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Abstract

Background: This is the second in a series of three articles documenting the geographical distribution of 41
dominant vector species (DVS) of human malaria. The first paper addressed the DVS of the Americas and the third
will consider those of the Asian Pacific Region. Here, the DVS of Africa, Europe and the Middle East are discussed.
The continent of Africa experiences the bulk of the global malaria burden due in part to the presence of the An.
gambiae complex. Anopheles gambiae is one of four DVS within the An. gambiae complex, the others being An.
arabiensis and the coastal An. merus and An. melas. There are a further three, highly anthropophilic DVS in Africa,
An. funestus, An. moucheti and An. nili. Conversely, across Europe and the Middle East, malaria transmission is low
and frequently absent, despite the presence of six DVS. To help control malaria in Africa and the Middle East, or to
identify the risk of its re-emergence in Europe, the contemporary distribution and bionomics of the relevant DVS
are needed.

Results: A contemporary database of occurrence data, compiled from the formal literature and other relevant
resources, resulted in the collation of information for seven DVS from 44 countries in Africa containing 4234 geo-
referenced, independent sites. In Europe and the Middle East, six DVS were identified from 2784 geo-referenced
sites across 49 countries. These occurrence data were combined with expert opinion ranges and a suite of
environmental and climatic variables of relevance to anopheline ecology to produce predictive distribution maps
using the Boosted Regression Tree (BRT) method.

Conclusions: The predicted geographic extent for the following DVS (or species/suspected species complex*) is
provided for Africa: Anopheles (Cellia) arabiensis, An. (Cel.) funestus*, An. (Cel.) gambiae, An. (Cel.) melas, An. (Cel.)
merus, An. (Cel) moucheti and An. (Cel) nili*, and in the European and Middle Eastern Region: An. (Anopheles)
atroparvus, An. (Ano.) labranchiae, An. (Ano.) messeae, An. (Ano.) sacharovi, An. (Cel.) sergentii and An. (Cel.)
superpictus*. These maps are presented alongside a bionomics summary for each species relevant to its control.

Background

This paper is a second in a series of three contributions
discussing the geographic distribution and bionomics of
the dominant vector species (DVS) of human malaria
[1,2]. It deals specifically with the DVS of Africa, Europe
and the Middle East.
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Despite highly variable levels of transmission across
Africa [3,4], the global public heath impact of P. falci-
parum malaria is overwhelmingly felt on this continent
[5,6]. Africa contains areas with the highest entomologi-
cal inoculation rates [3,7] and prevalence levels [8] glob-
ally, and thus the highest morbidity and mortality [5].
This situation arises partly because Africa has the most
effective and efficient DVS of human malaria [9,10]: An.
gambiae (sensu stricto - herein, referred to as ‘An. gam-
biae’; it is not necessary to use ‘sensu stricto’ (or the
abbreviation ‘s.s.”) when there is no doubt that the
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biological species being referred to is the one that bears
the name An. gambiae) [5,10], with its sibling, An. ara-
biensis, also of major importance [11]. The DVS mem-
bers of the An. gambiae complex also include the salt
water tolerant, coastal species An. melas and An.
merus [12] and these, whilst not being as efficient at
transmitting malaria as An. gambiae or An. arabiensis,
are often found in such high densities that they
achieve DVS status [13-15]. Other members of the An.
gambiae complex are either highly restricted in their
distribution (e.g. An. bwambae, only currently known
to occur in geothermal springs in western Uganda
[11,16]) or are zoophilic in behaviour and not consid-
ered vectors of human malaria (e.g. An. quadriannula-
tus and An. quadriannulatus B) [17]. In addition to
the four DVS within the An. gambiae complex, large
parts of Africa are also home to other DVS, including
An. funestus, An. nili and An. moucheti, with An.
funestus, in some cases, having a greater impact on
malaria transmission even than An. gambiae [10,11,18].
The anthropophilic habits of these DVS are a major
contributing factor to their public health impact,
indeed An. funestus is considered to be one of the first
species to have adapted to human hosts [19].

The vast majority of current malaria control efforts
use interventions aimed at limiting human-vector con-
tact [20,21]. Foremost among these interventions has
been the rapid scale-up of insecticide treated bednets
(ITNs) [22], followed by the scale-up of indoor residual
spraying (IRS) in Africa [23]. These interventions are
often deployed without a detailed understanding of the
distribution, species composition and behaviour of local
vectors. This complicates impact monitoring [24], the
appraisal of arguments for more holistic integrated vec-
tor control [25] and evaluation of the potential of novel
vector control methods [26-28]. Distribution maps can
also be applied to gauge the importance of emerging
insecticide resistance among the DVS of Africa [29-37].
In contrast to Africa, the European and the Middle East-
ern region contain areas with low to no malaria trans-
mission [8]. Despite this, the existence of Anopheles
species with the capacity to transmit malaria is often
highlighted as providing the potential for the re-intro-
duction of malaria [38-43].

