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Abstract. In West Africa, lineage splitting between the M and S molecular forms of
the major Afro-tropical malaria mosquito, Anopheles gambiae (Diptera: Culicidae), is
thought to be driven by ecological divergence, occurring mainly at the larval stage.
Here, we present evidence for habitat segregation between the two molecular forms
in and around irrigated rice fields located within the humid savannahs of western
Burkina Faso. Longitudinal sampling of adult mosquitoes emerging from a range of
breeding sites distributed along a transect extending from the heart of the rice field
area into the surrounding savannah was conducted from June to November 2009.
Analysis revealed that the two molecular forms and their sibling species Anopheles
arabiensis are not randomly distributed in the area. A major ecological gradient was
extracted in relation to the perimeter of the rice fields. The M form was associated
with larger breeding sites mostly consisting of rice paddies, whereas the S form and
An. arabiensis were found to depend upon temporary, rain-filled breeding sites. These
results support hypotheses about larval habitat segregation and confirm the suggestion
that the forms have different larval habitat requirements. Segregation appears to be
clearly linked to anthropogenic permanent habitats and the community structure they
support.

Key words. Anopheles gambiae, community structure, hydro-periodicity, larval
habitat, niche partitioning, segregation.

Introduction a process known as ecological speciation (Schluter, 2009).
Although it has proven difficult to demonstrate ecological

Environmental changes by habitat modification often expose speciation as a byproduct of local adaptation in the field

populations to new ecological constraints, including variations
in climatic conditions, interspecies interactions, resource
availability and other biotic and abiotic components of their
respective ecosystems (Schluter, 2001). Divergent selection
acts on species evolving under contrasting environments
and may ultimately result in reproductive isolation through

(Nosil et al., 2009), there are now multiple examples of
rapid speciation arising from ecological diversification in
the literature (Schluter, 2001, 2009; Mallet, 2008; Nosil
et al., 2009) and it has received experimental support in
various model organisms (Rice & Hostert, 1993; Funk, 1998;
Funk et al., 2002). Such a process may be prompted by
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environmental modifications that modify ancestral habitats
and offer new ecological niches to resident, as well as
invasive, species.

Today, human activities are the main causes of disturbances
in ecosystems that drive species towards adaptation or extinc-
tion (Palumbi, 2001). In West Africa, man-made environmental
modifications are suspected to have instigated the diversifi-
cation and spread of the major human malaria vector, the
mosquito Anopheles gambiae sensu stricto, through the cre-
ation of new ecological niches in marginal habitats (Coluzzi
et al., 1985; Coluzzi, 1999). The spread of new agricultural
practices, combined with deforestation and the creation of
water reserves, has been presumed to represent the initial envi-
ronmental changes prompting ecological niche specialization
within An. gambiae s.s. through divergent selection in these
new habitats (Coluzzi ef al., 2002). Understanding the distribu-
tion and dynamics of vector species in relation to fluctuations
in their environments is of paramount importance if we are
to better understand the epidemiology of the diseases these
mosquitoes transmit, predict their evolution in the face of ongo-
ing global environmental change and eventually improve their
control (Fontenille & Simard, 2004).

Anopheles gambiae s.s. is split into two molecular forms
known as ‘M’ and ‘S’, which are morphologically identical
and largely sympatric throughout West Africa (della Torre
et al., 2001, 2005), but show widespread molecular differences
throughout their genomes (Lawniczak et al., 2010; Neafsey
et al., 2010; White et al., 2010). Although the two molecular
forms share the same resources, such as vertebrate hosts and
freshwater habitats, they have been shown to diverge in some
of their biological and ecological requirements (Coluzzi et al.,
1985; Touré€ et al., 1994; Lehmann & Diabaté, 2008; Costantini
et al., 2009; Simard et al., 2009). In the dry savannahs of West
Africa, the S form preferentially breeds in temporary aquatic
habitats and is found during the rainy season only, whereas
the M form is present all year round, breeding in man-made
permanent aquatic habitats (Costantini et al., 2009; Simard
et al., 2009). Such differences in the spatial and temporal dis-
tributions of these vector mosquitoes have implications for
the epidemiology of malaria transmission: in areas where irri-
gated agricultural management provides permanent breeding
opportunities, malaria is potentially transmitted throughout the
year. However, although this ecological segregation between
breeding sites is generally accepted, a quantitative framework
formalizing such observations is still lacking.

