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Anopheles gambiae and Anopheles coluzzii, often found in sympatry and synchronous, have undergone a 
premating reproductive isolation across their distribution range. However, in the Western coast of Africa, unex-
pected hybridization zones have been observed, and little is known about swarming behavior of these cryptic 
taxa. Here, we characterized the swarming behavior of An. coluzzii and An. gambiae to investigate its role in 
the high hybridization level in Senegal. The study was conducted in the south and central Senegal during the 
2018 rainy season. Mating swarms of malaria vectors were surveyed at sunset and collected using an insect 
net. Meanwhile, indoor resting populations of malaria vectors were collected by pyrethrum spray catches. 
Upon collection, specimens were identified morphologically, and then members of the An. gambiae complex 
were identified at the species level by polymerase chain reaction (PCR). An. gambiae swarmed mainly over 
bare ground, whereas An. coluzzii were found swarming above various objects creating a dark–light contrast 
with the bare ground. The swarms height varied from 0.5 to 2.5 m. Swarming starting time was correlated 
with sunset whatever the months for both species, and generally lasted about 10 min. No mixed swarm of An. 
gambiae and An. coluzzii was found even in the high hybridization area. These results indicated a premating 
isolation between An. coluzzii and An. gambiae. However, the high hybridization rate in the sympatric area 
suggests that heterogamous mating is occurring, thus stressing the need for further extensive studies. 
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Introduction

Despite decades of control efforts, malaria remains a major public 
health problem worldwide, but affecting mainly the African conti-
nent where pregnant women and children under 5 remain the most 
vulnerable groups (WHO 2021). Furthermore, existing malaria con-
trol interventions, including the core vector control tools such as 
long-lasting insecticidal nets and indoor residual spraying, are facing 
serious challenges with the widespread insecticide resistance in 

natural populations of main malaria vectors (Ranson and Lissenden 
2016, Diouf et al. 2020, Gueye et al. 2020). Furthermore, vectors 
have become more resilient to core indoor interventions among 
others, behavioral changes, avoiding the contact with insecticide 
(Pates and Curtis 2005, Moiroux et al. 2012, 2014, Sougoufara et al. 
2014), thus leading to the increase of residual malaria transmission 
(Killeen 2013, Moshi et al. 2018). This situation therefore requires 
the development of innovative control measures in addition to the 
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current interventions to reduce malaria transmission and to drive 
toward malaria elimination goal. So far, alternative control methods 
such as genetically modified mosquitoes and the release of sterile 
males are likely the most promising strategies to achieve the elimina-
tion goal (Ito et al. 2002, Dame et al. 2009). However, prior to their 
application, both approaches require a fine understanding of the bi-
ology of the targeted species, especially their reproductive behavior 
and genetic structure (Assogba et al. 2010, Lanzaro and Lee 2013, 
Diabate and Tripet 2015).

Throughout the sub-Saharan Africa, including Senegal, 3 of the 
known sibling species of Anopheles gambiae s.l. (An. gambiae, An. 
Coluzzii, and An. arabiensis) play a major role as malaria vectors 
across their distribution range (Coetzee et al. 2013, Niang et al. 
2018, Sy et al. 2018). Indeed, the complex includes 10 morpholog-
ically indistinguishable sibling species including An. arabiensis, An. 
gambiae, An. coluzzii, An. melas, An. merus, An. quadriannulatus, 
An. amharicus, An. comorensis, An. bwambae, and An. fontenillei 
(Barrón et al. 2019) which emerged through an ecological speciation 
process. This ecological divergence likely seems to be still ongoing 
with the recent description of the incipient species An. coluzzii and 
An. gambiae previously known as the M and S molecular forms, 
respectively (Coetzee et al. 2013). Indeed, recent molecular and ge-
netic studies have shown that, the hybridization rate between the 2 
incipient species is extremely rare and lower than 1% when existing 
in most parts of their distribution area, particularly in the western 
and central Africa (Torre et al. 2001, Tripet et al. 2001, Sawadogo 
et al. 2014, Pombi et al. 2017) clearly indicating a reproductive iso-
lation of their natural populations. Then, the 2 species are thought 
to be separated by a combination of strong mating barriers (Tripet 
et al. 2001, Diabate et al. 2009, Dabire et al. 2013) and selection 
against hybrids (Niang et al. 2015). Previous studies on the mating 
barriers between An. gambiae and An. coluzzii shows strong assort-
ative mating occurring via spatial swarm segregation (Diabate et al. 
2009, Sawadogo et al. 2014) and, within swarms, by short-range 
recognition mechanisms. Wing beat frequency producing specific 
flight-tones (Baeshen 2022) and cuticular hydrocarbons acting as 
contact pheromones (Adams et al. 2021) are thought to play an im-
portant role in these mechanisms. However, along the Western coast 
of Africa, several hybrid zones where gene flow is higher (Oliveira et 
al. 2008, Niang et al. 2014; Caputo et al. 2016), have been shown 
suggesting either reduced selection pressure against hybrids or a dif-
ferent mating behavior. At present, higher than expected hybridiza-
tion rate is well demonstrated, but little is known about swarming 
behavior of these cryptic taxa in the Western coast of Africa.