A number of vector species modelling and mapping
strategies have been applied on a country (e.g. [44-50])
and regional scale [51] and across the African continent
[24,52-55], with fewer attempts directed at the European
and Middle Eastern species [56-58]. No previous map-
ping efforts formally incorporate expert opinion (EO)
distributions and the methods used range in complexity,
from simply plotting presence or abundance on a map
[24,44,48,57,58], to the application of more sophisticated
predictive models [45-47,49,50,52-56]. This makes
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comparison between the maps difficult. Further difficul-
ties also arise in the interpretation of existing maps as
many previous studies include all historical occurrence
records to compensate for poor data coverage. This can
introduce taxonomic ambiguity; the An. gambiae com-
plex, for example, was only fully categorised in 1998,
with the addition of the provisionally designated An.
quadriannulatus species B [12,59] and, even now, the
status of An. funestus is under question [60-63]. More-
over, the morphological similarity that hides members
of a species complex adds a level of uncertainty to the
identity of species data recorded before the advent of
cytological or molecular identification techniques.

This current work attempts to overcome many of these
problems. The same Boosted Regression Tree (BRT)
methodology is applied to all DVS making comparison
between predicted maps possible. Despite only using data
collected after 31 December 1984 the assimilated DVS
occurrence records together comprise the largest con-
temporary dataset for prediction, with this evidence base
to be made available in the public domain. Significant
efforts were also expended to update the EO maps for all
species [1] and these were used to inform the predictions.
The outcome of these efforts and that of a comprehen-
sive bionomics review are presented here for the DVS of
Africa, Europe and the Middle East.

Methods

The data assembly and mapping methods, climatic and
environmental variable grid pre- and post-processing
methods and the modelling protocol summarised here
are described in detail in Sinka et al. [2]. The selection
of the DVS is detailed in Hay et al. [1]. In brief, 13 DVS
from a final list of 41 species and species complexes
worldwide were considered, seven of which are found
solely in Africa (Table 1) [1] with a further six distribu-
ted across Europe, the Middle East and in limited areas
of northern Africa (Table 2).

Data assembly, data checks and expert opinion maps
Building on the existing Malaria Atlas Project (MAP
[64]) library of parasite rate surveys, a systematic search
of the published, peer-reviewed literature using online
scientific bibliographic databases was performed and
augmented with a range of other information previously
described [2]. Literature searches were concluded on
31 October 2009 and all citations meeting our search
criteria [2] were reviewed.

Occurrence data extracted from these sources
(a detailed protocol is given in Hay et al. [1]) were sub-
jected to a series of rigorous checks before being
migrated from Excel into a web-based PostgreSQL data-
base where a final series of checks were conducted (see
Sinka et al. [2]).
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Table 1 Defining the dominant Anopheles vector species and species complexes of human malaria in Africa

Anopheline species or species White Service Kiszewski Mouchet Exc. Inc. EO source

complex [260] [253,321] [322] [223]

An. arabiensis y y y y 1 1 [260]; updated by TAG, 2009

An. funestus y y y y 1 1 [10]; updated by TAG, 2009

An. gambiae y y y y 1 1 [11]; updated by TAG, 2009

An. melas y y 1 [11]

An. merus y 1 [10]; updated by TAG, 2009,
2010

An. moucheti y 1 [10]; updated by TAG, 2009

An. nili* y 1 [10]

The * denotes that a “species” is now recognized as a species complex. The exclusive (Exc.) column counts those species identified in all four reviews. The
inclusive (Inc.) column counts those species identified by any of the four authors and are the candidate DVS considered for mapping. All of the African species
are found in Macdonald’s malaria epidemiology zones 6 and 7 (Afrotropical - formerly Ethiopian and Afro-Arabian) 320. The final DVS species listed were defined
during two separate Technical Advisory Group (TAG) meetings. EO = Expert Opinion.

Globally, the literature search resulted in 3857 publi-
cations or reports containing potential data to be
reviewed. Of these publications, 2276 fulfilled the inclu-
sion criteria, providing data for 147 countries. A total of
727 sources detailed surveys conducted across 46 coun-
tries in Africa with 45 sources found for 49 countries in
Europe and the Middle East.

