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ABSTRACT

Insect pupae are commonly considered an immobile, ecologically inactive life stage. Mosquito pupae, however, differ strongly
from other holometabolous pupae in their mobility levels as they can actively move through their aquatic habitat. Despite this
largely unique behavioural feature amongst insects, little is known about the pupal swimming behaviour and its associated costs
and benefits in mosquitoes. As an improvement of our understanding of the ecology of mosquitoes, in particular of their juvenile
stages, is required to develop or refine control strategies to prevent the transmission of deadly diseases, we here investigated the
pupal surface swimming behaviour in 11 mosquito species of the genera Aedes, Anopheles and Culex. We observed distinct dif-
ferences in their swimming behaviour, with Aedes pupae generally characterised by slow yet frequent movement bouts and high
explorative behaviour, whereas Anopheles and especially Culex exhibit significantly fewer movement bouts but swim faster and
cover larger distances per movement bout. These behavioural differences may reflect ecological adaptations tailored to the spe-
cific habitats of the tested species. In summary, our findings reveal a previously undescribed behavioural dissimilarity amongst
species in this frequently overlooked mosquito juvenile life stage and highlight the importance of considering pupal behaviour

when developing and improving mosquito disease control strategies.

1 | Introduction

Mosquitoes (Diptera: Culicidae) are global vectors of many in-
fectious diseases such as malaria, dengue, Zika, chikungunya
and West Nile fever (Weaver et al. 2018). Although numerous
control strategies, ranging from insecticide-based interventions
and habitat modification to biological and genetic technologies,
currently exist (Wilson et al. 2020; Godfray 2013), their effec-
tiveness ultimately relies on understanding the ecological and
behavioural traits of mosquito populations (Chandrasegaran,
Lahondere, et al. 2020). In particular, knowledge of mosquito
ecology allows us to determine when and where transmission oc-
curs, which interventions are effective, how mosquitoes respond

or adapt to control pressures and how populations change across
landscapes and seasons (LaDeau et al. 2015; Egid et al. 2022).

The mosquito life cycle consists of aquatic egg, larval and
pupal stages, from which the terrestrial, flying adults eclose
(Hawkes and Hopkins 2021). While ecological aspects of the
egg, larval and adult phases are frequently investigated, the
pupal stage has received far less attention despite its impor-
tance in the final development of the adults (Rolff et al. 2019).
As for all species of holometabolous insects, the pupal stage
is considered a developmental phase in which larval tis-
sue and organs are remodelled into their adult counterparts
(Truman 2019; Hall and Martin-Vega 2019). As such, it is
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considered an ecologically inactive life phase throughout
which pupae do not feed and remain immobile (Lindstedt
et al. 2019). Mosquito pupae, however, defy this norm and dif-
fer strongly from other holometabolous pupae in their activity
and mobility levels, as they can use their abdomens to actively
move through their aquatic habitat (Brackenbury 1999).

Mosquito pupae are positively buoyant and commonly rest at
the water surface (Romoser 1975). In response to physical or vi-
sual disturbance, however, they can dive into the water column,
thereby avoiding predatory attacks (Rodriguez-Prieto et al. 2006;
Awasthi et al. 2012; Futami et al. 2008; Chandrasegaran,
Sriramamurthy, et al. 2020; Cordeschi et al. 2025) or being
flushed out of their aquatic environment (Koenraadt and
Harrington 2008). Pupae can also swim along the water surface
(Brackenbury 1999); however, the costs and benefits of this sur-
face swimming behaviour have not yet been identified. Surface
swimming might potentially allow mosquito pupae to interact
with their environment, for example through avoiding habitats
with strong predation risks, or reaching habitats better suited
for successful eclosion. However, considering that food intake
ceases at pupal stage (Ratnayake et al. 2023), active movement
at this life stage strongly contributes to a depletion of the energy
reserves obtained from the larval stage, which in turn might in-
terfere with metamorphosis and successful adult eclosion and
survival (Lucas and Romoser 2001). Therefore, mosquito pupae
must balance their need for active movement with the corre-
sponding expenditure of the limited energy reserves.

A recent investigation of the swimming behaviour of mosquito
larvae revealed distinct locomotion patterns and strong vari-
ations in the activity, speed and distance travelled between
species (Lutz et al. 2020). While it has been hypothesised that
both phylogenetic relatedness and ecological specialisation

TABLE1 | Speciesused in the present study.

have caused these behavioural differences at the larval stage
(Lutz et al. 2020), it remains unknown whether similar species-
specific differences also exist in swimming behaviour and ac-
tivity of mosquito pupae. The presence of such differences,
however, might indicate ecological adaptations shaped by a
trade-off between movement-related benefits and the limited
energy reserves in this non-feeding life stage.

Here, we investigate the surface swimming behaviour of mos-
quito pupae from 11 species across the genera Aedes, Anopheles
and Culex, which comprise the majority of mosquito disease
vectors worldwide (Wei et al. 2026). By quantifying behavioural
parameters under controlled laboratory conditions, we provide
new insights into the ecological diversity of pupal behaviour
across mosquito genera and species, and whether these differ-
ences can be explained by phylogenetic relatedness or specific
ecological requirements. Our study, therefore, aims to improve
our understanding of the behavioural ecology of this often-
overlooked mosquito juvenile life stage, which might further
help with the development of control strategies specifically tar-
geted to the pupal phase of mosquitoes.

2 | Material and Methods
2.1 | Mosquito Rearing

A total of 11 species were used in this study: Aedes aegypti,
Aedes albopictus (three different strains), Aedes detritus, Aedes
koreicus, Anopheles funestus, Anopheles gambiae, Anopheles
stephensi, Culex pipiens bioform molestus, Culex pipiens bio-
form pipiens, Culex quinquefasciatus and Culex torrentium.
While for most species pupae were derived from established
laboratory strains (Table 1), we also tested pupae from wild

Species Strain Time in captivity Ntotal NJ NQ Institute Temp. RH
Aedes aegypti Liverpool 90years (since 1936) 26 12 14 Liverpool 27°C 70%
Aedes albopictus Foshan 44years (since 1981) 26 11 15 Milan 27°C 70%
Aedes albopictus Rimini 21years (since 2004) 26 10 16 Milan 27°C 70%
Aedes albopictus Wild-collected n/a 26 14 12 Milan 27°C 70%
Aedes detritus Wild-collected n/a 27 13 14 Durham 20°C 50%
Aedes koreicus Como 4years (since 2021) 26 13 13 Milan 25°C 60%
Anopheles funestus FuMoz 25years (since 2000) 30 17 13 Durham 27°C 70%
Anopheles gambiae G3 50years (since 1975) 34 16 18 Durham 27°C 70%
Anopheles stephensi SDAS500 43years (since 1982) 26 9 17 Milan 27°C 70%
Culex pipiens molestus Mogden 3years (since 2022) 33 12 21 Leahurst 25°C 60%
Culex pipiens pipiens Wild-collected n/a 17 9 8 Durham 20°C 50%
Culex quinquefasciatus Muheza 40years (since 1985) 34 12 22 Durham 27°C 70%
Culex torrentium Wild-collected n/a 17 5 12 Durham 20°C 50%

Note: Institute = Research institute where the behavioural experiment was conducted Durham =Department of Biosciences, University of Durham, Durham, UK;

Leahurst=Leahurst Campus, School of Veterinary Science, University of Liverpool, Leahurst, UK; Liverpool = Biosciences Building, University of Liverpool,

Liverpool, UK; Milan = Department of Biosciences, University of Milan, Milan, Italy.

Abbreviations: N, number of tested individuals; RH, rearing relative humidity; Temp., rearing temperature.
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populations collected specifically for this project. In particu-
lar, larvae of Ae. albopictus (identified based on morphological
traits (Becker et al. 2020)) were collected in suburban Milan
(Northern Italy; 45°25'18.9”N 9°15'48.5”E) and brought to
the campus of the University of Milan where they were reared
to the pupal stage. Similarly, larvae of Ae. detritus (identified
based on molecular methodologies presented below) were col-
lected in Little Neston (North-East England; 53°16'37.2"”N,
3°04'06.4” W) and brought to the University of Durham
where they were reared to the pupal stage. Lastly, egg rafts
of Culex sp. were collected from and reared to larval stage at
the University of Liverpool's Leahurst Campus (North-East
England; 53°17'24.2"N 3°01'37.5"W) before being transported
to the University of Durham where they were reared to pupal
stage. All tested pupae derived from these egg rafts were iden-
tified based on methodologies presented below, revealing in-
dividuals from both Cx. p. pipiens and Cx. torrentium. For all
tested species, larvae and pupae were reared in shallow plas-
tic trays under a photoperiodic cycle of 12:12h (light:dark)
and fed ad libitum with either fish food (either Staple Food
Pellets, Nishikoi Aquaculture Ltd.; or Goldfish Gold Energy,
Tetra Werke, Germany) or yeast tablets (Brewer's Yeast tablets,
Holland & Barrett Retail Limited, UK). For all species main-
tained as colonies, adults were kept in mixed-sex cages and fed
with 10% sucrose solution.