The studies of the swarming behavior of An. coluzzii and An. 
gambiae have shown strong premating barriers between the 2 spe-
cies through a disruptive selection schema with segregate swarming 
sites (Diabate et al. 2003, Poda et al. 2019). While An. coluzzii 
exploits various markers for swarming, An. gambiae is mostly 
found on bare ground (Diabate et al. 2009, 2011). The disruptive 
selection also act at different swarming heights and times through 
which heterogamous mating is normally avoided between An. 
gambiae and An. coluzzii partners (Charlwood and Jones 1979, 
Sawadogo et al. 2014). However, the genetic isolation can be some-
times broken leading to heterogamous mating between An. gambiae 
and An. coluzzii into few mixed swarms (Diabate et al. 2006, 
Dabire et al. 2013, Sawadogo et al. 2014). Nevertheless, the rates 
of mixed mating pairs and interspecific inseminations recorded in 
natural swarms were very low or inexistent, suggesting an assort-
ative mating between the 2 species (Dabire et al. 2013, Niang et 
al. 2015). Moreover, an ecological divergences in the larval habitat 
segregation and the avoidance of predators between the 2 species 

have also been well demonstrated (Diabaté et al. 2008, Gimonneau 
et al. 2012, Niang et al. 2020). Over the year, An. gambiae peaks at 
rainy season and is more associated with temporary rain-dependent 
larval breeding sites while An. coluzzii predominates more in most 
arid areas colonizing preferentially semi-temporary and temporary 
breeding sites such as rice fields (della Torre et al. 2005; Lehmann 
and Diabate 2008, Diabaté et al. 2008).

Whatever the mechanisms involved in the reproductive isola-
tion between An. coluzzii and An. gambiae, it is likely broken at the 
westernmost western African region compared to the other regions 
over their distribution range (Oliveira et al. 2008, Nwakanma et al. 
2013, Niang et al. 2014, Caputo et al. 2021). Indeed, in the “Far 
west Africa”, higher than expected levels of hybrid frequencies have 
been reported, with 7% in Senegal (Niang et al. 2014), over 7% in 
Gambia, and 19–24% in Guinea Bissau (Caputo et al. 2008, Oliveira 
et al. 2008). This suggests the existence of pre and/or postmating 
factors increasing interspecific mating between An. coluzzii and An. 
gambiae. One of the prevailing hypotheses is that different swarming 
behaviors favoring heterogamous mating in the “Far west Africa” 
explain the higher than expected gene flow between the 2 species 
(Nwakanma et al. 2013, Niang et al. 2014).

The current study was undertaken to characterize the swarming 
behavior of An. coluzzii and An. gambiae across their sympatric 
versus allopatric distribution range in the south and central regions 
of Senegal to unravel potential factors breaking the reproductive iso-
lation between the 2 species.

Materials and Methods

Study Area
Three health districts were selected in the center (Fatick) and the 
south-east (Tambacounda and Kedougou) of Senegal. In each of the 
selected district, 2 villages were chosen based on their distinctive ec-
ological and entomological features (Fig. 1).