Using EO map overlays (Additional file 1: Expert opi-
nion distribution maps for the seven DVS of Africa and
the six DVS of the Europe and Middle Eastern region
(Raster prediction files are available on request)), initi-
ally digitised from published, authoritative sources
(Table 1, 2) and further refined by a Technical Advisory
Group (TAG) of Anopheles experts (see acknowledge-
ments), preliminary maps were produced displaying the
occurrence data for each species. These maps were
examined and points that fell outside the EO range were
checked and either corrected or the EO maps adjusted
to include all confirmed areas of occurrence.

Boosted Regression Trees, climatic/environmental
variables and model protocol

The BRT method [65,66] was chosen to generate the
predictive maps of each DVS distribution. In a review

comparing 16 species modelling methodologies, BRT
consistently performed well [67] and benefits from being
flexible (accommodating both categorical and continu-
ous data), using freely available, reliable and well docu-
mented R code [68] and producing maps that are simple
to interpret and include a ranked list of environmental
or climatic predictors [2]. The method is described in
full by Elith et al. [66] and its implementation for DVS
mapping summarised by Sinka et al. [2]. The BRT also
produces a number of evaluation statistics including
Deviance, Correlation, Discrimination (Area Under the
operating characteristic Curve: AUC) and Kappa (k)
which are used here as a guide to the predictive perfor-
mance of each map.

The BRT model was provided with a suite of open
access, environmental and climatic variable 5 x 5 km
resolution grids, relevant to the ecology and bionomics of
the DVS in the African, European and Middle Eastern
regions. Each grid has undergone a series of processing
steps to ensure all land and sea pixels exactly correspond,
and, using nearest neighbour interpolation, to fill in any
small gaps in the data due to, for example, cloud cover
(see Sinka et al. [2]). Where the remotely sensed imagery
was available as multi-temporal data, temporal Fourier

Table 2 Defining the dominant Anopheles vector species of human malaria in Europe and the Middle East

Anopheline species or species White Service Kiszewski Mouchet Exc. Inc. EO source

complex [260] [253,321] [322] [223]

An. atroparvus 4,5 4,5 4,5 4,5 1 1 [260]; Manguin (pers comm, 2009); updated
by TAG, 2009

An. labranchiae 5 5 5 5 1 1 [260]; Manguin (pers comm, 2009); updated
by TAG, 2009

An. messeae 4,5 1 [260]

An. sacharovi 5 5 5 5 1 1 [260]

An. sergentii 6 6 6 6 1 1 [260]; updated by TAG, 2009

An. superpictus 5 5 5 5 1 1 [260]

The exclusive (Exc.) column counts those species identified in all four reviews. The inclusive (Inc.) column counts those species identified by any of the four
authors and are the candidate DVS considered for mapping. The numbers given in each of the review author columns record in which Macdonald’s malaria
epidemiology zones the species can be found: 4 - North Eurasian; 5 - Mediterranean; 6 - Afro-Arabian 320. The final DVS species listed were defined during two

separate Technical Advisory Group (TAG) meetings. EO = Expert Opinion.
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analysis (TFA) was applied to ordinate the data, generat-
ing seven products for each temporal variable: the overall
mean, maximum and minimum of the data cycles; the
amplitude (maximum variation of the cycle around the
mean) and the phase (the timing of the cycle) of the
annual and bi-annual cycles [69]. The environmental/cli-
matic variables applied to the BRT model included a digi-
tal elevation model (DEM) [70-72], precipitation and
temperature [73,74], land surface temperature (LST),
middle infrared radiation (MIR) and the normalized dif-
ference vegetation index (NDVI) (Advanced Very High
Resolution Radiometer (AVHRR) [75-78]), and 22 indivi-
dual categories of land cover plus a further three grouped
classes that encompassed flooded areas, forested areas
and dry areas (Globcover [79]).

The AVHRR grids (LST, MIR and NDVI) were
applied to all DVS except the European species An. mes-
seae and An. atroparvus. These two species have the
most northerly distribution of all the DVS, with An.
messeae ranging up to 65° north. At these latitudes, the
AVHRR satellite data can be problematic. Instead
MODIS (MODerate Resolution Imaging Spectroradi-
ometer) [70] data were used because it provides better
coverage and fewer data gaps for these northern distri-
butions. The MODIS grids include the Enhanced Vege-
tation Index (EVI) and LST [70].

