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ARTICLE INFO ABSTRACT

Keywords: In temperate regions, female Culex pipiens biotype pipiens mosquitoes undergo diapause in winter. Diapausing
M"Squ?m . biotype pipiens mosquitoes are potentially important winter reservoirs for mosquito-borne viruses, such as West
Overwintering Nile virus (WNV), Usutu virus (USUV), and Sindbis virus (SINV). Mosquitoes in diapause have not taken a
E?:;ii;eserves bloodmeal prior to winter. Therefore, they do not become infected by taking an infectious bloodmeal and as a

consequence, vertical transmission is considered the primary mechanism of mosquito-borne virus overwintering.
Prior to winter, biotype pipiens mosquitoes build up fat reserves, which they utilize throughout winter.
Furthermore, earlier studies have indicated that larger body size is correlated with increased survival during
winter. However, not much is known about lipid utilization and body size of wild biotype pipiens mosquitoes in
diapause. Therefore, we performed monthly collections of diapausing biotype pipiens mosquitoes in two
consecutive winters (2020/2021 and 2021/2022) in bunkers of the New Hollandic Waterline in the Netherlands.
Every month, we checked the proportion of inseminated and parous females via microscopy. In addition, we
measured wing length as proxy for body size, and assessed total lipid content. Furthermore, we monitored indoor
temperature in the overwintering locations. We show that the overwintering sites in our study provide relatively
stable environments, in which temperatures rarely drop below 0 °C. The vast majority of biotype pipiens females
were inseminated (84.1 %) and nulliparous (97.5 %). We detected differences in body size between but not
within the two years of sampling. Additionally, we detected a difference in lipid content between the sampling
years. We confirm that the vast majority of diapausing biotype pipiens females are inseminated and nulliparous.
This indicates that they did not blood feed prior to winter, which underscores the likeliness of vertical trans-
mission being the primary mechanism behind virus overwintering. The detected difference in body size between
years can most likely be attributed to differences in summer conditions the mosquitoes were exposed to as larvae,
although this needs confirmation. The difference in lipid depletion could not be explained by differences in
climatic conditions. To shed more light on the links between climatic conditions, body size, lipid depletion and
the consequences for mosquito population dynamics and arbovirus transmission, future experimental work, for
example by arbovirus exposure followed by artificially induced diapause, is desired.

1. Introduction

Usutu virus (USUV) and West Nile virus (WNV) have recently
expanded in geographical range in Europe (Bakonyi & Haussig, 2020;
Nikolay, 2015; Vilibic-Cavlek et al., 2020). Infections with USUV can
cause severe disease symptoms in birds, and outbreaks of USUV are
characterized by mass mortality of blackbirds (Turdus merula) (DWHC,
2022; Giglia et al., 2021; Rijks et al., 2016). With regards to public
health, USUV is considered a limited threat, as clinical cases mainly
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occur in immunocompromised patients (Vazquez et al., 2011). Infection
with WNV, on the other hand, may lead to the development of disease
symptoms in horses and humans, although the majority of infections is
subclinical. In rare cases, infections with WNV may lead to severe
symptoms, such as encephalitis (Colpitts et al., 2012). Both viruses
circulate between Culex mosquitoes and birds, and Culex pipiens s.s.
(sensu stricto) is recognized as the primary vector (Brugman et al., 2018;
Vogels et al., 2017). Culex pipiens s.s. can be distinguished into two
biotypes (Culex pipiens biotype pipiens and Culex pipiens biotype
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molestus), which are sometimes also called ecotypes or forms. Both
biotypes are presumed to exhibit strong behavioural differences in host
preference, mating strategy, and overwintering. Hybridization may
occur in places where both biotypes occur in sympatry, and hybrids are
presumed to exhibit intermediate behaviour (Aardema et al., 2022;
Brugman et al., 2018; Haba & McBride, 2022; Kilpatrick et al., 2005).