The villages of Kouar (13°18ʹ59.6″N, 13°33ʹ50.6″W) and Sare 
Sidy (13°25ʹ18.9″N, 13°40ʹ48.1″W), located in the health district 
of Tambacounda, were selected as a sympatric area of An. coluzzii 
and An. gambiae with higher than expected level of hybridization 
(0.7–6.7%) compared to elsewhere in the country (Niang et al. 2014, 
2016). The study area is located next to the Gouloumbou River, in a 
wetland characterized by tree-shrubby savannah and irrigated cultivated 
landscapes, with the presence of numerous large and permanent water 
bodies as previously described (Niang et al. 2014, 2016). The climate 
is Sudanian, with a rainy season lasting from June to October, during 
which temperatures are irregular, averaging around 28 °C (ANSD 2018).

The localities of Silly (12°32ʹ33.1″N, 12°16ʹ14.1″W) and 
Bandafassi (12°32ʹ18.6″N, 12°18ʹ35.4″W) located in the south-
eastern health district of Kedougou, were chosen as an allopatric 
area (or area of predominance) for An. gambiae (Fall 2016). Both 
health districts belong to the Sudan-Guinean climatic domain, 
where the rainy season lasts from June to October with a peak in 
August–September.

In the third health district of Fatick, the localities of Toubanding 
(13°43ʹ29.7″N, 16°25ʹ24.9″W), and Passy (13°41ʹ56.2″N, 
16°23ʹ44″W) were selected as an allopatric area (or area of pre-
dominance) for An. coluzzii (Niang et al. 2014, Gueye et al. 2020). 
The area is in the coastal zone of the country belonging to Sudan-
Sahelian climatic domain where the rainy season lasts from June to 
October with low and irregular rainfall. The study area has the par-
ticularity of being crossed by the river of Nema, creating a specific 
microenvironment characterized by the presence of permanent mos-
quito larval sites.
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Swarms Survey and Collection
The study was conducted during the rainy season from August 
to October 2018. Swarm’s observations were conducted during 3 
successive days per month in each of the study villages except for 
Kouar and Sare Sidy in the Tambacounda health district, where 
observations were missed in the month of September due to logis-
tical issue. Swarm observers and collectors were hired and trained 
to carry out the survey and mosquito collection from the identified 
swarm. Once a specific or potential swarm marker is located 
throughout the villages, it was followed up every evening over 3 
successive days. Once a swarm is detected, its marker locations is 
georeferenced using a global position system with 2 m positional 
accuracy and mapped using the QGIS 3.4 software version. Swarm 
observations started at sunset and was performed by observers 
posted towards and checking the lightest part of the sky from 0.5 to 
4 m above the ground level. Once located, with the apparition of the 
first male known as the precursor, the size of the surveyed swarms 
was evaluated (10 ± 2 min after), and the approximate number of 
swarming males was estimated. The height of each swarm from the 
ground was estimated using a rod graduated from 1 to 3 m. The 
number of mating pairs were counted as soon as spotted as they 
leave the swarm forming a bigger dot easily visible with naked eyes. 
Swarming males and mating pairs were sampled from swarms using 
a net as described previously (Diabate et al. 2009), aspired from the 
net and transferred into a cup containing cotton soaked with chlo-
roform to kill them. Then, species were identified morphologically 
and kept individually in labeled 1.5 ml Eppendorf tubes with silica 
gel desiccant.

During the survey, parameters related to the swarming behavior 
were recorded, including the swarm marker, the start and end times of 
swarming activity, swarm size, and height above the ground. The sunset 
times were recorded in the field and confirmed on https://www.sunrise-
and-sunset.com website every day for each study site. The swarming 
beginning time of each swarm was also recorded in each of the study 
sites and a simple correlation was done between these 2 parameters. 
The collected specimens morphologically identified as An. gambiae s.l., 
were further identified in the laboratory by polymerase chain reaction 
(PCR) to distinguish the complex sibling species (Wilkins et al. 2006).

Indoor Resting Collection
Pyrethrum spray collection was performed in the morning of the 
second day of the survey in 10 randomly selected human dwellings 
nearby the identified swarming sites in each of the study villages to 
estimate the relative frequency of An. coluzzii, An. Gambiae, and 
their hybrids. The collection was done from August to October, ex-
cept in Tambacounda where sampling was missed in September as 
explained above. Upon collection all specimens were morphologi-
cally identified using dichotomous identification keys of Gillies et De 
Meillon (Gillies and De Meillon 1968), stored individually in 1.5 ml 
Eppendorf tubes with silica gel then subsequently identified to spe-
cies level by PCR (Wilkins et al. 2006).

