insects, exhibit some level of meta-
bolic depression during diapause (Rozsypal et al., 2021; Zhou and
Miesfeld, 2009). Diapausing females of Cx. pipiens do not catabolize
their lipid reserves until approximately 49 days into diapause, instead
slowly catabolizing glycogen beforehand (Zhou and Miesfeld, 2009).
Diapausing females also suppress genes associated with fatty acid
oxidation in early diapause and upregulate them in late diapause (Sim
and Denlinger, 2009). Dynamic long-term monitoring of not only
metabolic rate, but also metabolite reserves and gene expression in
UHI-exposed females may elucidate how and why UHI-exposed females
were not able to survive as long as females reared at lower temperatures.
Regardless, our data suggest that although urban female mosquitoes
may be able to take advantage of higher autumn temperatures and
produce an additional generation, the UHI effect may also represent a
developmental trap that prevents urban insects from surviving winter
conditions (Kerr et al., 2020; Van Dyck et al., 2015). Notably,
UHI-exposed mosquitoes did survive longer than nondiapausing
mosquitoes suggesting that the UHI-exposed females accumulated suf-
ficient lipid reserves for short-term survival (Table S2, Fig. S2).

Our results suggest that the UHI effect can postpone diapause
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initiation for temperate mosquitoes, and open several potential avenues
for future research. First, our present study used consistent temperature
regimes. However the UHI effect is not consistent over space or time and
varies in intensity across large spatial scales due to differences in the
surrounding landscape (Imhoff et al., 2010) and temporally such that
temperature differences are commonly more extreme at night than
during the day (Acero et al., 2013; Huang et al., 2008; Saaroni et al.,
2000; Schatz and Kucharik, 2014). While we accounted for spatial
variations in the UHI effect in our experiment by selecting temperatures
that mimic differences between urban and rural areas within the biome
where our mosquitoes originate, we did not account for temporal vari-
ation in the UHI effect. Second, urbanization has been shown to lead to
rapid evolution and adaption (Diamond et al., 2017, 2018; Vorhees
et al., 2013), and the diapause trait is particularly prone to quick
evolutionary shifts such that the specific conditions needed to induce
diapause can vary dramatically between laboratory and field pop-
ulations (Batz et al., 2020; Kingsolver and Nagle, 2007). Future studies
examining how UHIs affect more recently-established laboratory col-
onies and field-collected insects from highly urbanized locations could
demonstrate the extent to which Cx. pipiens can adapt their diapause
response to urban warming.

5. Conclusion

Temperature greatly impacts the physiology of insects
(Gonzalez-Tokman et al., 2020), including in the regulation of seasonal
responses (Saunders, 2014). Anthropogenic changes to the environment,
such as urbanization, can alter temperature patterns and thereby disrupt
the seasonal physiology of insects and other animals (Marshall et al.,
2020). Overall, we found that exposure to relatively small and consistent
increases in temperature (42 °C and +4 °C) in the presence of short days
inhibits diapause initiation in females of Cx. pipiens. This corroborates
prior studies showing that increased temperatures likely inhibit
diapause in flesh flies and moths (Merckx et al., 2021; Mukai et al.,
2021). Female mosquitoes reared at higher temperatures were repro-
ductively active, as demonstrated by increased ovarian development, a
higher blood-feeding proclivity, and the ability of UHI-exposed females
to lay eggs and produce larvae at rates that were similar or higher than
non-diapausing females that were reared in summer-like conditions.
However, in contrast to our hypothesis, females reared at these higher
temperatures accumulated the same levels of lipid reserves as
diapausing females that were preparing to overwinter. Yet despite
garnering high lipid reserves lipid reserves, females that were reared at
increased temperatures were not able to survive without food as long as
diapausing females even when both groups were overwintered in the
same conditions. Our results suggest that urban warming has the po-
tential to extend the time Cx. pipiens is active in the autumn in temperate
environments, thereby increasing the risk of vector-borne disease. As
temperatures increase with urbanization (UNDESC, 2019; Oke, 1973), it
is imperative to consider how the UHI effect will impact the seasonal
responses of disease vectors and other insects.
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