The relative abundance of the two biotypes and hybrids differs be-
tween habitat types and over a latitudinal gradient, with relatively more
biotype pipiens occurring in the north of Europe compared to biotype
molestus, and vice versa towards the south (Haba & McBride, 2022;
Vogels et al., 2016). The relative abundance of Cx. pipiens s.s. biotypes
across this latitudinal gradient may be attributed to differences in
tolerance towards seasonal dynamics (Aardema et al., 2022; Haba &
McBride, 2022). Biotype pipiens is better adapted to climatic conditions
in temperate areas, compared to biotype molestus. As all other insects,
mosquitoes are ectotherms, meaning that body temperature is regulated
externally. At high latitudes, ectotherms need adequate survival stra-
tegies to endure the low temperatures during winter. Similar to other
insect species occurring in temperate regions, biotype pipiens mosquitoes
enter diapause. Diapause is a physiological state, which is characterized
by the cessation of ovariole development and the termination of blood-
feeding. In autumn, photoperiod and temperature trigger a hormonal
pathway in larvae that induces diapause in the adult stage (Robich et al.,
2007; Robich & Denlinger, 2005; Sanburg & Larsen, 1973; Sim & Den-
linger, 2008). After larval development, pupation, and adult eclosion,
newly emerged adults mate. This is followed by mass mortality of males.
Simultaneously, females survive and feed on plant sugars, which are
subsequently used to build up fat reserves to prepare for adverse winter
conditions. After this, they seek shelter in anthropogenic or natural
overwintering sites, such as cellars, bunkers, wells, caves, and animal
burrows, where they remain until spring (Bergman et al., 2020; Blom
et al.,, 2023; Dorge et al., 2020; Koenraadt et al., 2019; Onyeka &
Boreham, 1987; Sauer et al., 2022; Sauer et al., 2023). Biotype molestus,
on the other hand, does not enter diapause. As a consequence, this
biotype relies on warmer habitats, such as houses, to overwinter. Here
they remain actively blood-feeding throughout winter (Vogels et al.,
2015).

At higher latitudes, the transmission cycles of mosquito-borne vi-
ruses are usually interrupted in winter. Diapausing mosquitoes are,
however, considered an important reservoir of viruses in winter. In
several European countries, mosquito-borne viruses (USUV, WNV,
Sindbis virus (SINV) and Tahyna virus (TAHV)) have been detected in
diapausing mosquitoes in winter (Bergman et al., 2020; Kampen et al.,
2021; Rudolf et al., 2017, 2020; Sauer et al., 2023). Interestingly, in the
US, earlier studies have shown that live virus can be isolated from Cx.
pipiens s.s. mosquitoes in diapause (Nasci et al., 2001). This indicates
that mosquitoes in diapause can serve as an overwintering pathway of
mosquito-borne viruses. Vertical transmission of virus (i.e. transmission
from parent to offspring) has been suggested as the primary mechanism
behind infections in diapausing mosquitoes. It is widely accepted that
the biotype pipiens generation in which diapause has been induced does
not blood-feed before winter. This can be derived by examining
mosquitoes for parity status of their ovaries. Overall, the proportion of
nulliparous females (i.e. those not having laid eggs and thus not blood-
fed before) in winter ranges between 98.4 % and 100 % (Bergman et al.,
2020; Jaenson, 1987). Whenever infections are detected in diapausing
mosquitoes, blood feeding is generally excluded as a possible infection
route. However, rare cases are known in which mosquitoes take a
bloodmeal without utilizing it for the production of eggs (gonotrophic
dissociation) (Mitchell, 1983; Washino, 1977). Although laboratory
experiments have demonstrated that vertical transmission of mosquito-
borne viruses is possible for various mosquito-arbovirus combinations, it
only occurs at low rates (up to 6.9/1000 mosquitoes getting infected)
(Anderson et al., 2008, 2012; Dohm et al., 2002; Goddard et al., 2003).

