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Abstract – In the tropical savannahs with long dry seasons, malaria mosquito populations virtually disappear after the
drying up of breeding sites to reappear in large numbers at the onset of next rainy season. While aestivation and long-
distance migration are proposed as key strategies enabling these vectors to persist through the dry-season, the
physiological, biochemical, and morphological traits underpinning these mechanisms remain insufficiently explored,
particularly under natural field conditions. This study explored seasonal changes in Anopheles coluzzii, An. gambiae,
and An. arabiensis at the onset of the dry season in the harsh savannahs of Burkina Faso, West Africa. Late-instar
immature specimens were collected from two ecologically distinct sites, one with permanent and the other with only
temporary breeding habitats, during the rainy season and the transitional period into the dry season. Larvae were reared
to adulthood under natural conditions and several traits were analysed including ovarian development, sub-cuticular fat
body hypertrophy, body size, and energy reserves. Gonotrophic dissociation was significantly more frequent in
An. coluzzii at the onset of the dry season, indicating a shift toward reproductive arrest. All three species exhibited
increased body size and cuticular fat deposits during the transitional period, though with species-specific differences.
Notably, only An. coluzzii showed significant increases in energy reserves (proteins, lipids, and carbohydrates) during
the transition period. These adaptive responses differed between the study sites, suggesting the influence of breeding
habitats. The findings highlight that species within the An. gambiae complex engage in distinct phenotypic trajectories
at the onset of the dry season, suggesting divergent adaptations and trade-offs in energy acquisition and allocation to
survive during the dry season.

Key words: Malaria vectors, Aestivation, Long-distance migration, Cuticular fat deposit, Body size, Ovarian devel-
opment, Energy reserves.

Résumé – Évolution phénotypique des populations naturelles d’Anopheles gambiae s.l. au début de la longue
saison sèche dans les savanes tropicales du Burkina Faso, en Afrique de l’Ouest. Dans les savanes tropicales à
longue saison sèche, les populations de moustiques vecteurs du paludisme disparaissent virtuellement
après l’asséchement des gîtes larvaires, pour réapparaître en grand nombre au début de la saison des pluies
suivante. Si l’estivation et les migrations sur de longues distances sont considérées comme des stratégies clés
permettant à ces vecteurs de survivre durant la saison sèche, les caractéristiques physiologiques, biochimiques et
morphologiques sous-jacentes à ces mécanismes restent insuffisamment étudiées, notamment en conditions
naturelles. Cette étude explore les variations saisonnières d’Anopheles coluzzii, d’An. gambiae et d’An. arabiensis
au début de la saison sèche dans les savanes arides du Burkina Faso, en Afrique de l’Ouest. Des larves en fin de
stade larvaire ont été collectées sur deux sites écologiquement distincts, l’un présentant des gîtes larvaires
permanents et l’autre uniquement des gîtes temporaires, durant la saison des pluies et la période de transition vers
la saison sèche. Les larves ont été élevées jusqu’à l’âge adulte en conditions naturelles et plusieurs caractéristiques
ont été analysées, notamment le développement ovarien, l’hypertrophie du corps gras sous-cuticulaire, la taille
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corporelle et les réserves énergétiques. La dissociation gonotrophique était significativement plus fréquente chez
An. coluzzii au début de la saison sèche, indiquant un arrêt de la reproduction. Les trois espèces ont présenté une
augmentation de leur taille corporelle et de leurs dépôts de graisse cuticulaire durant la période de transition, avec
toutefois des différences spécifiques à chaque espèce. Notamment, seule An. coluzzii a montré une augmentation
significative de ses réserves énergétiques (protéines, lipides et glucides) durant cette période. Ces réponses
adaptatives différaient selon les sites d’étude, suggérant l’influence des habitats de reproduction. Ces résultats
soulignent que les espèces du complexe An. gambiae adoptent des trajectoires phénotypiques distinctes au début de
la saison sèche, suggérant des adaptations divergentes et des compromis dans l’acquisition et l’allocation d’énergie
pour survivre durant cette période.

Introduction

Despite intensive efforts to curb the disease, malaria
remains a major global health burden. In 2023, 263 million
human cases and 597,000 deaths were reported worldwide
[81]. The majority of this burden is concentrated in African
regions, where about 94% of cases and 90% of total deaths
are reported. The primary malaria vectors in Africa are mosqui-
toes from the Anopheles gambiae s.l. complex and from the
Anopheles funestus species group [76, 85]. Anopheles coluzzii
Coetzee and Wilkerson 2013, (formerly M-form An. gambiae),
An. gambiae Giles (formerly S-form An. gambiae), and
An. arabiensis Patton are the most widespread and efficient
vectors across Africa [9, 10]. These sibling species coexist in
sympatry, but display key differences in traits such as host pref-
erence and larval ecology [9, 57, 84]. For instance, An. gambiae
and An. arabiensis are typically associated with areas that have
temporary breeding sites [11, 74], whereas An. coluzzii favours
more stable, permanent larval habitats [4, 36].