2.2 | Molecular Identification of Field-Collected
Mosquitoes

DNA was extracted from the whole body (DNeasy Blood and
Tissue Kit; Qiagen, USA), following the manufacturer's pro-
tocol with minor modifications: the mosquito bodies were ho-
mogenised in 180 uL of buffer ATL, followed by the addition of
20uL of proteinase K and incubation at 56°C for at least 30 min.
Manufacturer's instructions were followed from this point on-
wards. At the final elution step, we eluted the DNA with 50 uL
of molecular grade water. The cytochrome c oxidase subunit I
(COI) gene was amplified using the universal primers LCO1490/
HCO02198 and C1-J-2183/TL2-N-3014 (Pat) (Folmer et al. 1994;
Simon et al. 1994). PCR products were verified by agarose gel
electrophoresis and subsequently sequenced by GENEWIZ
(Azenta Life Sciences) using Sanger sequencing. Sequences
were then aligned against the National Centre for Biotechnology
Information (NCBI) database using Basic Local Alignment
Search Tool, Nucleotide version (BLASTn).

Samples identified as Culex spp. were further examined using
diagnostic restriction enzyme digestion of the COI region with
FspBI (Bfal) and Sspl (FastDigest FspBI and FastDigest SspBI;
Thermo Fisher Scientific Inc., Waltham, MA, USA) following
established protocols (Hesson et al. 2010) to distinguish Cx.
torrentium from the Cx. pipiens complex. Remaining individu-
als within the Cx. pipiens complex were identified using PCR
with primers molCQ11R/pipCQ11R and CQ11F2 (Bahnck and
Fonseca 2006) to differentiate between Cx. p. pipiens and Cx.
p. molestus. For all subsequent analysis, we included only data
from wild-caught individuals that were clearly identified as Ae.
detritus, Cx. p. pipiens, or Cx. torrentium (in addition to the wild-
collected Ae. albopictus individuals identified based on morpho-
logical rather than molecular traits).

2.3 | Experimental Setup and Procedure

Assessment of pupal swimming behaviour took place in a cir-
cular arena consisting of a white silicone mould (290 mm diam-
eter, 13mm deep) filled with 400 mL of water taken from each
species' rearing tray, resulting in a water level of approximately
6mm. This shallow water depth was intentionally selected to
constrain vertical movement and enable standardised quantifi-
cation of surface swimming behaviour across all mosquito spe-
cies. The arena was placed at the bottom of a cubical, 400 x400
X400mm wide photography box (DUCLUS Light Box 40cm;
hereinafter simplified as box), which offered a small opening
at the top for top-down directed video recordings and a larger,
sealable side opening for pupae handling. A camera (7S III with
FE 24-105mm f4 G OSS lens, Sony Group Corporation, Tokyo,
Japan) was mounted above the box so that the lens set flush with
the top opening of the box. The camera was connected to an ex-
ternal monitor via its HDMI port, allowing observation of pupae
activity remotely throughout trials. Lighting was provided by
the box's inbuilt LED ring consisting of 160 LED beads with a
colour temperature of 5500K. A diffusor cloth, with a centrally
cut opening to not obstruct video recordings, was hung below
the LED ring to disperse light equally across the box, resulting
in alight intensity of 8401x at the bottom of the box. As mosquito
pupae were tested across different research institutes (Table 1),
the experimental setup (photography box with top-mounted
camera) was either placed within large incubators or on work-
benches in climate-controlled rooms to match each species'
rearing conditions. Using the same experimental setup for each
species, we ensured that across all tested pupae the lighting lev-
els, visual scene and experimental procedures were identical.
The water temperature of the experimental arena was consistent
with each species’ rearing conditions, resulting in temperature
conditions ranging from 20°C for temperate species to 27°C for
tropical species (Table 1). To assess whether these temperature
differences may explain behavioural differences amongst the
tested species, we additionally recorded pupae of one represen-
tative temperate species (Ae. detritus; N=25; 3=8; 2=17) at
27°C and of one representative tropical species (An. gambiae;
N=27; 3=12; 2=15) at 20°C water temperature.

To run trials, groups of up to five pupae were collected from
their rearing trays and collectively transferred into a small con-
tainer filled with rearing water. This container was placed into
a corner of the photography box to allow pupae to acclimatise to
the experimental lighting levels. After 10min of acclimatising,
one pupa was individually collected from this container using a
Pasteur pipette and carefully released in the centre of the arena.
After closing the door of the photography box, the pupal swim-
ming behaviour was recorded using the top-mounted camera for
20min (30 fps; 1920 X 1080 px). After each trial, the pupa was
collected from the arena with a Pasteur pipette and its sex was
determined by assessing sex-specific morphological differences
in either the pupal genital lobe shape under the microscope (all
Aedes and Anopheles species (Moorefield 1951)) or the antennae
of adults reared from pupal stage (all Culex species (Bansal and
Sen 2025)). To avoid age-specific variation in pupal behaviour, all
pupae were tested at an intermediate stage of the pupal period,
thereby excluding both recently pupated individuals and those
close to eclosion. All trials across all species were conducted
during daytime (09:00-18:00h) by the same experimenter.
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2.4 | Trajectory Analysis

All video recordings were analysed using idtracker.ai (https://
idtracker.ai/) (Romero-Ferrero et al. 2019; Torrents et al. 2026).
Using the same settings for all individuals across all species
(background subtraction enabled and set to ‘max’, background
difference threshold =40, blob area thresholds between 1 and
100), we established the x-y coordinates and corresponding tra-
jectory path of each pupa across all frames of a video recording.
The accuracy of each trajectory was assessed through visual
inspection as well as by identifying the proportion of frames
a pupa was tracked throughout a trial, with each pupa being
tracked in at least 99.31% of the 36,000 frames of its trial. The
x-y coordinates obtained from idtracker.ai were then imported
into MATLAB (The Mathworks Inc.; Natick, MA, U.S.A.) where
each pupal trajectory was smoothed using MATLAB's smooth
function (Savitzky-Golay method; span=35; degree=1). We
then calculated the instantaneous speed of pupae as the dis-
tance travelled between two consecutive frames, followed by the
conversion of each distance from pixel width to mm by using
the real-world dimension of the arena as a size reference. Log-
transforming these distances revealed a bimodal distribution,
of which the trough between both peaks defined the threshold
(0.21mm per frame) for stationary (speed below threshold) or
moving behaviour (speed above threshold).

We calculated several behavioural metrics to establish poten-
tial differences in pupal swimming activity. Movement latency
was calculated as the time passed until the pupal speed first
exceeded the movement threshold. Number of movement bouts
was calculated as continuous (> 3) series of speeds above the
movement threshold separated by speeds below the threshold.
Initial activity was calculated as the sum of all movement bouts
(as defined above) that occurred within the first 10% (2min) of
the trial. Time spent stationary was calculated as the total in-
stances in which the speed of an individual was below the move-
ment threshold. Total swimming distance was calculated as the
sum of all distances travelled for instances in which a pupa was
moving. Arena exploration, defined as the proportion of area
within the arena that a pupa explored, was calculated by plac-
ing a 5mm wide square grid over the arena, resulting in a total
of 2644 squares covering the arena. Using this segmentation in
combination with our obtained x-y coordinates, we then calcu-
lated the proportional arena exploration as the sum of all squares
visited by a pupa divided by the total number of squares. In addi-
tion to these swimming activity metrics, we also calculated two
behavioural metrics describing the swimming performance:
swimming speed and average displacement per movement bout.
To normalise for size-specific differences amongst the tested
species (Figure Al), we converted these behavioural metrics
into body length. The body length (BL) of each pupa was mea-
sured as the distance between the central point between the
trumpets and the posterior end of the third abdominal segment
in three randomly selected frames of its video recording, aver-
aged and converted from pixels to mm using the same conver-
sion rate as used for the pupae trajectories. We then calculated
for each individual the average speed (in BL s7!) as the median
of all speeds above the movement threshold divided by its body
length. We used the median instead of the mean because it is
less sensitive to occasional tracking artefacts in frame-by-frame
speed estimates. Lastly, we established for each individual the

average displacement (in BL) as the mean distance travelled per
movement bout divided by an individual's body length.

2.5 | Statistical Analysis

All statistical analyses were performed in R v. 4.4.3 (R Core
Team 2025). Statistical models were fitted using the Ime4
(Bates et al. 2015), glmmTMB (Brooks et al. 2017) and MASS
(Venables and Ripley 2002) packages, and model assumptions
were assessed using the performance (Liidecke et al. 2021) and
DHARMa (Hartig 2022) packages. Where statistical approaches
involved multiple pairwise comparisons, p-values were ad-
justed using the Benjamini-Hochberg method (Benjamini and
Hochberg 1995). Pairwise differences amongst levels of fixed
effects were analysed using the emmeans package (Lenth 2022),
with statistically similar fixed effects grouped using the mult-
comp package (Hothorn et al. 2008). All data visualisations were
rendered using the ggplot2 package (Wickham 2016).