Even though biotype pipiens mosquitoes in diapause play a pivotal
role in virus overwintering, much remains unknown about their biology
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in winter. In the Netherlands, up to 70 % of the biotype pipiens popu-
lation in diapause may survive throughout winter (Koenraadt et al.,
2019). However, the factors that underlie their overwintering survival
are poorly understood. The lipid reserves accumulated by biotype pipiens
mosquitoes are considered to be a prime determinant of their winter
survival (Hahn & Denlinger, 2007; Robich et al., 2007; Rozsypal et al.,
2021; Sauer et al., 2023). Studies on lipid depletion in wild populations
of diapausing biotype pipiens mosquitoes are scarce, however. As a
consequence, it remains unclear how the depletion of lipid reserves
occurs throughout winter. Not only lipid utilization plays an important
role in survival of diapausing mosquitoes, body size may do so as well
(Sauer et al. (2022). Body size of biotype pipiens mosquitoes has been
positively correlated with survival, an association that was not found for
Anopheles messae (Sauer et al. 2022). On the one hand, larger mosquitoes
can hold more lipid reserves in an absolute sense than smaller mosqui-
toes. On the other hand, maintaining homeostasis may cost relatively
more reserves in larger specimens. It is unknown whether the observa-
tions by Sauer et al. (2022) are also clear at the population level. If
mosquitoes of larger body size have a higher survival throughout winter
than mosquitoes of smaller body size, it is expected that the distribution
of body size of the diapausing population will shift towards larger in-
dividuals over time. In general, body size of mosquitoes is positively
correlated with fitness (i.e. fecundity, mating success), which is a
pattern that is observed across various mosquito taxa (Briegel, 1990;
Lima et al., 2003; Lyimo & Takken, 1993). Therefore, body size of the
overwintering population can be an important determinant of the size of
the emerging population in spring and its potential for further pathogen
transmission later in the season.

In the Netherlands, several Culex-borne viruses (USUV, WNV and
SINV) have been repeatedly detected in wild birds, animals, humans,
and/or mosquitoes (Oude Munnink et al., 2020; Rijks et al., 2016; Sik-
kema et al., 2020; Streng et al., in prep. b; Vlaskamp et al., 2020).
Therefore, there is a possibility that these viruses will overwinter in
diapausing mosquitoes. This was already confirmed for USUV
(Koenraadt et al., in prep.) and highlights the importance of under-
standing the biology of Cx. pipiens biotype pipiens diapause, as it will
help us understand the seasonal dynamics of mosquito-borne viruses.
We collected wild diapausing biotype pipiens mosquitoes at monthly
intervals during the winters of two consecutive years. We ran a series of
analyses on these mosquitoes, in order to provide fundamental insights
in biotype pipiens diapause. We scored the proportion of inseminated
and parous female mosquitoes. Mosquitoes were identified morpho-
logically, followed by molecular identification to determine the biotype.
Lastly, on the molecularly identified mosquitoes, we conducted monthly
measurements of body size and lipid reserves, in order to study lipid
depletion and distribution of body size at population level.

2. Methods
2.1. Mosquito collection

Monthly mosquito collections were carried out during the winters of
2020/2021 (sampling year 1) and 2021/2022 (sampling year 2) in six
bunkers of the New Hollandic Waterline in the municipality of West-
Betuwe, the Netherlands. The area is characterized by a mosaic of
river floodplains, pastures, fruit orchards, and tiny patches of forest,
with only a few human settlements. The bunkers are located primarily
next to dykes, and host a range of arthropods during winter, including
diapausing biotype pipiens, Anopheles maculipennis s.l., Culiseta annulata,
and Culex territans mosquitoes (Blom et al., 2023; Ibanez-Justicia et al.,
2022; Koenraadt et al., 2019). Fungus gnats of the family Mycetophili-
dae, moths and butterflies, and various arachnid species can also be
observed in the bunkers. Furthermore, the bunkers can serve as an
overwintering location for bats. Prior to every collection, bunkers were
checked for the presence of overwintering bats. Whenever bats were
present, mosquito collections were not carried out in that particular
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bunker in order to avoid disturbance of the bats. Mosquitoes were
collected from the walls and ceilings of the bunkers via automatic and/
or manual aspiration as described by Blom et al. (2023). In sampling
year 1, mosquito collections were carried out from December 2020 until
April 2021. In sampling year 2, collections were carried out from
September 2021 until March 2022. Diapausing mosquitoes could no
longer be detected in May and April of year 1 and 2, respectively.
Consequently, field collections were terminated after those months. Live
mosquitoes were transported to the Laboratory of Entomology, Wage-
ningen University & Research, the Netherlands, where they were placed
in incubators at 6 °C. After assessment of parity and insemination rates,
remaining mosquitoes were stored at —20 °C. At the start of each sam-
pling year, dataloggers (TinyTag plus2, Gemini Data Loggers UK Ltd,
Chichester, UK) were placed in three out of six bunkers to measure
relative humidity and temperature at an hourly interval. We considered
the combination of three bunkers to be representative for all other
overwintering locations included in our study. In the first year of sam-
pling, one datalogger could no longer be found halfway through the
sampling period.