In order to better understand the ecological determinants
of larval habitat segregation between the molecular forms
of An. gambiae, we undertook a longitudinal entomological
survey in an area of extensive rice cultivation in southwest
Burkina Faso (West Africa), where both molecular forms
of An. gambiae occur, together with their sibling species,
Anopheles arabiensis. The main objectives of this study
were: (a) to determine the spatial distribution of An. gambiae
sensu lato mosquitoes along a lentic (i.e. still or slow-
moving) freshwater gradient during the rainy season, and (b) to
associate environmental parameters with mosquito occurrence
in order to characterize the ecological factors explaining habitat
segregation at a local geographical scale. Systematic sampling
of adults emerging from a range of larval development sites

allowed us to depict the distribution pattern of An. gambiae
s.l. mosquitoes in and around the rice cultivation area and
to identify relevant biotic and abiotic factors that shape the
ecological niches of these taxa.

Materials and methods
Study site and sampling scheme

The study was conducted in the vicinity of Bama (11°23" N,
04°24" W), a village in the Kou Valley, situated 30 km north
of Bobo Dioulasso in southwestern Burkina Faso (Fig. 1).
The village is surrounded by 1200 ha of irrigated rice fields
embedded within a typical Guinean savannah background. The
rainy season in this area extends from May to October and
yearly rainfall averages 1200 mm (Costantini et al., 2009). The
M form of An. gambiae is present throughout the year in high
densities in rice fields. In surrounding savannahs, the S form
is typically found in great numbers during the rainy season,
together with An. arabiensis (Diabaté et al., 2002; Baldet
et al., 2003; Costantini et al., 2009; Lefevre et al., 2009).

The sampling plan was conceived using maps of the
study area constructed from road maps (1 : 1 000 000), low
altitudinal aerial photographs at 0.8 m resolution (Wellens
et al., 2008) and field observations. In order to explore
the distribution and ecological niche requirements of both
molecular forms of An. gambiae and An. arabiensis, we
focused on adult mosquitoes emerging from breeding sites
because these represent the outcome of larval life and reflect
its specific selective pressures. Eighty breeding sites were
chosen along a 15-km east—west transect running from the
core of the rice fields to the surrounding savannah. Among
these, 15 breeding sites were located within the perimeter of
the rice fields and 65 were located in surrounding savannah
(Fig. 1). Each larval habitat was geo-referenced (Garmin GPS
Map 60cx; Garmin International, Inc., Olathe, KS, U.S.A.) and
sampled every other week from June to November 2009 until
all temporary larval development sites had dried out, resulting
in a total of 960 samplings (i.e. 80 water collections sampled
12 times each in the course of the study).

Mosquito collection

Emergence traps covering 1 m? of ground surface were set
out in larval breeding sites for 24 h. Fifteen aquatic habitats
were sampled daily during 1 week to cover the whole sampling
area (i.e. 80 breeding sites). The same procedure was repeated
every other week. Emerging mosquitoes were collected from
the trap using Centers for Disease Control (CDC) backpack
aspirators (Clark et al., 1994). Mosquitoes were sexed and
identified morphologically in the field (Gillies & De Meillon,
1968) and stored at —20 °C in individual tubes until further
use in the laboratory. All mosquitoes from the An. gambiae
complex were identified to species and molecular form using
a recently developed polymerase chain reaction (PCR) assay
(Santolamazza et al., 2008). However, when sample sizes per
trap were >20, only 20 randomly selected specimens were
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Fig. 1. Maps showing Burkina Faso in Africa, and Bama (blue dot) in Burkina Faso (Normalized Difference Vegetation Index;
http://free.vgt.vito.be/index.php). A low-altitude aerial view (Wellens et al., 2008) shows the perimeter of the rice fields (red) and the 80 breeding
sites (yellow dots) in Bama monitored throughout the 2009 rainy season. Pie charts show the relative frequencies and distributions of members of
the Anopheles gambiae complex emerging from each larval development site (data pooled across collection dates). Black, M form; white, S form;

grey, Anopheles arabiensis.

processed and the results were extrapolated to the remainder
of the trap sample.