We first investigated whether the behaviours we analysed dif-
fered between species. This analysis included only observations
from pupae exposed to their regular rearing water temperatures
(Table 1), thus excluding observations from the two temperature
control experiments (Ae. detritus at 27°C; An. gambiae at 20°C).
For each of the eight behavioural metrics (movement latency, ini-
tial activity, time spent stationary, number of movement bouts,
total distance, arena exploration, average speed and average
displacement), we fitted two (generalised) linear models with
the respective behavioural metric as the response variable and
either species or genus as a categorical fixed effect. Specifically,
we fitted linear models (LMs) for the movement latency (log-
transformed), initial activity, number of movement bouts, total
distance (all square root-transformed) and average speed (log-
transformed). In addition, we fitted generalised linear models
(GLM) with appropriate error distributions for the time spent
stationary (beta distribution), arena exploration (beta-binomial
distribution) and the average displacement (gamma distribu-
tion). For each behavioural metric, species and genus were anal-
ysed in two separate models owing to species being fully nested
within genus, leading to perfect collinearity when included si-
multaneously. We further analysed whether pupal activity dif-
fered over time between species by fitting a GLM with a Poisson
distribution, which included the number of movement bouts per
minute as the response variable, an interaction term between
minute and species as fixed effects and individual ID as a ran-
dom effect.

We then investigated whether observed similarities and dif-
ferences between species could be explained through phylo-
genetic relationships. To do this, we pooled all behavioural
observations together and standardised them to zero mean
and unit variance, including only individuals with complete
data across all variables in the subsequent analysis. We then
calculated a Euclidian distance matrix from the standardised
behavioural variables using the ‘vegdist’ function and per-
formed two permutational multivariate analyses of variation
(perMANOVAs) using the ‘adonis2’ function (both vegan
package (Oksanen et al. 2025)) with 9999 permutations to test
for differences at both species and genus level. Subsequently,
we performed a principal component analysis (PCA) based
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FIGURE 1 | Trajectory paths and activity of mosquito pupae throughout the 20-min-long observation period. (a) Exemplary trajectories of the
swimming activity of the 13 tested mosquito species. For each species, the individual closest to the species’' mean swimming distance is shown. (b)
Averaged (mean +SE) number of movement bouts per minute for each species, including Ae. aegypti (N=26; 3 =12; @ =14), Ae. albopictus Foshan
(N=26; 8=11; 2 =15), Ae. albopictus Rimini (N=26; 3 =10; @ =16), Ae. albopictus wild (N=26; 3 =14; @ =12), Ae. detritus (N=27; 3=13; 2 =14),
Ae. koreicus (N=26; 3 =13; 2 =13), An. funestus (N=30; 3 =17; @ =13), An. gambiae (N=34; 3 =16; 2 =18), An. stephensi (N=26;3=9; ¢ =17), Cx.
p. molestus (N=33; 3 =12; @ =21), Cx. p. pipiens (N=17; 3 =9; @ =8), Cx. quinquefasciatus (N=34; 3 =12;  =22) and Cx. torrentium (N=17; 3 =5;

Q= 14).

on our standardised behavioural variables using the prcomp
function. Only PC1 and PC2 explained a significant pro-
portion of the data variance (permutation test: PC1: 63.11%,
p<0.001; PC2:20.25%, p <0.001; all remaining PCs: p>0.05).
To assess how well genus explains the behavioural variation
captured by the first two PCs, we fitted linear models for PC1
and PC2, and a MANOVA for the combined PC1-PC2 space,
with genus as a categorical fixed effect. To further explore
patterns of similarity between species, we computed pairwise
Euclidean distances and performed pairwise perMANOVAs
by creating reduced datasets containing only observations for
a given species pair. Obtained effect sizes (R?) were visual-
ised as a similarity heatmap. Lastly, we assessed hierarchical
relationships between species in terms of their swimming be-
haviour by performing clustering using the ‘hclust’ function
and Ward's method (Ward.D2) on the obtained Euclidean dis-
tance matrix.

To test whether swimming behaviour within a species is cor-
related with sex or body length, we created a reduced dataset
for each species containing only individuals recorded at their
standard rearing temperature. For each of the eight behavioural
metrics, we then fitted (generalised) linear models with the re-
spective behavioural variables as the response variable, sex as
a categorical fixed effect and size as a continuous fixed effect,
using the same model types as described for the species com-
parison above. To establish whether the swimming behaviour of
mosquito pupae might be influenced by water temperature, we

analysed a reduced data set comprising only observations from
both Ae. detritus and An. gambiae at both 20°C and 27°C. For
each of the eight tested behaviours, we fitted (generalised) linear
models with the respective behavioural metric as the response
variable and the interaction between species and temperature
as categorical fixed effects, using the same model types as de-
scribed for the species comparison above.

3 | Results
3.1 | Species Comparison

We established significant differences in the pupal swimming
activity and performance across all tested mosquito species.
Throughout the 20-min-long observation period, activity over
time varied strongly between species (GLM: x?* ,=2510.40,
p<0.001), with Aedes pupae displaying continuous swimming
behaviour across the entire arena, whereas pupae of the genera
Anopheles and Culex showed comparably lower activity levels
along with prolonged phases of inactivity (Figure 1). On genus
level, Aedes pupae initiated their swimming activity earlier
(Figure 2a), showed higher initial activity (Figure 2b), spent less
time stationary (Figure 2c), displayed a higher number of move-
ment bouts (Figure 2d), covered larger swimming distances
(Figure 2e) and explored larger areas of the arena (Figure 2f)
than both Anopheles and Culex pupae (all pairwise compar-
isons: p<0.001, Tables A1l and A2). These behaviours did not
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FIGURE 2 |

Behavioural variation in the swimming activity of mosquito pupae. For each quantified behaviour, boxplots represent the median

(horizontal line) and quartiles (upper and lower boundaries) of a species’ distribution, with the whiskers extending to the most extreme measurement
within 1.5 times the interquartile range, and jittered grey points representing individual raw data. Letters represent statistically similar groups based
on statistical models assessing each behaviour as a function of either genus or species and corresponding post hoc analysis (p <0.05). Here, the first
row of coloured letters depicts statistically similar groups amongst the three genera Aedes (red), Anopheles (blue) and Culex (green), whereas the
second row comprising black letters depicts statistically similar groups amongst all 13 tested species/strains. (a) The horizontal, dashed line at the
20-min-mark visualises the end of the 20-min-long trial period, with data points above this line depicting individuals which did not move throughout
the entire trial. (c) The horizontal, dashed line at the 20-min-mark visualises the maximum time a pupa could have remained stationary within the

20-min-long trial period. (a-h) Sample size and sex ratio of each species as presented in Figure 1.

differ between Anopheles and Culex (all pairwise comparisons:
p>0.050, Table A2), with the exception of initial activity, which
was higher in Anopheles than in Culex (t,,;=1.99, p=0.048). In
contrast to these activity measurements, performance-related
traits showed an opposite pattern. Here, Culex pupae achieved
higher swimming speeds and greater displacements with each
movement bout than Anopheles pupae, whereas Aedes pupae
exhibited the slowest swimming speeds and shortest displace-
ments amongst the three genera (Figure 2g,h; Table A2).

To further assess the degree to which the swimming be-
haviour of mosquito pupae is genus-specific, we constructed

a Euclidean distance matrix based on the eight analysed
behaviours, showing significant differences at both spe-
cies- (perMANOVA; F=38.98, p<0.001) and genus-level
(perMANOVA; F=165.05, p<0.001). A principal component
analysis (PCA) of the behavioural variables revealed an evi-
dent clustering of individuals according to genus (Figure 3a,b).
In particular, variation along PC1 primarily reflected overall
swimming activity, with individuals showing high initial ac-
tivity, frequent movement bouts, long swimming distances
and strong explorative behaviour clustering at negative PC1
values, whereas individuals characterised by high move-
ment latency and prolonged stationary phases clustered at
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FIGURE 3 |

Similarities and differences in pupal swimming behaviour between species and genera. (a, b) Principal component analysis (PCA)

plots of the eight analysed behavioural variables describing pupal swimming, based on obtained Euclidean distance matrix. (a) depicts individual

datapoints in space, while (b) displays vector arrows indicating the direction and contribution of the eight behavioural variables, along with ellips-

es representing 68% confidence regions (corresponding approximately to one standard deviation) for each genus (red =Aedes, blue =Anopheles,

green = Culex). (c) Heatmap illustrating behavioural similarities amongst the tested species. Lower R? values indicate more similar species, whereas
higher R? values indicate greater dissimilarity, with asterisks denoting statistically dissimilar species (p <0.050). (d) Hierarchical clustering dendro-
gram based on Euclidean distance matrix, displaying the grouping of species according to similarity in swimming behaviour. Branch lengths repre-
sent dissimilarity between clusters, with shorter branch lengths indicating more similar behavioural profiles. (a-d) Sample size and sex ratio of each

species as presented in Figure 1.