In the West African savannah, the dry season can last for up
to nine months, during which most standing water bodies and
other surface water sources suitable for oviposition and larval
development may completely dry up. This period is charac-
terised by extreme environmental conditions with temperatures
frequently exceeding 35 �C and relative humidity dropping
below 10% [60, 61]. Ongoing climate change, with rising glo-
bal temperatures, is likely to influence the distribution and (re-)
emergence of vector-borne diseases such as malaria, West Nile
fever, and dengue [29, 67, 71]. Understanding the mechanisms
by which malaria vectors survive and persist through such a
harsh dry season is crucial for guiding the development of alter-
native and more effective vector control strategies.

Several insects face harsh and variable environmental
conditions and have thus evolved a wide range of survival
mechanisms to cope with desiccation, heat stress, or food depri-
vation. These strategies include entering dormancy states such
as diapause or quiescence [16, 17, 24, 56, 62, 79] and migration
to areas with more favourable conditions [1, 8, 14, 33]. Several
studies conducted on Anopheles mosquitoes [1, 15, 46–50, 56,
61, 65, 66, 75] support the hypothesis that population persis-
tence during the dry season occurs primarily via aestivation
in the form of adult females, particularly in An. coluzzii, as
opposed to long-distance migration to and from areas with suit-
able breeding sites in An. gambiae and An. arabiensis. Under
unfavourable conditions, the energetic cost of survival is gener-
ally higher, leading to potential trade-offs with other life-history
components [72, 77]. As a consequence, organisms may initiate
preparatory adjustments, including morphological and physio-
logical adaptations in anticipation of these challenging

conditions [2, 42–45, 54, 60]. Alterations in reproductive
physiology, accumulation of fat reserves, changes in wing
morphology, and reallocation of energy resources are among
the most commonly documented traits associated with diapause
[14, 18, 38, 59, 79].

Ovarian development is a physiological process by which
female mosquitoes produce and mature eggs. It comprises
two distinct phases (previtellogenic and vitellogenic stages),
with ovarian development being triggered by the ingestion of
a blood meal. In the absence of a blood meal, there is no pro-
gression beyond the pre-vitellogenic stage. When the ovaries or
follicles of female mosquitoes that have taken a full blood meal
fail to develop, the arrested ovarian development is termed
gonotrophic dissociation [30, 82, 83].

During unfavourable periods, the fat body plays a vital role
in energy storage and metabolic regulation, thus driving
mosquito survival [3, 68]. Seasonal changes in fat body hyper-
trophy characterised by increased fat deposits and enlarged lipid
droplets have been reported in numerous insects, including
mosquitoes [3, 13, 41, 78]. In addition to the fat body, the accu-
mulation of nutritional energy reserves, in particular glycogen
and sugars [3], enables mosquitoes to withstand extended
periods of environmental stress. As large body reserves increase
survival probability, body size also serves as an indicator of
adaptive responses in anticipation of diapause, with larger sizes
often reflecting enhanced survival capacity [5]. Approaches such
as geometric morphometrics, which assess shape, size, and allo-
metric relationships, provide valuable insights into phenotypic
variability under various environmental settings [6, 26, 28, 37].

In the present work, we investigated whether physiological
and morphological changes occur in An. coluzzii, An. gambiae,
and An. arabiensis in anticipation of the dry season, potentially
as adaptive strategies to enhance survival during the prolonged
and harsh environmental period. We hypothesize that i) the
simultaneous occurrence of elevated temperatures, reduced rel-
ative humidity (RH), and increased larval crowding consequent
to the progressive desiccation of aquatic breeding sites at the
onset of the dry season, act as a set of token stimuli (predictive
environmental cues) for mosquitoes, signalling upcoming
inhospitable environmental conditions; ii) these stimuli trigger
a cascade of physiological, behavioural, and morphological
responses in mosquitoes, as a means for their adaptive survival
strategies; and iii) these responses include gonotrophic dissoci-
ation, development of sub-cuticular fat deposits, increased ten-
eral reserves, and larger body size, and may vary across species
and populations sampled from different geographic locations.
Beyond its ecological relevance, a better understanding of these
seasonal survival mechanisms could support the development
of novel malaria vector control interventions.
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Material and methods