2.2. Sample selection

Collected mosquitoes were identified morphologically to the species
group (Culex pipiens/torrentium) level following the identification key of
Becker et al. (2020). Per timepoint and location of sampling, a subset of
5-10 Cx. pipiens/torrentium mosquitoes was selected for molecular
identification and lipid analysis. Subsequently, Cx. pipiens/torrentium
mosquitoes were further identified to the species/biotype level
following a DNA extraction and real-time PCR assay slightly adjusted
from the protocol of Vogels et al. (2015) targeting the CQ11 microsat-
ellite region. DNA extractions were performed on mosquito legs
collected from morphologically identified Cx. pipiens/torrentium
mosquitoes via lysis in ammonium hydroxide. Materials (e.g. forceps)
were cleaned in 96 % ethanol in between handling of different samples
to reduce potential contamination. Subsequently, this was followed by
real-time PCR, with adjustments described by Blom et al. (2024). All
real-time PCR reactions were performed on a CFX OPUS (Bio-Rad) gPCR
machine. Up to five mosquitoes identified as biotype pipiens per sam-
pling timepoint were selected for further lipid analysis and wing length
measurements.

2.3. Insemination and parity

From every timepoint and location of sampling, up to 10 live
mosquitoes were dissected and scored for parity and insemination. In
short, live mosquitoes were briefly anesthetized with CO,. Subse-
quently, up to 5 individuals were placed on a microscope slide with the
abdomens placed in phosphate buffered saline (PBS) solution. Parity was
determined by visually examining ovarian tracheation. Two incisions
were made between tarsal segments six and seven. Subsequently, the
apical end of the abdomen was removed in order to expose ovaria.
Ovaria were checked visually on coiling of the tracheoles using a
Olympus SZ51 stereo microscope (Olympus Life Sciences, Tokyo,
Japan). Nulliparous females have short, coiled tracheoles, whereas the
tracheoles of the ovaria of parous females are uncoiled and form a web-,
or net-like structure (Detinova, 1962; Tyndale-Biscoe, 1984). Subse-
quently, from every female the spermathecae were isolated. Sperma-
thecae were covered with a cover glass and gently crushed to expose the
spermatozoa within. Spermathecae were visually checked for the pres-
ence of spermatozoa using a Euromex iScope trinocular microscope
(Euromex, Arnhem, the Netherlands).

2.4. Correlation between wing length and body size

We used mosquito wing length as a proxy for body size. To validate
the suitability of wing length as a proxy for body size, wing and thorax
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lengths of 42 laboratory-reared biotype pipiens mosquitoes were
measured. Biotype pipiens mosquitoes, originating from a summer pop-
ulation collected in Wageningen, the Netherlands, were reared under
the following conditions: 22-23 °C, 16:8 1:D photoperiod and 60 %
relative humidity. As described by Yeap et al. (2013), thorax length of
mosquitoes was measured from the scutellum to the most anterior point
of the thorax from a lateral angle (Fig. 1). Per trapping location and
timepoint of sampling, up to five field collected mosquitoes (previously
identified as biotype pipiens) were used for body size analysis and sub-
sequent lipid analysis. For both the lab-reared as well as field-collected
mosquitoes, wings were removed from mosquitoes with forceps and
mounted on glass microscope slides using double sided tape and covered
with a slip glass. Mosquito wing and thorax photographs were taken
using a Dino-Lite AM7915MZT EDGE 5 Megapixel (AnMo Electronics,
Hsinchu City, Taiwan) digital microscope. Wing size was determined by
measuring the mosquito wing from the alula to the most apical point,
excluding the fringe scales (Mohammed & Chadee, 2011) (Fig. 1). All
measurements were performed using DinoCapture 2.0 (Version 1.5.47C,
2016).