positive PC1 values. In addition, PC2 captured variation
in swimming performance, separating individuals exhibit-
ing higher swimming speeds and greater displacements per
movement bout (positive PC2 values) from slower moving in-
dividuals. Consistent with our initial observations, PC1 (LM:
F,=415.96, p<0.001), PC2 (LM: F,=49.61, p<0.001) and
the combined PC1-PC2 space (MANOVA: F,=198.55, Wilks'
A=0.21, p<0.001) differed significantly amongst genera, con-
firming that Aedes pupae generally displayed higher activity
levels than Anopheles and Culex, with the latter two genera
excelling at swimming speeds and displacement (Table A3).
Using the Euclidean distance matrix, we further created a
behaviour similarity heatmap (Figure 3c), highlighting how

similar or dissimilar the tested species were in their overall
swimming activity and performance. This approach revealed
low similarity levels in the swimming behaviour between all
Aedes species and species of the genera Anopheles and Culex,
which are further confirmed by a hierarchical clustering den-
drogram (Figure 3d) showing a strong separation of the Aedes
pupae from the Anopheles and Culex pupae. Taken together,
these results demonstrate clear genus-specific differences in
pupal swimming behaviours, with Aedes generally charac-
terised by high activity but slower swimming speeds and low
displacements per movement bout, whereas Anopheles and in
particular Culex exhibit lower activity but higher swimming
performances.
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In addition to these evident behavioural differences between
the three mosquito genera, we also established behavioural
variation between species within the same genus. For species of
the genus Aedes, hierarchical clustering based on Euclidean dis-
tances revealed a distinct separation of the three Ae. albopictus
strains from the other three tested species Ae. aegypti, Ae. detri-
tus and Ae. koreicus (Figure 3d). Indeed, all three Ae. albopictus
lines are characterised by comparatively higher activity levels,
in particular in terms of their initial activity (Figure 2b) and
total number of movement bouts (Figure 2d). However, we
found that the wild-collected pupae of this species spent less
time stationary (Wild vs. Foshan: z=-4.62, p<0.001; Wild
vs. Rimini: z=-4.20, p<0.001), exhibited a larger number of
movement bouts (Wild vs. Foshan: t,.,=2.33, p=0.029; Wild
vs. Rimini: £,.,=2.36, p=0.028), covered larger swimming dis-
tances (Wild vs. Foshan: ,,.=4.99, p<0.001; Wild vs. Rimini:
t,0,=4.33, p<0.001) and explored a larger area of the arena
(Wild vs. Foshan: z=4.04, p=0.001; Wild vs. Rimini: z=3.20,
p=0.002) than both established laboratory strains (Foshan and
Rimini), whereas the movement latency, initial activity, average
speed and average displacement did not differ between either of
those three Ae. albopictus strains (Table A2). While the overall
swimming behaviour amongst the remaining three Aedes spe-
cies Ae. aegypti, Ae. detritus and Ae. koreicus is generally simi-
lar (Figure 3c), Ae. detritus can be considered the Aedes species
with the lowest swimming activity, highlighted by significantly
longer stationary periods (Figure 2c), lower number of move-
ment bouts (Figure 2d) and less arena exploration (Figure 2f)
amongst all tested Aedes species (Table A2).

Focusing on the tested species of the genus Anopheles, An. fu-
nestus, An. gambiae and An. stephensi showed comparably little
variation in their swimming activity (Figure 2a-f) yet differed
strongly in their swimming performance (Table A2). In particu-
lar, An. funestus swam significantly faster (An. funestus vs. An.
gambiae: t,, =3.54, p<0.001; An. funestus vs. An. stephensi:
t5,,=06.37, p<0.001) and covered significantly larger distances
per movement bout (An. funestus vs. An. gambiae: t,,,=3.52,
p<0.001; An. funestus vs. An. stephensi: t,,,=6.19, p<0.001)
than the other two species, whereas An. stephensi displayed
the slowest swimming speeds (An. gambiae vs. An. stephensi:
L3,0=3.06, p=0.004) and shortest average displacements (An.
gambiae vs. An. stephensi: t,, =2.88, p=0.006) of these three
Anopheles species (Figure 2g,h). Of the four tested Culex species,
we found that Cx. p. molestus, Cx. p. pipiens, Cx. quinquefascia-
tus and Cx. torrentium did not differ in their swimming activity
(Figure 2a-e, Table A2), with the exception of their exploratory
behaviour where Cx. p. molestus explored a larger area than
Cx. quinquefasciatus (z=2.17, p=0.044; Figure 2f). However,
the four species differed in their swimming performance, with
Cx. p. molestus and Cx. quinquefasciatus swimming on average
faster than Cx. p. pipiens and Cx. torrentium (Figure 2g), and
Cx. p. molestus also displaying further displacements with each
movement bout than the other three species (Figure 2h).

3.2 | Effect of Sex, Body Length and Water
Temperature

We found little evidence that the sex of mosquito pupae contrib-
utes to differences in the swimming activity and performance.

Across all tested species, we established no significant differ-
ences between male and female pupae for any of the eight
analysed behaviours (Table A4), with the exception of the wild-
collected Ae. albopictus strain where females showed higher
swimming speeds (LM: F,=54.03, p<0.001) and larger dis-
placement (GLM: x*, = 50.61, p<0.001) than males.

In terms of body length, none of the swimming activity param-
eters (movement latency, initial activity, time spent stationary,
number of movement bouts, swimming distance and arena
exploration) correlated with pupae body length for any of the
tested species (Table A4). However, for six of the 13 tested mos-
quito strains (Ae. aegypti, Ae. albopictus Foshan, Ae. albopictus
wild, Ae. detritus, An. stephensi and Cx. p. molestus) we found
that with increasing body length pupae decreased their average
swimming speed (Table A4). For three of these species (Ae. ae-
gypti, Ae. albopictus wild, Ae. detritus), an additional negative
correlation between body length and average displacement was
established, demonstrating that with increasing body length
pupae covered on average shorter distances per movement bout
(Table A4).

We found little evidence that pupal swimming activity and per-
formance were affected by water temperature and that pupae
alter their swimming behaviour when exposed to temperatures
other than their rearing conditions. While Ae. detritus covered
less distance (t;,,=2.45, p=0.016) and decreased their average
bout length (t,,,=2.32, p=0.022) at higher temperatures, and
An. gambiae spent less time stationary at lower temperatures
(z=-2.18, p=0.029), we established no further temperature-
induced behavioural differences for Ae. detritus and An. gam-
biae (Figure A2; Table A5). As only one temperate and one
tropical species were examined, we cannot fully exclude species-
specific responses to temperature. However, the limited effects
observed suggest that the interspecific behavioural differences
reported in this study are unlikely to be explained primarily by
the different rearing temperatures used for temperate and trop-
ical species.

4 | Discussion

The Aedes, Anopheles and Culex pupae examined in this study
displayed distinct differences in their swimming behaviour,
with Aedes pupae swimming along the surface in a slow yet
constant, exploratory fashion, whereas Anopheles and Culex
pupae display a rather infrequent, burst-like swimming
style. Considering that juvenile mosquitoes occupy different,
species-specific habitat types (Becker et al. 2020), our estab-
lished differences in pupal swimming behaviour may reflect
behavioural adaptations associated with the habitat types
they occupy. Indeed, many Aedes species, including Ae. ae-
gypti (Getachew et al. 2015; Vijayakumar et al. 2014), Ae. al-
bopictus (Vijayakumar et al. 2014) and Ae. koreicus (Montarsi
et al. 2013), are considered container-breeders, with adults
frequently depositing their eggs in small, often man-made,
container-like habitats such as buckets or tyres (Vezzani 2007).
Compared with natural habitats, artificial containers are
often characterised by fewer physical features to hide from
predators and localised food resources (Vezzani 2007;
Washburn 1995), resulting in larval aggregations which may
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provide antipredator benefits through dilution and encounter
effects (Krause and Ruxton 2002). Although mosquito pupae
do not feed and therefore do not need to seek food hotspots, we
frequently observed Aedes pupae joining larval aggregations
in our rearing trays. If Aedes pupae indeed seek shelter in lar-
val aggregations to decrease their predation risk, the continu-
ous swimming activity and vast exploratory behaviour of our
solitarily tested Aedes pupae, particularly those belonging to
the container-breeding species, could potentially indicate a
form of searching behaviour to find conspecifics.