Breeding site identification and recording of ecological
parameters

To record habitat type, each water collection was categorized
as representing a collection from one of the following: stream
pools, rice paddies, quarries, and road ruts. Nominal envi-
ronmental variables (biotic and abiotic) used to characterize
aquatic habitats were the presence of floating (mainly Mar-
silea polycarpa and Nymphea sp.) and emerging plants, algae,
predators (mainly Notonectidae and Dytiscidae), Culex larvae

© 2011 The Authors

[mainly Culex quinquefasciatus (Diptera: Culicidae)], floating
debris, and turbidity (i.e. when the ground of the breeding
site was not visible). General surroundings were characterized
by three nominal variables: village, savannah, and culture. All
these nominal variables were represented by dummy variables
(Boolean) for subsequent analyses. These environmental fac-
tors were assessed visually and always by the same person for
consistency. Continuous variables included the surface (in m?)
and depth (in cm) of the habitat and distances (in m) to the
nearest house and to the rice fields. The two former variables
were assessed using a tape measure and the two latter vari-
ables were estimated using a geographic information system
(ArcGis v9.3; Environmental Systems Research Institute, Inc.,
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Redlands, CA, U.S.A.). Collection month was represented by
a series of dummy variables from June to November.

Statistical analysis

Statistical analysis was carried out for aquatic habitats
at which at least one emerging adult of An. gambiae s.l.
was collected. To explore whether the M and S forms of
An. gambiae and their sibling species An. arabiensis were
randomly distributed or ecologically structured in our study
area, we performed a statistical randomization of the original
occurrence data by simulating 5000 random matrices using
the computer program EcoSim (Gotelli & Entsminger, 2010).
We used the C-score (Stone & Roberts, 1990), Ecosim’s
default co-occurrence index that measures the average number
of checkerboard units between all possible pairs of species
in a co-occurrence matrix. We used EcoSim’s recommended
randomization algorithm, which maintains fixed sums for rows
and fixed sums for columns so that each matrix generated
includes the same number of species and samples as the
original matrix (Connor & Simberloff, 1979). If a community
is ecologically structured, the C-score should be greater than
that expected by chance (Gotelli, 2000). This algorithm has
a low chance of falsely rejecting the null hypothesis (Type I
error) (Gotelli, 2000). To illustrate species distribution in our
study area, we performed a logistic regression model using
species relative frequencies as response data and distance to
the perimeter of the rice fields as spatial gradient.

The relationships between the species pattern and the
environmental variables measured in the field were analysed
using the multivariate caNoco Version 4.5 procedure and
the results were visualized with the extension CanoDraw for
Windows (Ter Braak & Smilaurer, 2002). This multivariate
method allows the identification of a subset of environmental
parameters that best correlate to the biotic structure and thus
may be assumed to strongly affect species patterns. Nominal
variables were defined by series of indicators or dummy
variables (one per category). A dummy variable takes the
value of 1 when the sample belongs to a given category and 0
otherwise. Prior to analysis, species data were log-transformed.
Principal component analysis (PCA) was first used to describe
the general patterns of variance in species data. This analysis
did not include any explanatory variable, but instead included
passive variables. The distribution of the variability in species
was visually checked to assess the existence of any pattern.
Then, inferential analyses were completed using redundancy
analysis (RDA) to estimate how much variation in the species
data was attributable to environmental variables. The forward-
selection option was used to determine the minimal set
of environmental parameters required to explain the largest
amount of variation in species data. At each step, the statistical
significance of the environmental variable added in the course
of the forward selection was tested by means of unrestricted
Monte Carlo permutation test (n = 499). Then, a partial RDA
analysis was performed with spatial and seasonal effects as
covariates in order to identify other significant environmental
factors that might be hidden by space and time effects.