Characterization of Swarming Markers
Since previous studies have shown that each An. gambiae species 
mate in flight over a specific physical objects that contrast with 

Fig. 1. Putative swarm locations of An. gambiae s.l. species surveyed over the time in each of the study areas.
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the ground or over the ground (Diabate et al. 2009), all previously 
described potential swarming landmarks have been identified and 
recorded on the first day of this current survey in each of the study 
villages. Then, these recorded putative swarming markers were sub-
sequently monitored during the sunset over 3 consecutive days per 
month. Once positive, the markers were recorded, geolocated, and 
further characterized regarding the type of landmark, the times of 
swarm initiation and dispersal as well as its duration, the swarm size 
and height above the landmark to describe the swarming behaviors 
of each of the studied incipient species in across their sympatric 
versus allopatric zone in Senegal. To better understand the role of 
physical markers for swarm site selection by the different species, 
positive swarm markers were photographed and characterized as 
described in previous works (Diabate et al. 2009, Assogba et al. 
2014, Sawadogo et al. 2014). The visual markers used by mos-
quito males for swarming in different sites were split into 5 types 
including, bare ground, grass, wood, waste and well (Fig. 3A).

Data Analysis
Swarm height, duration, and markers were compared between An. 
coluzzii and An. gambiae using the Wilcoxon test and Student’s t-test. 
Their sizes were estimated at the swarming peak and compared be-
tween the 2 species and study areas. Swarm duration was calculated 
as the lag time in minutes between the starting time and the ending 
time for each observed swarm.

Statistical analysis and correlation tests using the Kendall cor-
relation test were performed with a significance level of 0.05. All 
the statistical analysis were done using the R 3.5.2 software version.

Results

Location of Swarming Sites in the Study Areas and 
Swarm Collection
Geographic coordinates used to map the swarming sites in the 3 
study districts of Kedougou, Tambacounda, and Fatick showed that 

the distribution of swarming sites was not homogeneous throughout 
the study villages but rather aggregated at specific locations (Fig. 1). 
Remarkably, swarming likely occurs either inside (11%) or outside 
(89%) the courtyards, and only within the boundaries of the villages 
where they were observed (Fig. 1).

Overall, 197 males were collected from 32 swarms across dif-
ferent areas. Of these, 22 were specific to An. gambiae, 6 to An. 
coluzzii, and 4 to An. arabiensis. Noteworthy, no mixed swarm was 
found over the area during the study period (Table 1).

In the district of Kedougou, chosen as the allopatric area of An. 
gambiae, only swarms of An. gambiae were found during the study 
period. These consisted of 15 swarms in Kedougou, 10 in Bandafassi, 
and 5 in Silly. Conversely, 4 swarms with only An. coluzzii were re-
corded in Passy (Fatick), selected as an allopatric area for this spe-
cies. While in the sympatric area of Tambacounda, swarms of both 
species were found in Kouar with 1 of An. gambiae and 2 of An. 
coluzzii. However, in the study village of Sare Sidy, only An. gambiae 
swarms (n = 5) were found.

Over the time, a temporal variation in the number of swarms was 
noted, the highest numbers were observed in August and September 
while the lowest number was recorded in October except in Kouar 
(Tambacounda) where swarms were only found in October (Table 1).

Species Composition of the Indoor Resting 
Populations
Overall, 819 specimens of An. gambiae s.l. were collected resting 
inside the randomly selected human dwellings in each of the study 
site of the 3 areas. Subsequent molecular analysis showed that An. 
arabiensis was found in all the different study areas and was mostly 
predominant in Fatick, while An. melas was only found in Fatick 
(Table 2).