Following the same protocol described in Sinka et al. [2],
numerous model iterations were run to assess the ‘optimal’
mapping outputs, including assessing the buffer size sur-
rounding the EO range from where pseudo-absences
would be drawn, the number of pseudo-absences to apply
to the model and the effects of including half weighted
pseudo-presence data, allocated at random from within
the EO boundary, alongside the occurrence data. As each
of these categories required the use of different data inputs
to the BRT, statistical comparison using the evaluation
metrics was not strictly possible. Therefore the ‘optimal’
settings chosen are inherently subjective and based on
visual examination and comparison of the various maps
guided by, but not relying on, the evaluation statistics.

Bionomics

A full protocol describing the methodology used to
extract species-specific bionomic data from the available
literature (Table 3, 4) is given in the supplemental infor-
mation accompanying Sinka et al. [2]. The bionomics
summary of each species is included to accompany the
predictive maps as the success of interventions and con-
trol methods, such as ITNs or IRS, in reducing malaria
transmission is closely related to the behavioural charac-
teristics of the local DVS. This review does not, how-
ever, include detailed information relating to insecticide
resistance. This was a purposeful omission as it would
not be possible to do full justice to this highly dynamic
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and important aspect of the DVS within the space con-
fines of the current work. Moreover, insecticide resis-
tance is being addressed in detail by other groups,
including those at the Liverpool School of Tropical
Medicine and the Innovative Vector Control Consor-
tium (IVCC) [80]. Furthermore, there are a number of
comprehensive reviews that have been recently pro-
duced that detail insecticide resistance amongst Afrotro-
pical species which should be considered alongside this
current work (e.g. [31,35,81,82]).

Results

African DVS

A total of 4581 independent sites, of which 4234 were
successfully geo-referenced, reported the presence of
one or more African DVS, relating to 9300 (8646 geo-
referenced) occurrences (i.e. including one or more
temporal sample conducted at one independent site)
(Table 5). The following results refer only to geo-refer-
enced data, and of these 3951 sites were at a resolution
(points and wide areas, <10 km? and between 10 and 25
km? respectively) suitable to be applied to the BRT
model (from here on, for simplicity, referred to as
points).

Data were recorded from a total of 46 countries, 44 of
which reported points. The largest number of data were
reported from Kenya, with a total of 757 sites (all area
types), 686 points and 1599 occurrence data (all area
types). In contrast, only one data point was reported
from Togo (Kantindi) where An. gambiae was found
[83] and studies from Mauritius only provided DVS
location information, at a polygon level, for two sites.
African DVS data were reported from Egypt, but only in
the form of a polygon location that could not be suc-
cessfully geo-referenced. Anopheles gambiae was
reported from the largest number of countries (34) and
from the highest number of point locations (1443), how-
ever occurrence data (from point locations only) were
greater for both An. funestus and An. arabiensis (2692
and 2301, respectively) than for An. gambiae (2291).
The least prevalent species was An. moucheti reported
from only 66 point locations (Table 6) and Cameroon
had the highest diversity of DVS with three sites (Nko-
teng, Tibati and Mayo Mbocki) showing the presence of
five DVS (An. arabiensis, An. funestus, An. gambiae, An.
nili and An. moucheti) [84-86].

Adult resting collections were the most popular sam-
pling method, with 424 studies collecting females resting
inside houses compared to 178 studies that collected
females biting indoors. Outdoor resting sampling was
comparably rare with 56 studies collecting from outdoor
shelters, 22 studies searching inside animal sheds and 21
studies where the details of the outdoor location
sampled were not recorded. Outdoor landing catches
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Table 3 Citation search results for the bionomics survey of the seven Africa DVS created from the MAP database

Species References

An. arabiensis

[48,100-114,117,119,121-136,142,150,155,159,171,174,176,178,179,181,182,184,186,191,192]

[310,323-348]

An. funestus [19,84,86,92,100,106,112,114,122-125,128,129,131,134,141-143,145-159,162,177,181,183,192]
[331,349-363]

An. gambiae [90,91,101,109,119,122,123,127,131,142,145,149,150,153,154,157,159,174-192,344,348 363-365]

An. melas [109,119,193-197,199,200,348]

An. merus [150,201,203,206,207,211,213,214]

An. moucheti [86,124,145,174,217,219,220]

An. nili [86,129,145,148,149,217,225-228,353,363,366,367]

Filter terms were: ‘behaviour’, ‘behavior’, ‘larva’, ‘biting’, ‘resting’ and ‘habitat’.

were conducted in 132 studies and 181 studies collected
larvae, relating to 675 point locations.