2.5. Lipid analysis

Total lipid content per individual mosquito was measured following
the phosphoric acid-vanillin assay described by Van Handel, with slight
adjustments (Van Handel, 1985). In short, mosquitoes were placed in
borosilicate tubes (FisherScientific, Hampton, NH, US), after which they
were crushed using glass rods. Subsequently, 200 pl of sodium sulphate
was added, followed by further homogenization. To each sample, 1.5 ml
1:1 chloroform:methanol was added. Samples were centrifuged at
20,000 rpm for 1 min. The supernatant was transferred to a new boro-
silicate tube, and these samples were evaporated at 80 °C. After evap-
oration, 200 ul of sulphuric acid was added, and samples were heated at
95 °C for ten minutes. Per sample, 3 ml of phosphoric acid-vanillin re-
agent was added. Absorbance at 525 nm was measured with a Multiskan
Sky (ThermoScientific, Waltham, MA, US) plate reader, using Cellstar 96
well plates (Greiner Bio-One, Kremsmiinster, Austria). Sunflower oil
(Jumbo, Veghel, the Netherlands) was used to set up a standard curve,
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Fig. 1. Depiction of body size measurements of laboratory reared Cx. pipiens
biotype pipiens mosquitoes. A) Thorax lengths were measured from the
scutellum to the most anterior point of the thorax. B) Wing lengths were
measured from the alula to the most apical point of the wing, excluding the
fringe scales.
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with which the total lipid content of each sample was determined. In
April 2022, an insufficient number of diapausing biotype pipiens was
collected from the bunkers. Therefore, this month was excluded from
further lipid and body size analyses.

2.6. Statistical analyses

The correlation between outdoor temperatures and indoor temper-
atures was evaluated. Daily outdoor temperature data (minimum,
average and maximum), measured at the closest nearby weather station
(Herwijnen, municipality of West-Betuwe) were acquired from the
Dutch meteorological institute (KNMI) (KNMI, 2021a). Indoor temper-
atures were averaged per day for each individual sampling site. Only
data collected between January 5th and April 18th of both sampling
years were included, as this was the timeframe covered in both sampling
years. From the 17th up until the 20th of December 2021, no temper-
ature was logged at the KNMI weather station. Those timepoints were
omitted from the correlation analysis. For each separate bunker, the
linear relationship between the mean daily indoor and outdoor tem-
perature (minimum, average, and maximum) was calculated using a
Spearman correlation test, as the data have a non-parametrical
distribution.

We tested whether wing size is an appropriate proxy for mosquito
body length. We calculated the linear correlation between the body size
and wing length of laboratory-reared biotype pipiens mosquitoes. For
field collected mosquitoes, wing length was analysed by running a linear
mixed effect model (LMEM), with wing length as response variable,
collection month and sampling year as explanatory variables and bunker
as random effect variable. For the statistical analysis on lipid content, we
corrected lipid content for mosquito wing length, as larger individuals
were expected to contain a higher absolute total lipid weight compared
to smaller mosquitoes. In order to identify differences in corrected lipid
content between months, we ran an LMEM, with timepoint of sampling
and year as fixed variables and bunker as a random effect variable. In
this model, timepoint of sampling was included as a nominal factor. In
addition, in order to calculate the slope of lipid depletion (i.e. lipid
decrease per time interval), we ran a similar LMEM, but this time with
month as a numerical factor. This model was run for the months of
December until March. For all statistical tests, the relevant assumptions
were visually checked. All statistical analyses were performed with
RStudio 2023.06.0 (RStudio Team, 2023).

3. Results
3.1. Insemination and parity

In total, parity and insemination proportions were assessed in 478
female Cx. pipiens/torrentium mosquitoes. Spermatozoa were detected in
the spermathecae of 402 (84.1 %) individual mosquitoes (Table 1). Of
12 mosquitoes (2.5 %), we were unable to assess insemination status. In
those cases, presence nor absence of spermatozoa could be visually

Table 1

Overview of parity status and insemination rates of Cx. pipiens/torrentium
mosquitoes collected from overwintering locations in winter. In some cases, we
were unable to visually confirm coiling of the tracheoles or presence of sper-
matozoa (= NA).