Contrary to the swarming populations, the resting populations 
in Kedougou and Fatick revealed the concomitant presence of 
resting An. gambiae and An. coluzzii specimens. The hybrids of the 
2 species were found in Passy (Fatick) and Tambacounda. In the 

Table 1. Monthly number of collected swarms and their species composition in different villages of Tambacounda, Kedougou, and Fatick 
from August to October 2018 except September in Tambacounda

Areas Villages Mois

Number of swarms

aAn. arabiensis aAn. coluzzii aAn. gambiae bMixed

Tambacounda Kouar August 0 0 0 0
September – – – 0
October 0 2 1 0

Sare Sidy August 0 0 5 0
September – – – 0
October 1 0 1 0

Kedougou Bandafassi August 0 0 2 0
September 0 0 6 0
October 0 0 2 0

Silly August 0 0 4 0
September 0 0 1 0
October 0 0 0 0

Fatick Toubanding August 3 0 0 0
September 0 0 0 0
October 0 0 0 0

Passy August 0 0 0 0
September 0 3 0 0
October 0 1 0 0

aMonospecific swarms comprised of An. arabiensis, An. gambiae or An. coluzzii individuals.
bMixed swarms comprised of at least 2 species individuals.
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region of Kedougou, An. gambiae was the most predominant spe-
cies representing 87.5% in Bandafassi and 92.7% in Silly compared 
to its sibling species, An. coluzzii which represents only 12.5% in 
Bandafassi and 7.3% in Silly (Table 2). Conversely, in Fatick, An. 
coluzzii represented 90% of the resting populations in Toubanding 
and 88.3% in Passy, compared to An. gambiae which consisted 10% 
of specimen collected inside human dwelling in Toubanding and 
9.8% in Passy. Interestingly, 1.9% of hybrids were found in Passy 
(Table 2). In the sympatric area of Tambacounda, a higher hybridiza-
tion rate was confirmed being the highest in Kouar (4.4%), followed 
by Sare Sidy (2.4%), where the proportions of the 2 incipient species 
were for An. gambiae 60.2% in Kouar and 83.4% in Sare Sidy, and 
for An. coluzzii 35.4% in Kouar and 14.2% in Sare Sidy (Table 2). 
Over the time, no An. coluzzii was collected in Kedougou during 
the months of August and October (Fig. 2A) as well as for An. 
gambiae in Toubanding (Fatick) (Fig. 2C). However, in both villages 
in Tambacounda and Passy both An. gambiae and An. coluzzii 
were found over the whole study period, with a maximum of 2 
An. gambiae in Passy (Fig. 2B and C). The highest vectors densities 
were recorded in the month of September both in the localities of 
Kedougou and Fatick, excepted for An. gambiae in Silly, where the 
number of the collected individuals decreased during that month.

Type of Swarm Markers
In this study, the main types of visual markers over which swarms 
were regularly formed were 5 (Fig. 3A). In Kedougou, the main 
swarm marker used by males of An. gambiae during the study period 
was the bare ground (74%) followed by other physical markers 
including grasses (13%) and wood piles (13%) (Fig. 3B). On the 
other hand, the swarm markers used by An. coluzzii males, exclu-
sively found in Fatick, were constituted by physical markers such 
as wastes (50%), wood piles (25%), and grasses (25%) (Fig. 3B). 
Finally, in Tambacounda, where both species were found in sym-
patry, An. gambiae males swarmed over bare ground while those of 
An. coluzzii used both bare ground (50%) and wells (50%) (Fig. 3B).

Swarm Characteristics (Size, Height, and Duration)
In Kedougou, except 1 swarm made of 100 males, the swarm size of 
An. gambiae varied approximately between 5 and 60 males with a 
mean of 36 (CI: 22.58–49.41) males per swarm (Fig. 4A). In Fatick, 
the size of An. coluzzii’s swarm varied between 5 and 30 males with 
a mean of 16.25 (CI: −1.39–33.89) males per swarm (Fig. 4A). While 
in the sympatric area of Tambacounda, the mean swarm size was 
35.71 males (CI: 15.83–55.59) per swarm for An. gambiae and 25 
males (CI: −165.59–215.59) per swarm for An. coluzzii (Fig. 4A).