In contrast to container-breeding Aedes, most of our tested
Anopheles and Culex species develop in natural, larger aquatic
habitats such as ponds, streams, or temporary pools (Tandina
et al. 2018; Gillies and De Meillon 1968; Liu et al. 2019), al-
though An. stephensi is also known to exploit artificial
containers (Taylor et al. 2024). Compared with these environ-
ments, artificial container habitats often support less diverse
and less abundant predator communities, largely consisting of
predaceous insects or their juvenile stages, which may contrib-
ute to the widespread use by container-breeding mosquitoes
(Vezzani 2007; Kitching 2000). In contrast, mosquito pupae
developing in natural habitats are commonly exposed to a
broader range of natural predators (Medlock and Snow 2008;
Juliano 2009), including predaceous aquatic insects as well as
various fish species which use visual or mechanical cues to lo-
cate prey. The higher predation pressure in these habitats may
have favoured behavioural strategies in our tested Anopheles
and Culex species that reduce the likelihood of predator detec-
tion, such as prolonged stationary phases and rapid movement
patterns. In addition, natural habitats also frequently pro-
vide shelter opportunities through vegetation or other phys-
ical features which can reduce the predation risk of mosquito
juvenile stages (Saha et al. 2012). In our experiments, many
Anopheles and Culex pupae often decreased their swimming
activity once they reached the arena wall and remained there
stationary for long periods. It is thus possible that pupae of
these two genera only show increased swimming activity
when exposed to open water but reduce their activity once
they reached shelter (Shuey et al. 1987), potentially indicat-
ing that their surface swimming behaviour acts as a mean of
evasion rather than exploration. Interestingly, pupae of Ae.
detritus, which in contrast to the other tested Aedes species
are not container breeders but rather occupy large, natural
salt marshes (Service 1968), showed the lowest activity lev-
els but comparatively highest swimming speeds amongst all
Aedes species. This might indicate that pupae of this species
have somewhat adopted the potentially evasive swimming
behaviour otherwise observed in natural habitat occupying
Anopheles and Culex species.

Another striking difference between the tested species can be
found in their body lengths, with the tested Anopheles species
being significantly smaller than all Aedes and Culex species in
this study. Across various animal taxa it has been shown that
smaller individuals need to perform a larger number of move-
ment cycles (e.g., steps) to cover the same absolute distance as
larger individuals (Heglund et al. 1974). Therefore, we would ex-
pect Anopheles species to compensate for this size difference by
performing higher number of movement bouts, or alternatively
more energetic movement bouts covering larger distances with

each bout, to cover the same swimming distance as Aedes or
Culex pupae. However, the Anopheles species in our study gen-
erally displayed some of the lowest numbers of movement bouts
amongst all species, and whilst performing on average further
displacements than Aedes species, did not surpass the larger-
sized Culex species in their displacement rates. One explana-
tion for this lack of compensation could be due to the potential
evasive swimming behaviour outlined above, where Anopheles
pupae only initiate swimming when disturbed or to reach shel-
tering opportunities. Alternatively, Anopheles might display less
active swimming owing to potentially smaller energy reserves.
As food uptake ceases with the end of the larval stage, pupal
surface swimming relies entirely on available energy reserves
(Ratnayake et al. 2023). Although studies investigating energy
budgets of mosquito pupae are rare (Downer et al. 1976), espe-
cially on a comparative level between species, it has been shown
for Aedes, Anopheles and Culex larvae that protein, lipid and
carbohydrate reserves are positively correlated with body size
(Timmermann and Briegel 1999). Assuming that this correla-
tion also translates to pupal size, Anopheles pupae might display
lower activity levels than Aedes and Culex due to limited energy
reserves that restrain them from a more active or exploratory
swimming style.

Despite our effort to quantify swimming behaviour under con-
trolled laboratory conditions, it is important to acknowledge
that our study may not fully establish all variation in pupal
swimming behaviour potentially found in wild specimens.
The shallow water depth (~6mm) in our experimental setup
constrained vertical movements, thereby preventing natu-
ral diving behaviour (Rodriguez-Prieto et al. 2006; Awasthi
etal. 2012; Futami et al. 2008; Chandrasegaran, Sriramamurthy,
et al. 2020; Cordeschi et al. 2025). This was an intentionally
chosen experimental design, as our objective was to quantify
and compare surface swimming behaviour under standardised
conditions across species. Consequently, our findings should
be interpreted as reflecting interspecific differences in surface
swimming rather than the full repertoire of aquatic locomotion.
Moreover, many animal species display weakened or changed
behaviours when kept for prolonged time in captivity (Elsbeth
McPhee 2004). Indeed, we observed for Ae. albopictus that
pupae from both laboratory strains (Foshan, maintained in cap-
tivity for 44years (Chen et al. 2015); and Rimini, maintained in
captivity for 21years (Gomulski et al. 2018)) displayed reduced
activity levels compared to wild-collected pupae of this species,
indicating that pupal swimming activity in captive mosquito
populations might attenuate over time. In addition, our exper-
imental setup lacked naturally occurring features, such as con-
specifics, predators, complex physical structures, or sensory
cues. Indeed, little is known about how natural features such
as predator abundance, different types of vegetation and other
environmental cues affect behavioural strategies of mosquito
pupae. A promising avenue for future research, therefore, is to
assess pupal swimming behaviour in natural settings to under-
stand how natural pressures and available sensory information
shape pupal behavioural strategies.

Another limitation of this study is the taxonomic breadth of the
sampled species. Although we examined 11 mosquito species
spanning the genera Aedes, Anopheles and Culex, several species
within these genera belong to closely related groups, and overall,
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they represent only a small fraction of the approximately 3700
described mosquito species worldwide (Wilkerson et al. 2021).
Therefore, the behavioural patterns reported here should be in-
terpreted as evidence for genus-specific differences amongst the
sampled species rather than as universal characteristics of entire
genera.

A more in-depth investigation of pupal swimming behaviour
in natural environments may further allow us to improve the
development of mosquito control strategies. As mosquitoes are
vectors of many life-threatening diseases (Weaver et al. 2018), a
large body of research is attributed to the development and re-
finement of approaches to limit mosquito populations and min-
imise or eliminate vector-induced diseases (Wilson et al. 2020;
Godfray 2013). In addition to control strategies for adults, mul-
tiple measures targeted to mosquito juvenile stages have also
been developed (Lawler 2017). While some of these measures
rely on ingestion, thereby becoming ineffective once the pupal
life stage is reached, other strategies remain effective at both
larval and pupal stages as they rely on different forms of hab-
itat modifications (Lawler 2017). For example, the application
of surface oils or monomolecular films is used to suffocate both
larvae and pupae by preventing them from breathing (Nayar
and Ali 2003). Alternatively, biological predators of mosquito
juvenile stages can be introduced into aquatic habitats to re-
duce population sizes (Shaalan and Canyon 2009; Bhattacharjee
et al. 2008; Griffin and Knight 2012). Our study showed that
mosquito pupae can swim large distances, with some individ-
uals covering approximately 15m in less than 20min, which
suggests that pupae might be able to outswim locally applied
control measures, thereby reducing their effectiveness. A better
knowledge of pupal behavioural strategies in their natural envi-
ronments, in particular how they use their distinctive ability to
actively move through their aquatic habitats, would therefore be
beneficial for improving pupae-targeted control strategies and
understanding how and where best to apply them.

In conclusion, our study revealed distinct, genus-specific dif-
ferences in the surface swimming activity and performance of
mosquito pupae, an often overlooked but important life stage
of the most devastating disease vector worldwide. In particu-
lar, pupae of the genus Aedes are characterised by slow but fre-
quent movement bouts and high explorative behaviour, whereas
Anopheles and Culex display fewer yet faster and longer move-
ment bouts, suggesting that their swimming behaviour could
be evasive rather than exploratory. Understanding how these
differences are tailored by environmental pressures and habitat
types will not only allow us to better understand the ecology of
this heavily studied group of insects but might also be used to
develop and improve mosquito control strategies to prevent dis-
ease transmission.
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FIGURE Al | Pupal body length across all tested species. For each
species, a boxplot visualises the body length distribution, whereas jit-
tered grey circles represent the raw data for each individual. All box-
plots represent the median (horizontal line) and quartiles (upper and
lower boundaries) of a species’ distribution, with the whiskers extend-
ing to the most extreme measurement within 1.5 times the interquartile
range. Letters represent statistically similar groups based on statistical
models assessing body length as a function of either genus or species
and corresponding post hoc analysis (p <0.05), with the first row of co-
loured letters depicting statistically similar groups amongst the three
genera Aedes (red), Anopheles (blue) and Culex (green), whereas the
second row comprising black letters depicts statistically similar groups
amongst all 13 tested species/strains.
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FIGURE A2 | The effect of water temperature on pupal swimming behaviour. Our experimental design included both temperate and tropical
mosquito species reared at different water temperatures. To determine whether differences in water temperature might explain some of the be-
havioural differences observed across all tested mosquito species, we recorded pupae of both the temperate species Aedes detritus (reared at 20°C) as
well as the tropical species Anopheles gambiae (reared at 27°C) both 20°C and 27°C. (a) Body length of all Ae. detritus and An. gambiae pupae used for
this analysis. (b-i) Species-specific variation for the eight analysed behaviours at both 20°C and 27°C: (b) Movement latency (in min). The horizontal,
dashed line at the 20-min-mark visualises the end of the 20-min-long trial period, with data points above this line depicting individuals which did not
move throughout the entire trial. (c) Initial activity, defined as the number of movement bouts within the first 10% (2min) of the trial. (d) Time spent
stationary (in min). The horizontal, dashed line at the 20-min-mark visualises the maximum time a pupae could have remained stationary within the
20-min-long trial period. (e) Total number of observed movement bouts. (f) Total swimming distance (in m). (g) Proportion of arena exploration. (h)
Average movement speed [in body length (BL) s7!]. (i) Average displacement, measured as the mean distance [in body length (BL)] covered per move-
ment bout. (a-i) Each boxplot visualises the distribution for each species at a given temperature, whereas jittered grey points represent raw data. All
boxplots represent the median (horizontal line) and quartiles (upper and lower boundaries) of a species' distribution, with the whiskers extending to
the most extreme measurement within 1.5 times the interquartile range. Symbols above both temperature conditions of a species represent pairwise
comparison based on post hoc analysis, indicated as *p <0.05 or n.s., non-significant.
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TABLE A1 | Output of the statistical analysis investigating variation in the eight behavioural variables on genus- and species-level.