Study sites

Two ecologically distinct sites, which differ in terms of
mosquito population dynamics and the seasonal availability
of breeding sites were selected for insect collections. The first
site, Bama (11� 230 N, 4� 240 W), is a rice cultivation area
situated approximately 30 km north of Bobo-Dioulasso (South-
western Burkina Faso, West Africa) (Figure S1). The rice
paddies are constantly irrigated with water from the nearby
perennial Kou River, ensuring the presence of stable aquatic
habitats throughout the year. These environmental conditions
provide permanent habitats for mosquito breeding and are thus
characterized by endemic malaria transmission [12, 35]. In this
locality, An. coluzzii is the predominant malaria vector. The
second site, Soumousso (11� 040 N, 4� 030 W), is a savannah
area located 30 km east of Bobo-Dioulasso (Figure S1). In con-
trast to Bama, Soumousso experiences strong seasonal fluctua-
tions in the availability of breeding sites, which directly
influence vector abundance: An. gambiae and An. arabiensis
are abundant in the rainy season when breeding sites are also
abundant, but are very rarely found during the dry season
due to the disappearance of breeding sites [20, 21, 70]. Follow-
ing mosquito sampling from both study sites, larvae and pupae
were transferred to Bama for transplantation into a large larval
habitat present year-round and where a Vantage Pro2 weather
station (Weatherlink; Davis Instruments, Hayward, CA, USA)
was installed to continuously monitor environmental condi-
tions. Temperature, relative humidity, and rainfall were
recorded at hourly intervals.

Experimental design

The experimental design was divided into two distinct parts.
The first part of the study (Experiment 1) focused on assessing
ovarian development (gonotrophic dissociation), fat body
hypertrophy (including sub-cuticular fat deposit and lipid
droplets), insemination status, and geometric morphometrics
(centroid size). The second part of the study (Experiment 2)
was designed to investigate the dynamics of energy reserve
allocation in adult females during the larval developmental
stage. The overall experimental setup is illustrated in Figure 1.

Experiment 1: Assessment of ovarian
development, fat body hypertrophy,
insemination status, and geometric
morphometrics

The objective of this experiment was to investigate seasonal
phenotypic variation in ovarian development, fat body hyper-
trophy, and centroid size.

Immature specimen sampling and transplantation

Immature mosquitoes were collected from natural larval
habitats at the aforementioned study sites in 2011, during two
key periods: (i) September, hereafter referred to as the rainy
season, and (ii) November to December, hereafter referred to
as the dry season. Aquatic habitats including small rain pools,
cattle hoofprints, footprints, mud holes, and stagnant puddles
near bridges or lowland rivers were surveyed for the presence

Figure 1. Experimental study design: Experiment 1 (left) and Experiment 2 (right).
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of immature mosquitoes. Larvae were collected at both sites
(Bama and Soumousso) using a 350 mL soup ladle and
transferred to large holding containers. Anopheline larvae were
visually sorted, and only late instar stages (third instar to pupa)
were retained and counted. Late-instars were specifically
selected based on the assumption that they had already been
exposed to environmental token stimuli, thereby precondition-
ing the emerging adults to initiate survival-related physiological
responses. To ensure natural larval development under identical
biotic and climatic conditions until adult emergence, larvae
and pupae from both study sites were transferred the same
day and transplanted to a large natural breeding site located
in Bama using transplant cages as described by Diabaté et al.
[22, 23].

Adult emergence and blood feeding

Following adult emergence (between 1 to 3 days after larval
transplantation), mosquitoes were collected in the early
morning for several consecutive days using Drosophila tubes.
Morphological identification was performed using standard
taxonomic keys to confirm adults belonging to the An. gambiae
s.l complex [34]. Identified adults were subsequently transferred
to a large screened greenhouse enclosure (15� 8� 4.5 m) con-
structed with a metal frame and covered by mesh walls and a
netted roof supported by metal structures, as described by
Mamai et al. [61]. This setup effectively exposed mosquitoes
to the prevailing environmental conditions. An equal number
of male and female adult mosquitoes (50:50 sex ratio)
were placed in a 30 � 30 � 30 cm cage to allow mating.
A 10% glucose solution was provided ad libitum as a carbohy-
drate source. For blood feeding, restrained rabbits were
positioned on top of the cage and served as a blood meal source
for females on days 2, 4, 6, 8, and 10 post-emergence. Blood
feeding occurred during the night from 07:30 to 08:30 pm,
after which females were visually observed for the presence
of blood in the abdomen.

Females lacking visible blood meals in their abdomens
were removed and transferred to smaller cages for an additional
one-hour feeding period. Females that successfully fed during
either session were returned to the original cage, while individ-
uals that failed to feed were excluded from the experiment. On
the fourteenth day, mosquito cages were transported from the
greenhouse to the laboratory of the Institut de Recherche en
Sciences de la Santé (IRSS) in Bobo-Dioulasso, Burkina Faso.
Upon arrival at the IRSS, females were promptly knocked
down at �20 �C, after which they were individually isolated
and stored at �80 �C for subsequent analysis.

Physiological and morphological assessments

Legs were carefully removed from each specimen and pre-
served in silica-gel desiccant for species identification using the
SINE PCR method, as described by Santolamazza et al. [73].
The remaining carcasses were dissected under a microscope
(Leica ICC 50) in a drop of physiological saline for the subse-
quent investigations. From a total of 39,016 late-stage immature
mosquitoes collected, 1,946 blood-fed females were success-
fully identified across both study sites and subsequently
included in the analysis.