Table 2. Species composition of indoor samples collected in the different villages of Tambacounda, Kadougou, and Fatick during the rainy 
season in 2018

Study areas Village An. arabiensis An. gambiae s.s An. melas aN An. coluzzii An. gambiae bHybrid

Tambacounda Kouar 50 (21.65%) 181 (78.35%) – 231 64 (35.36%) 109 (60.22%) 8 (4.42%)
Sare Sidy 29 (10.51%) 247 (89.49%) – 276 35 (14.17%) 206 (83.40%) 6 (2.43%)

Kedougou Bandafassi 3 (5.08%) 56 (94.92%) – 59 7 (12.5%) 49 (87.5%) 0
Silly 7 (9.33%) 68 (90.67%) – 75 5 (7.35) 63 (92.65%) 0

Fatick Toubanding 33 (76.74%) 10 (23.26%) – 43 9 (90%) 1 (10%) 0
Passy 83 (61.48%) 51 (37.78%) 1 (0.74%) 135 45 (88.3%) 5 (9.80%) 1 (1.9%)

aNumber of specimens of the An. gambiae complex identified at the species level in each village.
bHybrid individuals between An. gambiae and An. coluzzii.

Fig. 2. Monthly species composition of indoor resting population at study areas from August to October. The bar indicates the monthly total number of individual 
mosquitoes collected for each species in A) Kedougou, B) Tambacounda, and C) Fatick.
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In Kedougou, the swarm height varied between 1 m and 
2.5 m for An. gambiae with a mean swarming height of 1.80 m  
(CI: 1.57–2.04) (Fig. 4B), and in Fatick, it was ranged from 1 m to 
2m for An. coluzzii with most of the swarm recorded around 2 m 
above the ground (Fig. 4B). Finally, in Tambacounda, representing 
the sympatric area, the swarm height varied from 1.5 m to 2 m for 
An. coluzzii against 0.5 m to 2 m for An. gambiae. However, the 
swarm height of the 2 species were similar (w = 10; P = 0.45) in 
this area.

The swarming duration lasted between 7 and 17 min for An. 
gambiae in Kedougou with a median swarming duration of 11 min 
(CI: 9.22–12.77) (Fig. 4C), however in Fatick, it lasted from 5 to 15 
min for An. coluzzii with a median swarm duration of 9.75 min (CI: 
2.95–16.54). And finally, in their sympatric area of Tambacounda, 
the median values of the swarm duration of An. coluzzii and An. 
gambiae, were respectively 8 and 8.42 min (CI: 5.66–11.19). 
However, no significant difference (t = −0.04; dl = 6; P = 0.71) was 

found between the swarm duration of the 2 species in this sympatric 
area (Fig. 4C).

Correlation of the Sunset and Swarming Beginning 
Times
Overall, across the study area, swarming started between 2 and 
9 min after the sunset, with a significant correlation of the 2 
variables in the different areas study: Kedougou (τ = 0.74; P < 
0.001), Tambacounda (τ= 0.75; P = 0.002), and Fatick (τ = 0.70; 
P = 0.01) (Fig. 5).

Swarm Composition and Hybridization Level
The hybridization level recorded in Tambacounda, a sympatric area 
for the 2 incipient species, was 4.4% and 2.4% of An. gambiae–An. 
coluzzii hybrids, respectively. Hybridization was also recorded in 
Fatick (1.9%).

Fig. 4. Swarming characteristics of An. coluzzii and An. gambiae across the study areas. A) Represent the swarm size, B) swarm height, and C) swarm duration.

Fig. 3. Swarming markers used by An. coluzzii and An. gambiae across the study area. A) Pictures of the different swarming markers found in the study areas. 
B) Proportion of each swarming maker by species and study area.
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The finding of higher-than-expected hybridization level in some 
areas (Tambacounda, 4.4% An. gambiae–An. coluzzii hybrids) 
suggests the putative presence of mixed swarms. Noteworthy, no 
mixed swarm has been found in any of the study site and during the 
study period, being all 100% monospecific, even in the area of the 
highest gene flow (Table 1).

Discussion

In this study, the swarming behavior of An. coluzzii and An. gambiae 
was investigated for the first time in Senegal in areas with distinc-
tive ecological features, selected based on previous studies of An. 
gambiae s.l. species distribution (Niang et al. 2014, 2016, Fall 2016).