Results
Species co-occurrence

Among 960 traps set during the survey, 125 were positive
for emerging An. gambiae s.l. mosquitoes. Some of the putative
larval habitats covered were negative throughout the survey. In
total, 1364 An. gambiae s.l. were collected (591 males, 773
females) and 826 were identified by PCR (828 specimens
were tested, of which two repeatedly failed to amplify).
Overall, the M form accounted for 31% of the specimens
collected, the S form for 55% and An. arabiensis for 14%.
One putative hybrid specimen between the M form and
An. arabiensis was recorded and no MS hybrid pattern was
observed. Species co-occurrence analysis indicated significant
differences between the C-scores (C-scorepps > C-scoreg;
P =0.042), suggesting that members of the An. gambiae
complex were not randomly distributed in the area. Logistic
plotting using distance to the rice fields’ perimeter as a spatial
explanatory factor showed that the three taxa were distributed
in relation to distance to the rice fields (Fig. 2). The M form
was mainly found within the irrigated perimeter, where it
represented 99% of emerging mosquitoes, whereas the S form
and An. arabiensis were found in the surrounding areas.

Gradient analysis

Principal component analysis was used to analyse the dis-
tribution and mutual relationships between taxa and sam-
ples. The graphic representation shows an association between
An. gambiae S form and An. arabiensis, which suggests that
these species have similar ecological requirements (Fig. 3A).
This group mapped together with quarries on the right side of
the first axis and was located in savannah and village areas far
from the rice fields. This is also the area of the graph in which
the last months of the rainy season, September and October,
are found. The M form is independent of the first axis and
mainly correlates with the second axis. It mapped in the upper
part of the ordination diagram, which represents complex habi-
tats such as wide rice paddies with predators and Culex larvae.
The first two axes of the ordination diagram explain 86.5% of
the variability in species data.

Redundancy analysis showed that mosquito taxa segregate
mainly along the first two axes, which accounted for 32.8%
and 7.4% of the variance in species data, respectively, and
73.6% and 16.7% of the species—environment correlation,
respectively (Fig. 3B). The correlation between species and
environmental variables along these axes is high (> = 0.78)
for the first axis and moderate (r2 = 0.49) for the second
axis. The first axis defines a spatial gradient on which
species segregated from the core of the rice field area to
the surrounding villages and savannah areas. This gradient
supports distinct ecosystems. Positive values on the axis
represent complex and permanent habitats that consisted of
rice fields with a large surface colonized by floating plants,
contained predators and were found far from human dwellings.
Negative values represent sites found far from the rice field
area in surrounding savannah and villages in which mosquitoes
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Fig. 2. Logistic plot of relative frequencies of the M and S forms of Anopheles gambiae and Anopheles arabiensis in relation to distance from the

rice fields’ perimeter.

exploited quarries. Negative values on the second axis are
influenced by stream pools and floating plants and positive
values are influenced by debris. The M form was associated
with the early months (June to August) of the rainy season,
whereas the S form and An. arabiensis were associated with
the later months (September, October).

Six variables were significantly associated with mosquito
distribution: distance to the rice fields’ perimeter (P = 0.002);
presence of floating plants (P = 0.002); culture (P = 0.048);
distance to the nearest house (P = 0.012), rice field habitat
(P = 0.046), and month of October (P = 0.006). The rice field
habitat, presence of floating plants, culture and distance to the
nearest house were the best predictors of the M form larval
habitat, whereas distance to the rice fields’ perimeter and late
collection month (October) appeared to be predictors for the S
form and An. arabiensis.