1) Ovarian development – ovaries were examined to deter-
mine the stage of follicular maturation, following the classifica-
tion system established by Christophers and further refined by
Detinova [19]. Ovarian stages 1 to 3 were observed using
100� and 200� magnification, while stages 4 and 5 were
determined directly under the binocular microscope
(40 � magnification);

2) Fat body hypertrophy (Figure S2) – the presence (Fig-
ure S2-A) or absence (Figure S2-C) of sub-cuticular fat depos-
its, along with associated lipid droplets (Figure S2-B) was
assessed directly under a dissecting microscope;

3) Insemination status – a random subsample of 300
females, drawn from the total females collected at each site
was analysed using the methodology previously reported in
Tripet et al. [80]. The abdomen was excised and immersed in
70% ethanol for 5 days. Subsequently, the spermathecae was
then extracted from the 8th segment and opened to determine
the presence or absence of a sperm ball (which forms upon con-
tact with ethanol);

4) Geometric morphometrics – the left wings of adult
female mosquitoes were gently removed from the thorax using
fine forceps, then dry-mounted onto microscope slides and cov-
ered with coverslips. The prepared slides were allowed to dry
before imaging. Wing photographs were captured using a Leica
binocular microscope equipped with a digital camera connected
to a computer. The images were processed and analysed using
standard geometric morphometric techniques. For each wing,
12 landmarks (vein crosses) were identified and digitised
(Fig. 2) using the COO package of Collecting Landmarks for
Characterization and Identification (CLIC) software [26]. Wing
size was quantified using the isometric estimator known as
“centroid size”, defined as the square root of the sum of the
squared distances of each landmark from the centroid of the
configuration [25]. Centroid size has been widely recognised
as a robust and informative proxy of body size in insects [27,
52, 53].

Experiment 2: Monitoring the dynamics of
energy reserve allocation in newly emerged adult
females

The goal of this experiment was to assess whether environ-
mental conditions during larval development across distinct sea-
sonal phases lead to differential allocation of energy reserves in
newly emerged adult females (within the first hour of their adult
life), prior to any post-emergence feeding or metabolic activity.

Immature specimen sampling

Immature specimens were collected at the aforementioned
study sites from breeding habitats in 2011 during three distinct
seasonal periods: (i) the onset of the rainy season (June), (ii) the
peak of the rainy season (August), and (iii) the onset of the dry
season (November). Only collected pupae were retained and
placed in trays inside emergence cages (30 � 30 � 30 cm),
which were checked regularly until emergence. Newly emerged
female mosquitoes were collected at hourly intervals and imme-
diately flash-frozen in liquid nitrogen to ensure minimal post-
emergence metabolic transformation of larval-derived reserves.
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Upon return to the laboratory, the tubes containing the mosqui-
toes were stored at �80 �C for subsequent analysis of energy
reserves.

Nutrient reserves

Legs were carefully removed from each specimen and
preserved in silica-gel desiccant for species identification using
the SINE PCR method [73]. Following successful molecular
identification, 30 individuals per species, site, and collection
period were used for nutrient quantification. From each
mosquito specimen, the amount of body proteins, lipids, carbo-
hydrates, and glycogen were quantified using colorimetry-based
biochemical assays, following the protocol developed by
Rivero et al. [69] and adapted by Mouline et al. [64].

Briefly, individual mosquitoes were homogenised in 70 lL
of methanol, followed by the addition of 120 lL of methanol.
The resulting homogenate was split into two equal aliquots of
70 lL each, one of which was used for protein quantification.
To the second aliquot, 680 lL of chloroform: methanol (1:2)
and 100 lL of sodium sulfate were added and homogenised.
The final supernatant was divided equally for lipid and carbohy-
drate quantification, while the precipitate was used for glycogen
determination. Protein concentrations were determined using
the Bradford assay, and lipids using the vanillin reagent assay,
while both carbohydrate and glycogen content were determined
using an anthrone-based assay. Metabolite concentrations were
calculated using standard curves specific to each biochemical
compound.

Statistical analysis

All statistical analyses were conducted using R software,
version 4.3.2 (R Development Core Team 2008) along with
the RStudio environment, version 2024.10.31. (RStudio, Inc.
Boston, MA, USA, 2016). For ovarian development, females
were pooled for pre-vitellogenic (i.e. Christophers’ stage
I + II) and vitellogenic (III–V) stages, and Chi-square tests were
used to compare their distribution across species, sites, and
collection periods. Fisher’s exact tests were used to explore dif-
ferences in the distribution of the three phenotypic classes of fat
body hypertrophy across species, sites, and collection periods.
Geometric morphometric analyses were based on landmark

coordinate data, which were subjected to generalised procrustes
superimposition and standard geometric morphometric proce-
dures for multivariate analysis [26–28]. The centroide size
was analysed using a Gaussian linear mixed-effects model, with
season and species as fixed effects.

For nutrient reserves data analysis, one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was
performed using GraphPad Prism, version 5.00. Graphical
representations were produced using Microsoft Excel 2019.
Normality and homoscedasticity of data were verified by
Kolmogorov-Smirnov and Bartlett tests, respectively.