The study results showed that, except few swarms observed 
within courtyard in Kedougou, almost all the swarms were found 
outside but at the close vicinity of the human dwelling. The observed 
behavior of swarming close by human habitations likely ensure to 
these species to remain in the immediate environment of the human 
host allowing females to easily access blood sources, preferably from 
the human host right after mating for the development of their eggs. 
This suggest that males likely form swarms mainly where females 
have immediate access to their hosts after mating and where males 
find many sources of nectar to replenish their energy reserves after 
swarming. These results are consistent with previous findings in 
Tanzania (Marchand 1984), Mali (Diabate et al. 2009), and Burkina 
Faso (Sawadogo et al. 2014).

The study results revealed the predominance of An. gambiae in 
Kedougou and An coluzzii in Fatick in the indoor collected samples 
during the study period. Moreover, only a monospecific swarm of 
An. gambiae was found in Kedougou, while the identified swarms 
found in Fatick were exclusively made of An. coluzzii. However, 
in the sympatric area of Tambacounda the swarms of both species 
were found. Previous studies have shown that the 2 incipient spe-
cies display different ecological preferences both at the larval and 
adult stages (Gimonneau et al. 2012), explaining their spatial and 
temporal distribution (Touré et al. 1998, Niang et al. 2015). Indeed, 
Kedougou is characterized by a long raining season with temporary 
or semi-temporary breeding sites whereas Fatick is an arid area with 
a short raining season characterized by low and irregular rainfall. 
In Fatick, the presence of the Nema River which creates micro-
ecological condition offering permanent breeding sites for the devel-
opment of An. gambiae or An. coluzzii larvae. Notably, An. gambiae 
larvae are mainly found in rain-dependent surface water bodies 
while those of An. coluzzii are more adapted to more permanent an-
thropogenic breeding sites such as irrigated rice fields (della Torre et 
al. 2005, Diabate et al. 2005, Gimonneau et al. 2012, Kamdem et al. 

2012). Furthermore, even if both species are characterized by a low 
tolerance of water salinity (White et al. 2013), An. coluzzii larvae 
displayed a greater tolerance to aridity (Kamdem et al. 2012).

An. gambiae the major malaria vector in Africa swarms over 
specific landmarks known as swarm markers (Charlwood et al. 
2002, Diabate et al. 2003, 2009, Yuval 2006). The results obtained 
here support the determinant role of swarm markers in swarm seg-
regation between An. coluzzii and An. gambiae. Swarm markers 
exploited by An. coluzzii and An. gambiae in their respective areas 
were different. In Kedougou, An. gambiae was found swarming 
mainly over the bare ground and accidentally over dry grasses or 
wood piles. Conversely, in Fatick males of An. coluzzii were found 
swarming either over grasses, waste, and wood piles, but none over 
the bare ground. Nevertheless, in the sympatric area, even though 
An. gambiae was found exclusively swarming over the bare ground, 
An. coluzzii did not display the same restrictive preference in terms 
of swarm marker since it was found both above bare ground and 
well. Recent studies in Burkina Faso have demonstrated both in lab-
oratory and semi-field conditions that males of the 2 incipient species 
use different visual markers. With An. coluzzii swarming right above 
physical markers, while An. gambiae males use a distant maker 
but swarm above bare ground (Poda et al. 2019). Unexpectedly, in 
Kedougou the bare ground swarming site found in August, covered 
by grasses in September remained the same swarming site used by 
An. gambiae. This suggests that males preferentially occupy these 
sites, which they recognize either by the presence of objects at a cer-
tain distance or by other factors which may be related to the mos-
quito genetics, or ecology.

Our results showed that swarms were always initiated by 1 or 2 
males displaying a tortuous flight pattern as found in other studies 
(Charlwood et al. 2002, Diabate et al. 2003, 2009, Assogba et al. 
2014, 2022, Sawadogo et al. 2014). During swarming, females ap-
proach swarms to select a mating partner then leave the swarm with 
the selected male in copula (Diabate et al. 2003, 2009). In this study, 
only a few mating pairs was observed, this may be probably due 
to the low swarm size obtained compared to what was observed 
in previous studies (Diabate et al. 2003, 2006, Dabire et al. 2013, 
Sawadogo et al. 2013, 2014, Niang et al. 2015). The small swarm 
size found may be related to low population densities as reflected by 
the indoor resting density observed in the study sites. Indeed, studies 
in Benin have shown the association between indoor resting density 
and swarm size (Assogba et al. 2014). However, the same pattern of 
small swarming size with low indoor resting density was found in 
The Gambia (Assogba et al. 2022), a bordering country of Senegal 
and close by this study areas. Therefore, more research is needed 
to further characterize factors likely influencing the swarm size and 