Behaviour Model type Response variable Fly? df 14
Movement latency LM (log-transformed) Genus F=56.76 2 <0.001
Species F=10.49 12 <0.001
Initial activity LM (sqrt-transformed) Genus F=271.08 2 <0.001
Species F=59.52 12 <0.001
Time spent stationary GLM (family =beta) Genus x?=230.54 2 <0.001
Species X*>=362.56 12 <0.001
Number of movement bouts LM (sqrt-transformed) Genus F=382.03 2 <0.001
Species F=93.71 12 <0.001
Total swimming distance LM (sqrt-transformed) Genus F=221.22 2 <0.001
Species F=49.38 12 <0.001
Arena exploration GLM (family = beta-binomial) Genus x*=211.20 2 <0.001
Species x*=266.81 12 <0.001
Average speed LM (log-transformed) Genus F=198.50 2 <0.001
Species F=46.26 12 <0.001
Average displacement GLM (family = gamma) Genus x*=237.13 2 <0.001
Species x>=475.78 12 <0.001

TABLE A2 | Post hoc analysis of the pupal swimming behaviour analysis. Estimated marginal means and statistical subsets for each behaviour

on both species- and genus-level.

Behaviour Category Species/genus Emmean SE df Lower CI Upper CI  Subset

Movement latency Species Aedes aegypti —5.03 0.42 320 —6.25 -3.18 a
Aedes albopictus Foshan —4.98 0.42 320 —-6.19 —3.76 a
Aedes albopictus Rimini —4.59 0.42 320 —-5.80 -3.37 ab
Aedes albopictus wild —5.45 0.42 320 —6.67 —4.24 a
Aedes detritus —4.51 0.44 320 -5.77 —3.24 ab
Aedes koreicus —4.54 0.43 320 —5.78 -3.30 ab
Anopheles funestus -3.39 0.40 320 —4.56 -2.21 be
Anopheles gambiae -1.97 0.38 320 -3.09 —0.86 d
Anopheles stephensi —2.53 0.42 320 —3.74 -1.31 cd
Culex pipiens molestus -1.99 0.37 320 -3.07 -0.91 d
Culex pipiens pipiens —-2.06 0.55 320 —3.66 —0.46 cd
Culex quinquefasciatus -2.14 0.38 320 —3.24 —-1.05 d
Culex torrentium -2.72 0.55 320 —4.32 -1.12 cd
Genus Aedes —4.86 0.17 330 -5.20 —4.52 a
Anopheles —2.61 0.23 330 -3.06 -2.15 b
Culex -2.17 0.22 330 -2.60 -1.74 b

(Continues)
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TABLE A2 | (Continued)
Behaviour Category Species/genus Emmean SE df Lower CI Upper CI  Subset
Initial activity Species Aedes aegypti 7.58 0.39 335 6.45 8.71 c
Aedes albopictus Foshan 9.69 0.39 335 8.56 10.82 d
Aedes albopictus Rimini 9.24 0.39 335 8.11 10.37 d
Aedes albopictus wild 9.60 0.39 335 8.47 10.73 d
Aedes detritus 6.50 0.38 335 5.39 7.61 c
Aedes koreicus 7.33 0.39 335 6.19 8.46 c
Anopheles funestus 4.09 0.36 335 3.04 5.14 b
Anopheles gambiae 2.46 0.34 335 1.47 3.45 a
Anopheles stephensi 3.31 0.39 335 2.18 4.44 ab
Culex pipiens molestus 2.67 0.35 335 1.67 3.68 a
Culex pipiens pipiens 2.38 0.48 335 0.98 3.78 a
Culex quinquefasciatus 2.59 0.34 335 1.60 3.58 a
Culex torrentium 2.87 0.48 335 1.47 4.27 ab
Genus Aedes 8.31 0.17 345 7.90 8.72 c
Anopheles 3.25 0.23 345 2.70 3.80 b
Culex 2.63 0.22 345 2.11 3.15 a
Time spent stationary Species Aedes aegypti 1.32 0.13 Inf 0.95 1.69 cd
Aedes albopictus Foshan 0.99 0.12 Inf 0.64 1.34 bc
Aedes albopictus Rimini 0.91 0.12 Inf 0.57 1.25 b
Aedes albopictus wild 0.23 0.11 Inf —-0.09 0.55 a
Aedes detritus 2.36 0.16 Inf 1.89 2.83 e
Aedes koreicus 1.71 0.14 Inf 1.30 2.11 d
Anopheles funestus 3.19 0.18 Inf 2.67 3.71 f
Anopheles gambiae 3.49 0.18 Inf 2.98 4.00 f
Anopheles stephensi 3.22 0.19 Inf 2.67 3.78 f
Culex pipiens molestus 3.21 0.17 Inf 2.71 3.70 f
Culex pipiens pipiens 3.46 0.24 Inf 2.77 4.16 f
Culex quinquefasciatus 3.46 0.18 Inf 2.96 3.97 f
Culex torrentium 3.47 0.24 Inf 2.77 4.16 f
Genus Aedes 1.21 0.06 Inf 1.05 1.36 a
Anopheles 2.97 0.12 Inf 2.69 3.26 b
Culex 3.03 0.12 Inf 2.75 3.30 b
Number of movement bouts Species Aedes aegypti 20.51 0.96 335 17.72 23.30 d
Aedes albopictus Foshan 24.58 0.96 335 21.79 27.37 e
Aedes albopictus Rimini 24.54 0.96 335 21.75 27.33 e
Aedes albopictus wild 27.74 0.96 335 24.95 30.53 f
Aedes detritus 15.59 0.94 335 12.86 18.33 [¢
Aedes koreicus 18.39 0.96 335 15.60 21.18 cd
Anopheles funestus 7.06 0.89 335 4.47 9.66 b
Anopheles gambiae 4.38 0.84 335 1.94 6.82 a
(Continues)
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TABLE A2 | (Continued)