Results

Environmental conditions at the Bama study site

Climatic variables, including monthly average tempera-
tures (�C), relative humidity (%), and total yearly rainfall
(mm), measured at the study site in Bama are presented in
Figure S3. As expected, the area exhibited pronounced fluctua-
tions in temperature and humidity regimes, allowing for the def-
inition of three distinct phases:

(i) Rainy season (from mid-June to mid-October). This
phase accounts for the majority of annual precipitation
(about 740 mm) and is characterized by moderately
low and stable temperatures (e.g. range 22–30 �C), along
with high (>50%) relative humidity levels;

(ii) Transitional period (November–December). This phase
marks the onset of the dry season and is characterized
by substantial diurnal variations, with extreme values
for both temperature (e.g. range 12–35 �C) and relative
humidity (10–93%). The broad thermal amplitude is
attributed to marked night-time cooling, with tempera-
tures occasionally dropping to as low as 10 �C;

(iii) Hot dry season (January to mid-June). This period is
characterised by extreme daytime temperatures (up to
38.4 �C), persistently low relative humidity (~10%),
and a narrower diurnal thermal range compared to the
transitional phase, largely due to elevated night-time
temperatures. Notably, during the transitional period
between rainy and dry seasons (i.e. onset of dry season),
most larval breeding sites dried up at our study sites.

Figure 2. A left wing belonging to a member of the Anopheles gambiae species complex indicating the location of 12 landmarks used in
geometric morphometrics analysis using CLIC software.
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This phase potentially corresponds to the preparatory
stage of aestivation in Anopheles mosquitoes, during
which key physiological adaptations for survival are
likely initiated.

Species composition

A total of 39,016 late-stage immature specimens (L3 to
pupa) belonging to An. gambiae complex were collected across
the two study sites in Experiment 1. PCR analysis successfully
identified 1,946 females 14 days after successful blood feeding.
Species-specific distribution by location revealed that only
An. coluzzii was found in Bama, accounting for 100%
(n = 803) of the females identified at this site. In contrast, among
the 1,143 specimens identified in Soumousso, An. gambiae was
the most abundant, representing 48.47% (n = 554), followed by
An. arabiensis (29.66%, n = 339), and An. coluzzii (21.87%,
n = 250).

Ovarian development

Dissection of the spermathecae from 300 females from both
sites revealed an insemination rate of 98%, indicating that the
observed ovarian development reflects normal reproductive
biology and is not attributable to insemination failure.

Regardless of the season, An. coluzzii was the species that
most efficiently developed eggs beyond ovarian stage 2 (rang-
ing from 65.15 to 80.77%) compared to both An. arabiensis
(51.02–59.91%) and An. gambiae (31.36–31.88%) (Fig. 3,
Table 1). Despite multiple blood meals being provided, 19.23
to 68.64% of female mosquitoes collected at both localities
failed to develop their ovaries beyond Christopher’s stage 2,
indicating a physiological state of gonotrophic dissociation.
Interestingly, An. coluzzii from both sites showed significantly
higher proportions of females in gonotrophic dissociation at

the onset of the dry season than during the rainy season
(v2 = 3.953, df = 1, p = 0.004 and v2 = 5.584, df = 1,
p = 0.018 for Soumousso and Bama populations, respectively).
By contrast, no significant seasonal variation in the proportion
of females in gonotrophic dissociation was evidenced in An.
gambiae (v2 = 0.00066, df = 1, p = 0.979) and An. arabiensis
females (v2 = 1.846, df = 1, p = 0.17) from Soumousso
(Table 1).

Fat body hypertrophy

The proportion of females with subcuticular fat body
hypertrophy in the form of fat deposit was significantly higher
at the onset of the dry season by comparison to the rainy season
across the three Anopheles species, and at both sites for
An. coluzzii (p < 0.05, Fig. 4, Table 1), although this trend
was more marked in Soumousso (temporary) than in Bama
(permanent) (p < 0.05). In turn, the proportion of females with
no evidence for fat body hypertrophy (i.e. no fat deposit) was
higher during the rainy than at the onset of the dry season in
all species, accounting for over 98% of adult An. coluzzii
females collected in Bama during the rainy season. At the onset
of the dry season, very few female mosquitoes were deprived of
lipid reserves in Soumousso, regardless of the species, whereas
in Bama, they still represented over 40% of An. coluzzii
females. The proportion of females showing subcuticular lipid
droplets was highest in Soumousso during the rainy season,
in all three species, although with statistically significant differ-
ences in their distribution between species. It was also the major
phenotypic class observed at the onset of the dry season in
An. arabiensis, as well as in An. coluzzii females from both
sites. The proportion of females with lipid droplets was signif-
icantly higher at the onset of the dry season than in the rainy
season in An. coluzzii in Bama (p < 0.05, Table 1), whereas
An. arabiensis showed no seasonal difference (p = 0.112).