Fig. 5. Relationship between sunset time and the swarming beginning time in Kedougou, Tambacounda, and Fatick.
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the potential contribution of indoor resting density. The association 
between swarming size and mating events has also been reported in 
Burkina Faso and Benin, the number of mating pairs is shown to 
increase with the smarm size (Assogba et al. 2014, Sawadogo et al. 
2014, Bimbilé Somda et al. 2018).

The analysis of the swarming and the mating behaviors of An. 
gambiae in the field suggests that mating partners avoid interspe-
cific contact through mainly disruptive swarming height above the 
ground (Charlwood and Jones 1980). The study results showed 
that the swarm height varies in the same village likely due to the 
absence or presence of an obstacle that may impede the opening 
to the western horizon. Swarm height is shown to be influenced by 
the opening site to western the horizon. Indeed, next to an obstacle 
mosquitoes would seek a suitable height from which they could have 
some view of the western horizon (Sawadogo et al. 2014, Baeshen 
2022).

The occurrence of crepuscular swarms of An. coluzzii and An. 
gambiae appears to be controlled predominantly by the sunset time 
over the season, with swarms formed with the reduction of the sun-
light (Sawadogo et al. 2013, Wang et al. 2021). The results presented 
in this study shows that the sunset time is an environmental factor 
that is strongly correlated with the swarm beginning activity. In fact, 
regardless of the study area or monthly period of collection, swarms 
appear always 2–8 min after subset time. This result match with 
the previous studies suggesting that a biological clock regulates the 
timing of swarming activity of the species (Wang et al. 2021) which 
allows them to adjust themselves to cyclic changes in day length and 
the timing of sunset through the year.

The comparative analysis of the swarming characteristics, in-
cluding the swarming height and duration showed no significant 
difference between An. gambiae and An. coluzzii when comparing 
them in their sympatric areas. The same pattern was observed with 
the swarm markers where bare ground was used by the 2 species. 
These results suggest that during swarming period, An. gambiae and 
An. coluzzii may overlap at time in the sympatric area leading to 
the possibility of heterogamous mating allowing the occurrence of a 
high hybridization level even though no mixed swarm was found yet.

The observed high hybridization level without no recorded mixed 
swarm of An. gambiae and An. coluzzii could be explained, on one 
hand by the limited temporal sampling including the missed data 
in September in the sympatric area of Tambacounda or occurring 
where and when they were not expected. And, on the other hand, 
a possibility through indoors mating in the absence of any form of 
conspecific recognition as demonstrate previously (Dao et al. 2008). 
Therefore, to link the swarming behavior and hybridization rate, 
Sawadogo and collaborators which found no hybrids from indoor 
resting samples or mating pairs despite the high frequencies of mixed 
swarms suggest that the occurrence or absence of mixed swarms is 
not necessarily the main pathway for the 2 incipient species hybridi-
zation (Sawadogo et al. 2014). Therefore, further investigations need 
to be undertaken considering all the above hypothesis to better un-
derstand the underlying factors of the “Breakdown in the Process of 
Incipient Speciation in Anopheles gambiae” at its furthermost “Far-
west” distribution range (Nwakanma et al. 2013, Niang et al. 2014).

Conclusion

This study provides the first evidence on the swarming behavior of 
the natural populations of An. coluzzii and An. gambiae in Senegal. 
The results reported here suggest a possible premating isolation be-
tween the 2 incipient species. However, the analysis of the species 
composition of the resting populations across the study area suggests 

that heterogamous mating still occurring during time at place yet to 
be known. Despite being preliminary, these results are crucial for the 
design of future studies to better characterize the mating behavior 
of the 2 incipient species to better support current and future vector 
control methods, including the release of sterile modified males.
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