Behaviour Category Species/genus Emmean SE df Lower CI Upper CI  Subset
Anopheles stephensi 6.40 0.96 335 3.61 9.19 ab
Culex pipiens molestus 5.19 0.85 335 2.72 7.67 ab
Culex pipiens pipiens 4.13 1.19 335 0.68 7.58 ab
Culex quinquefasciatus 4.29 0.84 335 1.85 6.73 a
Culex torrentium 4.43 1.19 335 0.98 7.88 ab
Genus Aedes 21.85 0.45 345 20.78 22.93 b
Anopheles 5.86 0.59 345 4.43 7.28 a
Culex 4.58 0.56 345 3.24 5.93 a
Swimming distance Species Aedes aegypti 68.40 4.13 335 56.36 80.40 de
Aedes albopictus Foshan 72.30 4.13 335 60.30 84.30 de
Aedes albopictus Rimini 76.20 4.13 335 61.14 88.20 e
Aedes albopictus wild 101.40 4.13 335 89.40 113.40 f
Aedes detritus 60.00 4.05 335 48.25 71.80 d
Aedes koreicus 71.10 413 335 59.05 83.10 de
Anopheles funestus 30.00 3.84 335 18.77 41.10 bc
Anopheles gambiae 15.70 3.61 335 5.16 26.20 a
Anopheles stephensi 19.00 4.13 335 6.94 31.00 ab
Culex pipiens molestus 31.20 3.66 335 20.57 41.90 c
Culex pipiens pipiens 20.10 5.10 335 5.25 35.00 abc
Culex quinquefasciatus 22.30 3.61 335 11.83 32.80 abc
Culex torrentium 20.90 5.10 335 6.08 35.80 abc
Genus Aedes 74.80 1.82 345 70.40 79.20 b
Anopheles 21.40 2.41 345 15.60 27.20 a
Culex 24.60 2.27 345 19.20 30.10 a
Exploration Species Aedes aegypti 0.29 0.03 Inf 0.21 0.37 d
Aedes albopictus Foshan 0.30 0.03 Inf 0.22 0.38 d
Aedes albopictus Rimini 0.33 0.03 Inf 0.25 0.42 d
Aedes albopictus wild 0.47 0.03 Inf 0.38 0.57 e
Aedes detritus 0.18 0.02 Inf 0.13 0.26 c
Aedes koreicus 0.30 0.03 Inf 0.22 0.39 d
Anopheles funestus 0.09 0.01 Inf 0.06 0.14 ab
Anopheles gambiae 0.06 0.01 Inf 0.04 0.10 a
Anopheles stephensi 0.07 0.01 Inf 0.04 0.11 ab
Culex pipiens molestus 0.10 0.01 Inf 0.07 0.15 b
Culex pipiens pipiens 0.07 0.01 Inf 0.04 0.13 ab
Culex quinquefasciatus 0.06 0.01 Inf 0.04 0.10 a
Culex torrentium 0.07 0.01 Inf 0.03 0.12 ab
Genus Aedes -0.81 0.06 Inf —-0.96 —-0.66 b
Anopheles —2.47 0.11 Inf -2.74 -2.21 a
Culex -2.41 0.10 Inf —2.66 -2.16 a
(Continues)
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TABLE A2 | (Continued)
Behaviour Category Species/genus Emmean SE df Lower CI Upper CI  Subset
Average speed Species Aedes aegypti 1.81 0.06 320 1.62 1.99 abc
Aedes albopictus Foshan 1.78 0.06 320 1.60 1.96 abc
Aedes albopictus Rimini 1.71 0.06 320 1.53 1.89 a
Aedes albopictus wild 1.73 0.06 320 1.55 1.92 ab
Aedes detritus 1.94 0.07 320 1.75 2.13 c
Aedes koreicus 1.91 0.06 320 1.73 2.10 bc
Anopheles funestus 2.73 0.06 320 2.56 291 f
Anopheles gambiae 2.44 0.06 320 2.27 2.60 e
Anopheles stephensi 2.18 0.06 320 1.99 2.36 d
Culex pipiens molestus 2.81 0.06 320 2.65 2.97 f
Culex pipiens pipiens 2.47 0.08 320 2.23 2.71 e
Culex quinquefasciatus 2.73 0.06 320 2.56 2.89 f
Culex torrentium 2.39 0.08 320 2.15 2.63 de
Genus Aedes 1.81 0.03 330 1.74 1.88 a
Anopheles 2.46 0.04 330 2.36 2.55 b
Culex 2.66 0.04 330 2.58 2.75 c
Average displacement Species Aedes aegypti 1.03 0.08 320 0.79 1.26 a
Aedes albopictus Foshan 0.93 0.08 320 0.69 1.17 a
Aedes albopictus Rimini 0.91 0.08 320 0.67 1.15 a
Aedes albopictus wild 1.14 0.08 320 0.90 1.38 a
Aedes detritus 1.57 0.08 320 1.32 1.82 bc
Aedes koreicus 1.40 0.08 320 1.16 1.64 b
Anopheles funestus 2.16 0.08 320 1.93 2.39 e
Anopheles gambiae 1.78 0.08 320 1.56 2.00 cd
Anopheles stephensi 1.45 0.08 320 1.21 1.69 b
Culex pipiens molestus 2.44 0.07 320 2.23 2.66 f
Culex pipiens pipiens 1.90 0.11 320 1.59 2.22 de
Culex quinquefasciatus 2.08 0.07 320 1.86 2.29 e
Culex torrentium 2.05 0.11 320 1.73 2.36 de
Genus Aedes 1.19 0.04 330 1.09 1.29 a
Anopheles 1.84 0.06 330 1.71 1.98 b
Culex 2.19 0.05 330 2.07 2.32 c
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TABLE A3 | Post hoc analysis of the genus-specific contribution to PC1, PC2 and the PC1-PC2 space of our principal component analysis.
Category Genus emmean SE df Lower CI Upper CI Subset
PC1 Aedes —2.05 0.10 330 —-2.28 -1.81 a

Anopheles 1.44 0.13 330 1.12 1.75 b

Culex 2.01 0.12 330 1.71 2.31 c

PC2 Aedes -0.77 0.12 330 —1.06 —0.48 a
Anopheles -0.11 0.09 330 —0.33 0.10 b

Culex 0.87 0.12 330 0.60 1.15 c

PC1-PC2 space Aedes -1.08 0.06 330 -1.22 —-0.94 a
Anopheles 0.33 0.08 330 0.15 0.52 b

Culex 1.44 0.07 330 1.27 1.62 c

TABLE A4 | Effect of pupal sex and size on tested behaviours.

Behaviour Species Sex Size
Movement latency Aedes aegypti LM: F,=0.46, p=0.506 LM: F,=1.09, p=0.306

Aedes albopictus Foshan
Aedes albopictus Rimini
Aedes albopictus wild
Aedes detritus
Aedes koreicus
Anopheles funestus
Anopheles gambiae
Anopheles stephensi
Culex pipiens molestus
Culex pipiens pipiens
Culex quinquefasciatus
Culex torrentium
Initial activity Aedes aegypti
Aedes albopictus Foshan
Aedes albopictus Rimini
Aedes albopictus wild
Aedes detritus
Aedes koreicus
Anopheles funestus
Anopheles gambiae
Anopheles stephensi
Culex pipiens molestus
Culex pipiens pipiens
Culex quinquefasciatus

Culex torrentium

LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:

F1=0.50, p=0.485
F,=2.20,p=0.152
F,=1.94,p=0.177
F,=0.03,p=0.870
F,=2.52,p=0.127
F,=2.40,p=0.134
F,=1.11, p=0.301
F,=0.12,p=0.730
F,=0.09, p=0.771
F,=0.80,p=0.388
F,=0.01, p=0.905
F,=0.01,p=0.915
F,=0.81,p=0.378
F,=3.39,p=0.079
F;=2.29,p=0.144
F1 =2.17,p=0.154
F,=0.30,p=0.587
F,=0.29, p=0.594
F,=0.87,p=0.359
F,=0.47,p=0.496
F,=1.57,p=0.223
F,=1.60,p=0.215
F,=4.49, p=0.052
F,=0.06,p=0.815

F,=0.03,p=0.877

LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:
LM:

F1=0.13, p=0.722
F,=3.63,p=0.069
F,=0.04,p=0.839
F,<0.01, p=0.982
F,=0.37,p=0.549
F,=0.07,p=0.787
F,=0.66,p=0.424
F,=0.75,p=0.395
F,=0.63,p=0.433
F,=0.30,p=0.593
F,=1.39,p=0.248
F,=0.01,p=0.924
F,=1.27,p=0.272
F,=2.54,p=0.124
F,=2.27,p=0.146
F1=0.03, p=0.869
F,=0.70, p=0.411
F,<0.01, p=0.947
F,=3.03, p=0.092
F,=0.04,p=0.848
F,=0.68, p=0.417
F,=3.43,p=0.074
F,=0.01, p=0.940
F,=0.64,p=0.430

F,=0.23,p=0.637
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TABLE A4 | (Continued)

Behaviour Species

Sex

Size

Time spent swimming Aedes aegypti
Aedes albopictus Foshan
Aedes albopictus Rimini
Aedes albopictus wild
Aedes detritus
Aedes koreicus
Anopheles funestus
Anopheles gambiae
Anopheles stephensi
Culex pipiens molestus
Culex pipiens pipiens
Culex quinquefasciatus
Culex torrentium
Number of movement bouts Aedes aegypti
Aedes albopictus Foshan
Aedes albopictus Rimini
Aedes albopictus wild
Aedes detritus
Aedes koreicus
Anopheles funestus
Anopheles gambiae
Anopheles stephensi
Culex pipiens molestus
Culex pipiens pipiens
Culex quinquefasciatus
Culex torrentium
Distance travelled Aedes aegypti
Aedes albopictus Foshan
Aedes albopictus Rimini
Aedes albopictus wild
Aedes detritus
Aedes koreicus
Anopheles funestus
Anopheles gambiae
Anopheles stephensi
Culex pipiens molestus
Culex pipiens pipiens
Culex quinquefasciatus

Culex torrentium

GLM: y? =1.44, p=0.231
GLM: x? =1.26, p=0.263
GLM: x? =1.15,p=0.283
GLM: x?,=0.17, p=0.684
GLM: x? <0.01, p=0.991
GLM: %, =0.95, p=0.330
GLM: y*,=0.25, p=0.615
GLM: x?,=0.01, p=0.941
GLM: y ,=1.02,p=0.312
GLM: x*,=0.33, p=0.567
GLM: x*,=2.78, p=0.096
GLM: x* =0.18, p=0.669
GLM: x?,=0.71, p=0.401
LM: F,=1.82, p=0.190
LM: F,=1.26, P=0.272
LM: F,=1.83,p=0.189
LM: F,=4.18, p=0.052
LM: F, <0.01, p=0.924
LM: F;<0.01, p=0.981
LM: F;=0.09, p=0.763
LM: F,=0.24, p=0.631
LM: F1 =0.62, p=0.441
LM: F,=0.06, p=0.803
LM: F1 =1.80, p=0.201
LM: F;=0.05, p=0.826
LM: F;=0.23, p=0.639
LM: F,=2.54,p=0.125
LM: F,=1.24,p=0.276
LM: F,=0.71, P=0.407
LM: F,=0.75, p=0.396
LM: F,<0.01, p=0.973
LM: F,=0.01, p=0.942
LM: F,=0.01, p=0.928
LM: F, <0.01, p=0.984
LM: F,=0.07, p=0.787
LM: F,=0.10, p=0.758
LM: F1 =1.78, p=0.204
LM: F,=0.11, p=0.746