Figure 3. Ovarian developmental stages in female Anopheles coluzzii, Anopheles gambiae, and Anopheles arabiensis during the rainy and at
the onset of the dry seasons, and across two study sites in Burkina Faso. A = Bama (permanent breeding sites); B = Soumousso (temporary
breeding sites).
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Within An. coluzzii, the proportion of females with lipid
droplets was higher at the temporary site (Soumousso) than at
the permanent site (Bama), at both time points (p < 0.05,
Table 1).

Interestingly, at the onset of the dry season in Soumousso,
the proportion of females of all three species in a state of gono-
trophic dissociation were significantly more likely to possess
subcuticular fat deposits and lipid droplets (Fisher test,
p < 0.05).

Adult body size

The isometric estimator of the adult body size, measured as
wing centroid size, is shown in Figure 5. A total of 107 individ-
uals were analysed: An. coluzzii (n = 47), An. gambiae (n = 32),
and An. arabiensis (n = 28). In particular, An. coluzzii exhibited
significantly larger body size at the onset of the dry season
(LMM, df = 45, t = 3.914, p = 3e-04) compared to the rainy sea-
son. However, this difference was not significant in An. gambiae
(LMM, df = 30, t = 1.028, p = 0.312) and An. arabiensis

(LMM, df = 26, t = 0.783, p = 0.441). Across all seasons,
An. arabiensis females were significantly larger than An. coluz-
zii (LMM, df = 73, t = �4.301, p = 1e–04) and An. gambiae
females (LMM, df = 58, t = �5.199, p < 0.005).

Nutrient reserves

At each study site, only one species was found (collected)
in sufficient numbers for analysis, i.e. An. coluzzii from Bama
(permanent breeding sites) and An. gambiae from Soumousso.
As a result, analyses were unfortunately restricted to these two
mosquito species. The results presented in Figure 6 revealed
significant seasonal variation in nutrient reserves (ANOVA,
F = 28.39, df = 11, p < 0.001 and F = 19.17, df = 11,
p < 0.001, respectively for An. coluzzii and An. gambiae). In
An. coluzzii, protein, lipid, and carbohydrate contents were
significantly lower during the peak of the rainy season (August)
compared to the onset of the rainy season (June) (Fig. 6,
Tukey’s post hoc test, p < 0.005), while glycogen levels
remained stable. At the onset of the dry season (November),

Table 1. Statistical analyses comparing the effects of season, locality, and species on phenotypic traits in Anopheles mosquitoes. Results
present probabilities from Chi-square (v2) tests for gonotrophic dissociation, Fisher’s exact tests for fat body hypertrophy (lipid droplets and fat
deposits), and linear mixed model (LMM) analyses for wing centroid size. Significant differences (p < 0.05) indicate the influence of season
(rainy vs. dry), study locality (Bama vs. Soumousso), and interspecific variation (Anopheles coluzzii, Anopheles gambiae, and Anopheles
arabiensis) on these traits.

Parameters Type of comparison Species and/or locality p-value

Gonotrophic dissociation Rainy season vs dry season An. coluzzii (Bama) 0.018
An. coluzzii (Soumousso) 0.046
An. gambiae (Soumousso) 0.979
An. arabiensis (Soumousso) 0.174

Permanent site vs temporary site An. coluzzii 0.452
An. coluzzii vs An. gambiae Soumousso 4.156e-11
An. coluzzii vs An. arabiensis Soumousso 0.026
An. gambiae vs An. arabiensis Soumousso 0.002

Lipid droplets Rainy season vs dry season An. coluzzii (Bama) < 2.2e-16
An. coluzzii (Soumousso) 0.002
An. gambiae (Soumousso) 0.028
An. arabiensis (Soumousso) 0.112

Permanent site vs temporary site An. coluzzii 8.963e-05
An. coluzzii vs An. gambiae Soumousso 2.288e-10
An. coluzzii vs An. arabiensis Soumousso 1
An. gambiae vs An. arabiensis Soumousso 0.027

Fat deposits Rainy season vs dry season An. coluzzii (Bama) 0.0001
An. coluzzii (Soumousso) 1.412e-06
An. gambiae (Soumousso) < 2.2e-16
An. arabiensis (Soumousso) < 2.2e-16

Permanent site vs temporary site An. coluzzii 9.337e-15
An. coluzzii vs An. gambiae Soumousso 2.816e-12
An. coluzzii vs An. arabiensis Soumousso 0.003
An. gambiae vs An. arabiensis Soumousso 0.007

Adult centroid size Rainy season vs dry season An. coluzzii 3e-04
An. gambiae 0.312
An. arabiensis 0.441

An. coluzzii vs An. gambiae Soumousso 0.092
An. coluzzii vs An. arabiensis Soumousso 0.129
An. gambiae vs An. arabiensis Soumousso 0.001
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protein, lipid, and carbohydrate reserves significantly increased
relative to the levels observed in the peak of the rainy season
(August) (Tukey’s post hoc test, p < 0.005). In contrast,
An. gambiae exhibited no significant changes in protein, lipid,
and carbohydrate contents between the onset (June) and
the peak (August) of the rainy season (Tukey’s post hoc test,
p > 0.005). At the onset of the dry season, lipid and glycogen
levels remained unchanged, whereas carbohydrate levels
decreased and protein levels increased significantly (Tukey’s
post hoc test, p < 0.005). Overall, An. coluzzii accumulated
higher nutrient reserves than An. gambiae, both at the onset
of the rainy season and at the onset of the dry season (Tukey’s
post hoc test, p < 0.005).