Partial RDA (with collection month and distance to the
rice fields considered as covariates) highlighted the additional
effects of other explanatory variables potentially hidden by
the main effects of distance to the rice fields and collection
month. Analyses showed that mosquito taxa segregated along
the first two axes, which accounted for 12.9% and 4.9% of the
variance in species data, respectively, and for 68.5% and 25.8%
of the species—environment correlation, respectively (Fig. 3C).
This strong reduction in the proportion of total variance
explained by environmental factors highlights the major effects
of collection month and distance to the rice fields on mosquito
distribution in our study area. The correlations between species
and environmental variables along the first and second axes
were moderate (r> = 0.47 and r> = 0.46, respectively). Again,
the first axis reflects a habitat complexity gradient. Positive
values represent complex aquatic ecosystems, constituted by
rice fields and stream pools that support high densities of
predators, algae and floating plants and are found far from
human dwellings. Negative values represent quarries found
in savannah areas that seem to be less complex habitats in
terms of the communities they support. The second axis could

© 2011 The Authors

be considered as an anthropogenic gradient. Positive values
represent environmental variables that characterize habitat
degradation, such as the presence of debris, villages and ruts.
Negative values represent more rural and feral savannah areas.
The M form and An. arabiensis clustered along positive values
on the second axis, which suggests that both taxa are more
adapted to disturbed habitats, unlike the S form, which appears
to be a savannah mosquito exploiting habitats with simple
community structures. Two significant variables explained taxa
distribution: floating plants (P = 0.004), and culture (P =
0.034), mainly negatively correlated to the S form.

Discussion

According to Hutchinson (1978), in order to coexist, two
species must differ to some extent in their ecological niche
requirements or in some aspects of their life histories. Our
survey showed that, at a microgeographic scale, the three
sympatric taxa of the An. gambiae complex are not randomly
distributed among aquatic habitats and that distance to the rice
fields’ perimeter appears as a structuring abiotic factor shaping
their ecological niches. Furthermore, multifactorial analyses
showed that the complexity of communities’ arrangements in
aquatic ecosystems is a key ecological factor modulating niche
partitioning between these taxa.

Because community structure across freshwater habitat gra-
dients is known to depend mainly upon physical factors, such
as pond drying, and biotic effects mediated by ecological inter-
actions, such as predation and competition (Wellborn et al.,
1996), our study was based on the collection of mosquitoes
emerging from larval development sites. Emergence is the end-
point of mosquito larval development. Our approach therefore
has the advantage of providing a picture of the mosquito pop-
ulations that successfully develop and emerge under different
and specific selection pressures in various larval habitats. The
relevance of this sampling method is further reinforced by

Medical and Veterinary Entomology © 2011 The Royal Entomological Society, Medical and Veterinary Entomology, doi: 10.1111/j.1365-2915.2011.00957.x
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Fig. 3. Multifactorial analysis of the distribution of Anopheles gambiae complex mosquitoes in relation to environmental variables. (A) A principal
component analysis diagram shows passive plotting of environmental variables. (B) Redundancy analysis (RDA) ordination diagram. (C) Partial
RDA species—environment biplot. On each graph the proportion of total variance in species data explained by each axis is given in brackets. Blue
triangles represent nominal environmental factors and red arrows represent continuous environmental factors. Mosquito taxa are represented by

black arrows and collection months by brown crosses.

recent studies demonstrating different levels of susceptibility to
predation between molecular forms of An. gambiae (Diabaté
et al., 2008; Gimonneau et al., 2010). One drawback, however,
is that sample sizes are lower than they would be if larval
immature specimens were directly collected from breeding

sites in terms of both the number of positive collections (i.e. the
number of collections in which at least one adult An. gambiae
specimen is present) and the number of specimens collected
per sampling unit. This obviously calls for increased sampling
effort in order to gain statistical power. However, the fact that
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only 125 of 960 traps (i.e. 13%) were positive for emerg-
ing An. gambiae s.l. mosquitoes is unlikely to have biased
our results and inferences because all taxa should be exposed
to the same probability of sampling upon emergence. Varia-
tions in egg hatching time and larval development time within
and between species and molecular forms in the An. gambiae
complex as well as across water types (Diabaté et al., 2005,
2008; Yaro et al., 2006) result in the distribution of emerging
mosquitoes across several days, ensuring representative sam-
pling of emerging mosquitoes throughout a 24-h period.