Parity No. Percentage
Nulliparous 466 97.5 %
Parous 10 21%
NA 2 0.4 %
Insemination

Inseminated 402 84.1 %
Not inseminated 64 13.4%
NA 12 25%
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confirmed, as spermatozoa were not visible. A total number of 466 (97.5
%) mosquitoes were scored as nulliparous, as coiling of the tracheoles of
the ovaria was observed. This indicated that these mosquitoes had not
produced eggs (and thus not fed blood) prior to diapause. Parity of two
individuals (0.4 %) could not be determined, as the coiling of the tra-
cheoles was difficult to visually assess.

3.2. Temperature

In sampling year 1, the lowest recorded temperature outdoors was
—11 °C, on the 9th and 12th of February. In the two bunkers in which we
measured, lowest recorded temperatures were —0.7 °C and —3.5 °C,
both on the 13th of February. In one of the two bunkers, temperatures
reached values below 0 °C for 5 consecutive days, whereas in the other
bunker temperatures only reached values below 0 °C for part of a day. In
sampling year 2, outdoor temperatures reached below 0 °C several times
through the sampling period (Fig. S1, Fig. S2). The lowest recorded
temperature was —5.8 °C, which occurred twice, on December 22nd and
April 3rd. However, temperatures in bunkers always remained above
0 °C (Fig. S2). Temperature in bunkers was weakly correlated with
outdoor minimum temperatures. In contrast, we observed a strong
correlation between outdoor average and maximum temperatures and
indoor temperature in sampling year 2. In sampling year 1, however, the
correlation between outdoor temperatures and indoor temperature was
much weaker (Table S1, Fig. S1).

3.3. Body size

For laboratory-reared mosquitoes, we found a strong linear relation
between wing length and thorax length (R? = 0.86, Fig. 2). Therefore,
we deemed wing length a suitable proxy for body size for our field-
collected specimens. For both years of sampling (2020/2021 and
2021/2022), no statistically significant differences in wing length over
the months of a single sampling year could be observed. However, we
did detect a statistically significant effect of sampling year on wing
length (LMEM, t = 2.97, p < 0.01). In sampling year 1, wing length of
mosquitoes was 4.10 mm on average, whereas in sampling year 2 the
wing length was 2.9 % higher (4.23 mm on average).

3.4. Lipid content

From December onwards, lipid content decreased in both years,
which was also expressed in statistically significant differences based on
our LMEM (Fig. 3, Table S2, Table S3). A statistically significant effect of
the sampling year (LMEM, t = -2, n = 282, p = 0.05) and sampling
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Fig. 2. Linear relation between wing length (um) and thorax length (um) of
laboratory-reared Cx. pipiens biotype pipiens mosquitoes (R? = 0.86).
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Fig. 3. Top panels: wing length of mosquitoes collected in sampling year 1 (December 2020 to April 2021) and sampling year 2 (September 2021 to March 2022).
Statistically significant differences were detected between sampling years (F = 9.84, p < 0.01), but not between the months within sampling years. Bottom panels:
lipid content corrected for wing length of mosquitoes collected in sampling year 1 (December 2020 to April 2021) and sampling year 2 (September 2021 to March
2022). Statistically significant differences between the sampling months were observed, with a decrease detected from December to April when both years are pooled

(p =-7.76 + 5.47 SE, n = 222, p < 0.01) (Table S3).

month on corrected lipid content was found (summarized in Table S3).
We observed a statistically significant decrease of lipid content for the
sampling months (7.76 pg/mm) between December and March (LMEM,
f=-7.76 £ 5.47 SE, n = 222, p < 0.01), when both years are pooled. In
sampling year 1, corrected lipid content decreased from 59.6 pg/mm in
December to 41.9 pg/mm in March (29.6 % decrease). In sampling year
2, corrected lipid content decreased from 62.6 pg/mm in December to
33.4 ug/mm in March (46.7 % decrease).