LM: F,=0.29, p=0.596

GLM: 42, =0.89, p=0.344
GLM: x2, =2.09, p=0.149
GLM: x?,=0.10, p=0.754
GLM: x2, =0.04, p=0.832
GLM: y? =2.21, p=0.137
GLM: y2, =0.23, p=0.629
GLM: %, =1.66, p=0.198
GLM: x? =0.21, p=0.651
GLM: y*,=0.28, p=0.599
GLM: x*,=0.88, p=0.348
GLM: y*,=1.63, p=0.202
GLM: x*, =1.29, p=0.257
GLM:)(21 =1.57,p=0.211
LM: F,=2.01, p=0.170
LM: F, =3.87, p=0.061
LM: F,=1.11, p=0.302
LM: F,=0.33, p=0.572
LM: F,=0.82,p=0.374
LM: F, =0.03, p=0.865
LM: F;=0.53,p=0.472
LM: F1=0.57, p=0.458
LM: F1=O.99, p=0.331
LM: F,=2.26,p=0.143
LM: F,=0.40, p=0.536
LM: F,=0.32,p=0.576
LM: F,=0.41, p=0.532
LM: F,=1.55,p=0.226
LM: F,=0.72, p=0.407
LM: F,=1.32,p=0.261
LM: F,=0.02, p=0.896
LM: F,=3.70, p=0.066
LM: F,=0.23,p=0.633
LM: F,=2.07, p=0.161
LM: F, =0.10, p=0.749
LM: F, =191, p=0.180
LM: F,=1.88, p=0.181
LM: F, =1.50, p=0.241
LM: F,=0.79, p=0.381

LM: F,=0.10, p=0.755
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TABLE A4 | (Continued)

Behaviour Species

Sex

Size

Exploration Aedes aegypti
Aedes albopictus Foshan
Aedes albopictus Rimini
Aedes albopictus wild
Aedes detritus
Aedes koreicus
Anopheles funestus
Anopheles gambiae
Anopheles stephensi
Culex pipiens molestus
Culex pipiens pipiens
Culex quinquefasciatus
Culex torrentium
Average speed Aedes aegypti
Aedes albopictus Foshan
Aedes albopictus Rimini
Aedes albopictus wild
Aedes detritus
Aedes koreicus
Anopheles funestus
Anopheles gambiae
Anopheles stephensi
Culex pipiens molestus
Culex pipiens pipiens
Culex quinquefasciatus
Culex torrentium
Average displacement Aedes aegypti
Aedes albopictus Foshan
Aedes albopictus Rimini
Aedes albopictus wild
Aedes detritus
Aedes koreicus
Anopheles funestus
Anopheles gambiae
Anopheles stephensi
Culex pipiens molestus
Culex pipiens pipiens
Culex quinquefasciatus

Culex torrentium

GLM: x*, =1.74, p=0.187
GLM: x? =0.30, p=0.584
GLM: x?,=0.95, p=0.330
GLM: x? =0.02, p=0.892
GLM: x? =0.01, p=0.920
GLM: 4, =0.30, p=0.581
GLM: %, =0.22, p=0.642
GLM: x?,=0.07, p=0.786
GLM: y ,=1.21,p=0.271
GLM: x*,=0.25, p=0.618
GLM: x*,=1.97, p=0.160
GLM: x? =0.39, p=0.530
GLM: x? =0.60, p=0.438
LM: F,=0.03,p=0.876
LM: F,=0.09, p=0.772
LM: F,=0.29, p=0.595
LM: F, =54.03, p<0.001
LM: F,=0.05,p=0.818
LM: F,;=0.65, p=0.427
LM: F;=0.94, p=0.340
LM: F1 =1.74,p=0.197
LM: F,=2.74, p=0.111
LM: F,=0.27, p=0.610
LM: F,=0.33,p=0.571
LM: F,=3.46, p=0.073
LM: F;=0.01, p=0.933
GLM: xy*,=1.43,p=0.231
GLM: x* =0.21, p=0.643
GLM: x* =0.19, p=0.662
GLM: % =50.61, p<0.001
GLM: x? =1.46, p=0.227
GLM: x? =0.08, p=0.770
GLM: x? =0.99, p=0.319
GLM: x?,=0.19, p=0.666
GLM: x? =0.42, p=0.515
GLM: x? =0.15, p=0.698
GLM: x*,=0.04, p=0.839
GLM: y 1=0.09, p=0.762

GLM: y ,=0.12,p=0.728

GLM: x?, =0.72, p=0.397
GLM: y2, =1.23, p=0.267
GLM: x*,=0.51, p=0.475
GLM: x2, =0.04, p=0.836
GLM: y? =3.28, p=0.070
GLM: %, =0.03, p=0.874
GLM: %, =0.70, p=0.404
GLM: y? =2.24,p=0.135
GLM: %, =0.15, p=0.700
GLM: y*,=0.61, p=0.436
GLM: y*,=2.02, p=0.155
GLM: x* =1.87, p=0.171
GLM:)(21 =1.41,p=0.236
LM: F,=12.88, p=0.002
LM: F,=8.70, p=0.007
LM: F,=2.32,p=0.141
LM: F,=101.36, p<0.001
LM: F,=20.86, p<0.001
LM: F,=1.71, p=0.205
LM: F,=0.61, p=0.441
LM: F,=1.01, p=0.324
LM: F,=5.64, p=0.026
LM: F,=4.17, p=0.049
LM: F,=0.15, p=0.708
LM: F,=1.47,p=0.234
LM: F,=2.08, p=0.175
GLM: x* =3.89, p=0.049
GLM:){Z1 =0.17, p=0.679
GLM: x*,=1.00, p=0.317
GLM: 2, =36.46, p<0.001
GLM: 2, =17.62, p<0.001
GLM: x2, <0.01, p=0.953
GLM: x2, =0.98, p=0.321
GLM: x2, =0.46, p=0.499
GLM: x2, =2.24, p=0.134
GLM: y? =3.35, p=0.067
GLM: x?,<0.01, p=0.972
GLM: y 1=0.11, p=0.742

GLM: y*,=0.02, p=0.890

Note: Bold entries denote significant outcomes.
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TABLE A5 | Pairwise comparison for the temperature conditions.

Variable Comparison Estimate SE df Ratio D
Body length Ae. detritus 20°C vs. Ae. detritus 27°C 0.07 0.07 109 t=1.02 0.311
An. gambiae 20°C vs. An. gambiae 27°C 0.04 0.07 109 t=0.52 0.607
Movement latency Ae. detritus 20°C vs. Ae. detritus 27°C -0.97 0.66 103 t=-1.48 0.142
An. gambiae 20°C vs. An. gambiae 27°C -0.34 0.61 103 t=0.56 0.576
Initial activity Ae. detritus 20°C vs. Ae. detritus 27°C 0.11 0.63 109 t=0.17 0.868
An. gambiae 20°C vs. An. gambiae 27°C 0.70 0.58 109 t=1.20 0.235
Time spent swimming Ae. detritus 20°C vs. Ae. detritus 27°C -0.13 0.24 inf z=-0.56 0.577
An. gambiae 20°C vs. An. gambiae 27°C —0.53 0.24 inf z=2.18 0.029
Movement bouts Ae. detritus 20°C vs. Ae. detritus 27°C 2.88 1.52 109 t=1.90 0.061
An. gambiae 20°C vs. An. gambiae 27°C 2.55 1.41 109 t=1.81 0.074
Swimming distance Ae. detritus 20°C vs. Ae. detritus 27°C 15.5 6.31 109 t=2.45 0.016
An. gambiae 20°C vs. An. gambiae 27°C 10.7 5.86 109 t=1.82 0.071
Arena exploration Ae. detritus 20°C vs. Ae. detritus 27°C 1.47 0.35 inf z=1.62 0.106
An. gambiae 20°C vs. An. gambiae 27°C 1.46 0.35 inf z=1.55 0.120
Average speed Ae. detritus 20°C vs. Ae. detritus 27°C 0.07 0.11 103 t=0.66 0.512
An. gambiae 20°C vs. An. gambiae 27°C —-0.07 0.10 103 t=0.73 0.467
Average displacement Ae. detritus 20°C vs. Ae. detritus 27°C 0.35 0.15 103 t=2.32 0.022
An. gambiae 20°C vs. An. gambiae 27°C 0.12 0.14 103 t=0.87 0.388

Note: Bold entries denote significant outcomes.
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