Principal component analysis identified a pattern of asso-
ciation between the S form and An. arabiensis, whereas the
M form was independent of this group. A high proportion
of species variance was explained along the first two axes
(86.5%). The S form and An. arabiensis clustered on the first
axis, indicating that these taxa seem to segregate in relation to
distance to the rice fields’ perimeter. Conversely, the M form
was mainly associated with the second axis, which negatively
correlated with distance to the rice fields and, as a consequence,
positively correlated with rice field habitat. This suggests that
the spatial pattern represented by the distance to the rice fields’
perimeter acts as a major environmental factor in structuring
the ecological niches of members of the An. gambiae complex.

This result was confirmed by RDA. Distance to the rice
fields’ perimeter was the most significant factor along which
species segregated. Other significant environmental factors rep-
resentative of the irrigated perimeter were highlighted by RDA,
such as the presence of floating plants, distance to the nearest
house, culture and rice field habitat. These key environmental
parameters were all associated with the presence of the M form.
The significant association with floating plants (mainly Mar-
silea polycarpa and Nymphea sp.) is certainly the most impor-
tant ecological factor as it could be considered a biomarker
of habitat stability and, more generally, of habitat complexity
because plants offer refuges that allow many species to escape
predation (Sih, 1987). Habitat complexity can be illustrated
by the presence of predators (mainly Notonectidae and Dytis-
cidae) and Culex larvae (mainly Cx. quinquefasciatus), which
were found in high densities in the rice paddies. The high diver-
sity found in this type of habitat (Roger, 1996; Bambaradeniya
et al., 2004) favours and sustains, in turn, complex trophic rela-
tionships and multiple biological interactions between species
(Menge & Sutherland, 1976).

Temporal pattern was significant in October and associated
with the presence of the S form and An. arabiensis, which were
found to exploit the same breeding sites at the end of the rainy
season. This reflects a population turnover during the late rainy
season (Diabaté et al., 2002), when 51% of all An. arabiensis
specimens were collected in October. This also suggests an
overlap in ecological niches driven by the scarcity of temporary
breeding sites available for female ovipositioning in savannah
areas at the end of the rainy season. Although the M form was
present throughout the year in the locality of Bama (Diabaté
et al., 2002; Baldet et al., 2003), this mosquito was only asso-
ciated with the early months (June—August) of the rainy season.
This pattern may be linked to the rice cultivation cycle in that
rice paddies are more suitable for An. gambiae development
during the early phases of crop cultivation (Baldet ez al., 2003).

© 2011 The Authors
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The RDA ordination diagram also shows that the S form and
An. arabiensis tend to exploit temporary pools in savannah
areas and villages located far from the perimeter of the rice
fields. Their preferred habitat types are generally vegetation-
free (73% and 85% without floating plants for the S form
and An. arabiensis, respectively) indicating that these taxa
exploit simple rain-dependent temporary aquatic habitats. This
is consistent with previous observations in Mali, where the
ecological niches of species seem to segregate according to
habitat type and temporality (Edillo er al., 2002). Here, our
results identified distance to the perimeter of the rice fields
as the main physical factor modulating the distribution of
species and molecular forms. However, this dimension also
has an ecological value because these taxa segregated through a
habitat complexity gradient supported by the hydro-periodicity
of the larval habitat. As a result, distance to the rice fields’
perimeter represents an ecological cline in which a range
of breeding sites are represented by permanent and complex
aquatic habitat at one end and by temporary and simpler
habitat at the other. This ecological gradient, which extends
from permanent to temporary freshwater habitats, has long
been recognized as critical in shaping the structure of aquatic
communities in relation to the ecological interactions they
support (Schneider & Frost, 1996; Wellborn et al., 1996).