4. Discussion

We have shown that nearly all mosquitoes that are in diapause are
nulliparous, while the vast majority is also inseminated prior to winter.
In addition, the sampled bunkers provided a stable environment for
diapausing biotype pipiens mosquitoes. In our study, bunker tempera-
tures only seldom dropped below 0 °C, whereas outdoor temperatures
dropped below freezing point more frequently. It seems that, as long as
outdoor temperatures do not remain below 0 °C for extended periods of
time, anthropogenic structures such as bunkers provide a stable and
relatively warm environment for mosquitoes in diapause. Interestingly,
we noticed that bunker temperature responded differently to outdoor
temperature conditions in the sampling year of 2020/2021 compared to
2021/2022. This is most likely due to delayed temperature changes in
bunkers in response to outdoor temperature dynamics, and the sudden
shifts from very cold temperatures to exceptionally high temperatures in
February 2021 (KNMI, 2021a). It is important to understand how
climate may have an effect on the diapause period of important vector
species and persistence of their associated pathogens. In earlier studies,
it was shown that survival of mosquitoes in diapause is drastically
reduced when they are exposed to sub-zero temperatures (Rozsypal
et al., 2021; Sauer et al., 2022). The bunkers in our study may therefore
be ideal hibernacula, facilitating the survival of diapausing mosquitoes

due to relatively high temperatures. However, it should be noted that
our sampling locations contained a high abundance of potential preda-
tors, which may contribute to mosquito mortality during winter. These
effects are unknown and should be taken into account in future studies
on diapausing mosquito population dynamics.

4.1. Wing length differs between years

In contrast to our expectations, no shift in mosquito wing length was
detected during winters in both sampling years. Given the higher sur-
vival of larger biotype pipiens mosquitoes (Sauer et al., 2022), we ex-
pected a shift towards larger specimens over the course of winter. We
did, however, detect a difference in wing length between the two years.
We hypothesize that the differences in wing length can be attributed to a
difference in climatic conditions between the summers of the respective
years. Overall, the summer of 2020 was extraordinarily warm, especially
August and September (KNMI, 2021b). The summer of 2021 was char-
acterized by a warm June, with below average temperatures in July and
August. September 2021 was cooler than September 2020, although
temperatures were still above average (KNMI, 2022). As adult insect
body size is negatively correlated with temperature, the higher tem-
peratures in August prior to sampling year 1 may explain the shorter
wing length observed in that year (Atkinson, 1994; Kingsolver & Huey,
2008). Earlier laboratory studies have shown this negative correlation in
several mosquito species. For instance, Ciota et al. (2014) showed this
for several Culex species, including Cx. pipiens s.l., Culex quinquefascia-
tus, and Culex restuans. Similar temperature-mediated effects were also
detected in Anopheles gambiae mosquitoes (Barr et al., 2023). However,
in their study, not all body parts were affected equally, and wing length
was not affected at all. Body size is a primary determinant of insect
fitness, and body size of the diapausing population may affect the size of
the population in spring, as larger insects generally produce more
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offspring. However, the link between parameters at the individual level
(e.g. body size, lipid depletion) and population level (e.g. survival) of
diapausing mosquitoes and the abundance in spring/summer remain
unclear.