Discussion

Previous and recent studies have provided compelling
evidence that certain members of the An. gambiae s.l. complex
can persist over the duration of the dry season in tropical savan-
nahs through mechanisms such as aestivation or long-distance
migration [1, 15, 56, 61, 63]. However, the physiological,
biochemical, and morphological traits underpinning these
survival strategies remain insufficiently explored, particularly
under natural field conditions. In this study, we investigated
physiological (gonotrophic dissociation, fat-body hypertrophy),
biochemical (level of glycogen, sugars, proteins, and lipids),
and morphological (body size) traits in mosquito populations
from two ecologically distinct sites in Bobo-Dioulasso (Burkina
Faso, West Africa), during the rainy season and at the onset of
the dry season, with the aim of identifying signatures of adap-
tations to the harsh period.

Anopheles coluzzii females collected from Soumousso
exhibited a significantly higher incidence of gonotrophic disso-
ciation at the onset of the dry season compared to the rainy sea-
son. In these females, ovaries remained in the pre-vitellogenic
stage of development (up to stage 2 according to Christopher’s
classification) despite the ingestion of multiple blood meals,
indicating a state of reproductive arrest. These findings are
consistent with previous studies reported by Yaro et al. [86],
who documented gonotrophic dissociation in An. coluzzii
collected indoors during the dry season in an arid region of
Mali. In that study, reproductive arrest was not limited to
arrested ovarian development, but also involved suppressed
oviposition, even in females with fully developed eggs. Similar
trends of gonotrophic dissociation had previously been reported
in An. arabiensis in the Sudan [65], in hibernating females of
An. earlei [32] and in An. punctipennis [58], suggesting broader

Figure 4. Proportion of Anopheles coluzzii, Anopheles gambiae, and Anopheles arabiensis females with sub-cuticular fat body hypertrophy
collected from two different sites of Burkina Faso. A = permanent (Bama); B = temporary (Soumousso). See Supplementary Material S2 for
phenotype description.

Figure 5. Wing centroid size in Anopheles coluzzii, Anopheles
gambiae, and Anopheles arabiensis collected during the rainy season
and at the onset of the dry season at two sites in Burkina Faso.
Different letters indicate statistically different p-values.
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ecological relevance of this strategy among Anopheles species
facing unfavourable environmental conditions.

The results of this study did not show significant seasonal
variation in gonotrophic dissociation in either An. gambiae
and An. arabiensis. Moreover, a surprisingly high proportion
of females from both species exhibited gonotrophic discordance
even during the rainy season, when environmental conditions
are generally most favourable for reproduction. This has been
observed in An. gambiae under insectary conditions, where
reduced ovarian maturation was noted compared to An. coluzzii
[64]. Anopheles gambiae and An. arabiensis, which typically
colonise temporary habitats, may have evolved more plastic
reproductive responses than specific dry-season survival
strategies. This plasticity is likely shaped by a combination of
complex factors, including carryover effects from larval envi-
ronments such as intense competition for food, exposure to sub-
lethal stressors, or predation pressure. Additionally, certain
genotypes within these populations may be inherently more
prone to exhibit gonotrophic discordance. The assumption
that An. gambiae might be more physiologically sensitive to

environmental stressors than An. coluzzii and An. arabiensis
cannot be excluded, especially given the well-documented
difficulties in establishing stable insectary colonies of the latter
species. However, these hypotheses deserve further
investigation.

Fat body hypertrophy (characterised by a subcuticular fat
layer) and the presence of lipid droplets were observed in
females of the three species, with the highest prevalence in
An. gambiae. In holometabolous insects, fat body serves as a
key metabolic organ, functioning as the principal site for the
storage of lipids, glycogen, and protein. Lipid accumulation
leads to hypertrophy of the fat body, a condition known to
enhance survival in hibernating Culex pipiens (Diptera: Culici-
dae) females [3]. Moreover, lipids represent the primary energy
reserves utilised during insect diapause [41]. In Anopheles mes-
seae, fat body formation during hibernation has been attributed
to nutrients derived from either larval feeding or adult blood
meals [51]. The accumulation of such reserves is recognised
as a prerequisite for diapause induction in many insects
[13, 41]. Ultimately, the survival of an individual during

Figure 6. Nutritional reserves (mean ± SE) in newly emerged Anopheles coluzzii and Anopheles gambiae. Different letters indicate significant
differences in means (t-test, p < 0.05).
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adverse conditions, such as the extended dry season, depends
largely on its capacity to acquire and store sufficient energy
to compensate for resource deficits. Supporting this, lipid accu-
mulation has been reported in Drosophila under nutrient stress
[7] and in An. gambiae under desiccation stress [40].