As a result, the rice fields” perimeter appears to be the core
habitat of the M form, from which it successfully emerges and
spreads into the surrounding savannahs and villages in which
the S form and An. arabiensis thrive. This result confirms
previous studies showing that the M form outcompetes the
S form in permanent aquatic habitats (Diabaté et al., 2008).
Predation pressure is more important in permanent than in
temporary habitats (Sunahara et al., 2002; Diabaté et al., 2008)
and was clearly identified as a biotic process that contributes
to the ecological niche segregation between forms (Gimonneau
et al., 2010). However, we might expect that An. arabiensis
and the M form share part of their larval niche requirements, as
in East Africa, where the M form is absent and An. arabiensis
exploits rice paddies (Muturi et al., 2008). These differences
in species distribution between East and West Africa probably
reflect different evolutionary paths mediated by species
interactions in these different geographical contexts. In West
Africa, interaction with the M form in permanent habitats may
have led to ecological niche displacement of An. arabiensis.
Although competitive exclusion between these species has
never been documented, this observation suggests that the M
form may be more competitive than its sibling species in
this type of habitat in West Africa. Indeed, it is noticeable
that populations of An. arabiensis, as well as those of the S
form of An. gambiae, from West and East Africa (i.e. on both
sides of the Great Rift Valley) are equipped with different
arrangements of chromosomal inversions and might therefore
represent distinct ecotypes populating distinct ecological niches
in West and East Africa (Petrarca et al., 2000; Coluzzi et al.,
2002; Pombi et al., 2008).

However, the M form and An. arabiensis seem well adapted
to anthropogenic contexts as they segregated together along a
human disturbance gradient in partial RDA. In East and West
Africa, studies have shown that An. arabiensis can breed in
rice paddies (Muturi ef al., 2008) and urban areas (Robert
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et al., 1998; Jacob et al., 2003; Machault et al., 2009). In
Burkina Faso, both species have recently been found in peri-
urban and urban areas in polluted larval habitats (Fournet et al.,
2010). Moreover, the association with Culex larvae, which are
commonly found in highly polluted aquatic habitats (Subra,
1981), reflects the anthropogenic nature of these breeding sites.
These findings are in agreement with our results and suggest
that An. gambiae M form and An. arabiensis are adapting to
anthropogenic contexts. By contrast, the S form appears to be
a more feral mosquito that is mainly found in savannah areas
and is able to exploit quarries.

The fact that most species living in temporary habitats are
absent from permanent ones (Wiggins et al., 1980) suggests
that some factors such as predation and/or competition may
prevent species from occupying habitats that are apparently
suitable to their development. Susceptibility to predation has
been shown to be one of the main forces structuring species
among aquatic habitats (Wellborn et al., 1996). The M form,
which is totally dependent on permanent habitats during the
dry season, was shown to demonstrate predator-avoidance
behaviour in predator-rich habitats (Gimonneau et al., 2010).
By contrast, more rapid larval development, as observed in the
S form (Diabaté et al., 2005, 2008; Lehmann & Diabaté, 2008),
represents better adaptation to fluctuating habitats with a high
risk of desiccation. Consequently, fitness success at one end
of the gradient implies lower performance at other end, which
results in the observed pattern of distribution of members of
the An. gambiae complex.

This study allowed us to better understand the ecological
requirements of sympatric taxa of the An. gambiae complex
unevenly distributed among aquatic habitats in a savannah area
in southern Burkina Faso. Species and molecular forms were
sharply segregated along a gradient ranging from ‘permanent
anthropic’ habitats, exploited by the M form, to ‘temporary
natural’ habitats, in which the S form and An. arabiensis are
found. Moreover, An. arabiensis is more strongly associated
with village areas, which suggests that, like the M form, it is
more adapted to anthropogenic conditions. Consequently, the
larval ecology of this species complex appears to be clearly
linked to the hydro-periodicity of habitats and to the eco-
logical communities they support in relation to anthropogenic
activities. In the actual context of dam building for irrigated
agriculture in rural and peri-urban areas in West Africa as part
of the drive to increase food self-sufficiency, understanding the
distribution of vector species gains value in the prevention of
malaria transmission in these new modified environments.
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