4.2. Lipid utilization throughout winter

Interestingly, we did not observe a decrease in lipid reserves before
December. Firstly, it could be that mosquitoes that were already in
diapause continued sugar feeding, a phenomenon earlier described by
Sauer et al. (2022). Interestingly, higher temperatures in winter may
trigger diapausing mosquitoes to initiate ovarian development and
blood-feeding (Fyie et al., 2023; Nelms et al., 2013). However, in our
study we did not detect any blood-engorged mosquitoes, even after the
extraordinarily warm temperatures in February 2021. Secondly, it could
be that part of the population was already in diapause, while the influx
of more recently emerged mosquitoes was still ongoing. Diapause is
primarily triggered by a combination of temperature and photoperiod,
although other factors (e.g. altitude) may also play a role. An earlier
study from the United States shows that diapause induction starts in late
August and peaks in mid-September (Field et al., 2022). This shows that
diapause induction may occur over a relatively long period of time,
which then differs between years. For the Netherlands, such data is
unavailable, and the time period of diapause induction is unclear. An
additional reason for the absence of lipid depletion in the earliest
months of our study period might be due to the phenology of flowering
plants on which mosquitoes rely for sugar feeding. Prior to diapause,
newly emerged mosquitoes derive plant-sugars from flowering plants to
build up their lipid reserves. Possibly the phenology of mosquito
diapause is related to plant phenology. Climate change will most likely
induce shifts in plant phenology, including their flowering period (Dorji
et al., 2020; Johansson et al., 2013; Tun et al., 2021). Shifts in plant
phenology are expected to have consequences for the acquisition of
plant sugars by mosquitoes prior to winter, although the direction and
size of the effect are unknown. Therefore, future studies should focus on
identifying the interactions between mosquitoes and flowering plants
and the effects on lipid build-up prior to winter.

Lipid depletion commenced in December, after which we observed a
gradual decline in lipid content over the months. Between December and
March, mosquitoes deplete approximately 30 % to up to nearly 50 % of
their lipid reserves, depending on the year. These results corroborate the
findings of Rozsypal et al. (2021), who reported that biotype pipiens
mosquitoes accumulate enough lipid reserves to last more than one
winter. Interestingly, lipid depletion was higher in sampling year 2,
compared to sampling year 1. Mosquitoes collected in sampling year 1
were exposed to sub-zero temperatures, whereas the ones that were
collected in sampling year 2 were not. Therefore, it remains unclear
which cause underlies the differences we detected between the sampling
years. It is unclear whether full depletion of lipid reserves at the end of
the diapause period (when temperatures are relatively warm) will lead
to termination of diapause period or to mortality. Furthermore, it re-
mains unknown how survival rates of diapausing mosquitoes affect the
size of the population in spring, and the consequences that may have on
arbovirus epidemiology. The effects of long-term exposure to low tem-
peratures on lipid utilization and survival need to be studied further. In
order to do so, experimental studies are needed in which lipid utilization
of diapausing mosquitoes is monitored under different temperature
regimes.

4.3. Infection routes of diapausing mosquitoes

In our study, the vast majority of mosquitoes (97.5 %) were nullip-
arous, which is in line with results from other studies (Bergman et al.,
2020; Nelms et al., 2013). However, we show that a very small pro-
portion of mosquitoes is parous, which suggests they have taken a
bloodmeal and produced eggs prior to winter. In theory, these
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mosquitoes can thus become infected as a result of taking an infectious
bloodmeal prior to winter. This indicates that vertical transmission may
not be the only route via which diapausing mosquitoes can become
infected prior to winter. In order to exclude infection via blood-feeding,
studies in which mosquitoes that are being screened for viruses are also
tested on parity are necessary. However, such processes are laborious,
and thus far, this has only been performed in one study on the persis-
tence of SINV in biotype pipiens mosquitoes in Sweden (Bergman et al.,
2020). Additionally, other infection routes are possible. It could be
possible that mosquitoes become infected prior to winter via venereal
transmission. However, evidence for venereal transmission of mosquito-
borne viruses has only been shown for Zika virus and Chikungunya virus
in Aedes aegypti mosquitoes, and not for any of the Culex-borne viruses
(Geevarghese et al., 2010; Pereira-Silva et al., 2017). Therefore, we
expect that vertical transmission remains the most likely infection route
of diapausing mosquitoes.

5. Conclusion

Our study shows that anthropogenic habitats such as bunkers pro-
vide suitable overwintering locations for mosquitoes in diapause. As
expected, the majority of the mosquitoes collected in our study were
inseminated and nulliparous. This underscores that whenever infected
mosquitoes in diapause are found, they are most likely infected via
vertical transmission. However, infection via an infectious bloodmeal is
not completely excluded. Furthermore, we show that body size and lipid
depletion, both important parameters of mosquito survival, differ be-
tween years. The underlying causes for these differences remain unclear.
Future experimental work can shed more light on the links between
climatic effects, body size, lipid depletion, survival, and their conse-
quences for mosquito population dynamics and virus transmission in the
following summers.
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