Interestingly, our study also revealed phenotypic variation
between the two selected study sites. Although the two locali-
ties display similar trends in climatic conditions, they differ
markedly in the temporal availability of aquatic habitats.
Soumousso represents a typical wet savannah environment,
where breeding sites are exclusively rainfall-dependent, result-
ing in vector breeding activity that closely follows the rainy
season. In contrast, Bama is characterised by irrigated rice
cultivation, which ensures the presence of permanent breeding
sites throughout the year, allowing for continuous mosquito
proliferation. The phenotypic variation observed in An. coluzzii
between temporary vs. permanent breeding sites likely reflects
its remarkable adaptability to anthropogenic environments and
underscores its ecological plasticity. The capacity to colonise
permanent water bodies may enable An. coluzzii to maintain
reproductive activity even during the dry season. Thus, in areas
where permanent breeding sites are present year-round, this
species could invest either in survival by accumulating nutrient
reserves or continued reproduction. Conversely, in areas where
oviposition sites disappear during the dry season, a significant
proportion of individuals may shift their physiology towards
a state of gonotrophic discordance, as suggested by our results.

Newly emerged An. coluzzii accumulated significantly
higher levels of lipids, sugars, glycogen, and protein during
the transitional period (i.e. at the onset of the dry season) com-
pared to the rainy season. This substantial accumulation of
energy reserve likely reflects the enhanced ability of this species
to cope with desiccation stress, thereby promoting greater adult
survival, as previously demonstrated by Lee et al. [55]. Such
physiological conditioning may contribute to its continuous
presence in Bama throughout the year [4, 36] and also suggests
a potential capacity for aestivation in response to the temporary
nature of breeding habitats in Soumousso [56]. However, it
should be noted that nutrient reserves in experiment 2 were
expressed in mg/mL without standardisation to mosquito body
size or weight, which represents a limitation of this study.
Consequently, variations between seasons or species may partly
reflect differences in mosquito size rather than true physiologi-
cal differences. Future studies should include size- or mass
adjusted biochemical quantification to more accurately assess
seasonal or species-specific metabolic strategies.

As expected in our study, females collected at the onset of
the dry season exhibited significantly larger body sizes than
those collected during the rainy season, particularly in
An. coluzzii. Body size was assessed using centroid size, a geo-
metric morphometric measure considered to be a more informa-
tive and efficient estimator of body size compared to traditional
metrics, such as wing length [52, 53]. The higher body size
observed in An. coluzzii supports the general hypothesis that
under adverse environments, natural selection would favour
larger phenotypes. An alternative explanation for the observed
size variation is diapause preparation for aestivation. Benoit
and Denlinger [5] indeed demonstrated that diapausing
individuals tend to exhibit greater body sizes compared to their

reproductively active counterparts. Additionally, it is known
that body size at emergence is closely linked to the quality of
larval nutrition, and larger individuals are more resistant to
desiccation [31, 39]. Therefore, the increased body size
observed in An. coluzzii at the onset of the dry season may indi-
cate a physiological adaptation involving the accumulation of
substantial energy reserves in anticipation of the dry period.

Based on these results, we cannot definitively separate the
assumptions of aestivation and long-distance migration as
alternative survival strategies employed by different Anopheles
species. Phenotypes such as fat body hypertrophy, documented
here to the best of our knowledge for the first time in
Anopheles, and gonotrophic dissociation, while commonly
associated with aestivation/diapause, are not exclusive indica-
tors of this state and may also occur in individuals preparing
for migratory behaviour. It is plausible that the accumulated
lipid reserves serve as an energy source for sustained flight,
while the observed subcuticular fat deposition in all three
species may reflect preparatory physiological adaptations for
migration toward more favourable habitats. Future studies inte-
grating ecological tracking methods such as mark-release-
recapture, with the identification of molecular or genetic
biomarkers, would enhance our understanding of aestivation
and migratory behaviours in An. gambiae s.l.

Conclusion

Several physiological, biochemical, and morphological
changes are triggered in An. gambiae s.l. mosquitoes at the
onset of the dry season in the tropical savannahs of Burkina
Faso, West Africa. The observed inter- and intra-specific vari-
ability in the expression of these traits likely reflects differential
trade-offs in resources acquisition, allocation and utilisation,
enabling populations to cope with environmental stressors
and ecological constraints associated with seasonal changes.
Unravelling the biological mechanisms underpinning the
population dynamics of major human malaria vectors in tropi-
cal Africa is key to sustainable disease prevention and control,
especially in a context of climate change and global warming.
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