Molecular techniques examining nucleic acids, which
have only been applied for identification on a regular
basis since the 1990s [87], were well represented, with
338 studies reporting the use of Polymerase Chain Reac-
tion (PCR) methods. Morphological methods were used
in 363 studies, often in conjunction with PCR techni-
ques. At the other end of the scale, salinity tolerance
tests were only attempted in four studies and cross-mat-
ing experiments only in five.

European and Middle Eastern DVS

Across the European and Middle Eastern region, 49
countries reported the presence of one or more DVS
from 2820 point locations (all locations: 2891), of which
2784 were successfully geo-referenced (all geo-referenced
locations: 2848) (Table 7). Relatively few polygon data
were reported (all: 71/2891, georeferenced only: 64/2848)
and longitudinal studies were also rare, with only 18 stu-
dies reporting sampling on more than one occasion at
the same site. A total of 3020 geo-referenced occurrence
data across all area types, with 2946 from point locations,
were compiled. Considering only the geo-referenced

Table 4 Citation search results for the bionomics survey
of the six European and Middle Eastern DVS created
from MAP database

Species References

An. atroparvus 229,235-237,240,241,263,365]
An. labranchiae 247,249,254-256,258,259]
An. messeae 263,264,270]

An. sacharovi 265,276,277,281,284,286,287,290-292,294,368]
103,259,286,300,303-309,369,370]

256,282,286,287,304,312-315,371-373]

An. sergentii

[
[
[
[
[
[

An. superpictus

Filter terms were: ‘behaviour’, ‘behavior’, ‘larva’, ‘biting’, ‘resting’ and ‘habitat’.
Due to a lack of contemporary data for these species, searches were
supplemented with pre-1985 literature.

data, DVS presence was reported from the most sites in
Italy (all sites: 423, point only: 409).

Anopheles atroparvus was the species reported most
often across the region, found at 1051 geo-referenced
locations, of which 1044 were available to be used in the
analyses. Anopheles sergentii was only present at 35
point locations, and within 11 polygon areas, but these
related to a total of 113 occurrence data (102 points, 11
polygons) (Table 8).

In the European and Middle Eastern region, larval col-
lections were the most common sampling method, with
23 studies sampling at 86 sites. Sampling methods were
unknown for a large proportion of the data (1553 sites),
of which 1488 related to a single data source [56]. Possi-
bly due to the zoophilic nature of the majority of the
European and Middle Eastern species (see below), rest-
ing adult females were collected from animal sheds at
85 locations compared to only 31 where resting collec-
tions were conducted inside human dwellings. Human
landing collections were conducted indoors in only two
studies, relating to only three sites, with three studies
collecting by outdoor human landing at only eight sites.

Identification methods, amongst those studies that
reported them, mainly relied on morphological characteris-
tics and were conducted on specimens from 175 locations.
Only 10 studies reported using PCR identification techni-
ques but due to a large number of unknown or unreported
methods, this ranked as the second most popular method,
and was applied to specimens collected from 67 sites.

Mapping trials

The results for each mapping trial are given in Addi-
tional file 2 (Additional file 2: Summary tables showing
evaluation statistics for all mapping trials and final BRT
environmental and climatic variable selections for the
final, optimal predictive maps). Optimal mapping cate-
gories were evaluated visually and using the deviance
and AUC statistics, with the caveat that these could
only be used as a guide rather than a definitive indica-
tion of predictive performance.
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Table 5 Geo-referenced independent site and occurrence (includes multiple sampling at a single site) data for the
seven African species by country

Site Occurrence

Country All Data Polygons All Data Polygons
Angola 57 56 1 59 58 1
Benin 96 94 2 150 126 24
Botswana 10 10 0 11 11 0
Burkina Faso 310 301 9 603 589 14
Burundi 29 21 8 97 87 10
Cameroon 383 375 8 686 678 8
Central African Republic 3 3 0 3 3 0
Chad 14 14 0 14 14 0
Comoros 80 70 10 80 70 10
Congo 2 2 0 2 2 0
Cote d'Ivoire 84 84 0 172 172 0
Democratic Republic of the Congo 30 23 7 59 52 7
Egypt 0 0 0 0 0 0
Equatorial Guinea 113 93 20 132 103 29
Eritrea 45 31 14 48 34 14
Ethiopia 56 45 11 161 145 16
Gabon 28 28 0 128 128 0
Ghana 106 95 11 118 107 M
Guinea " 7 4 25 21 4
Guinea-Bissau 45 45 0 74 74 0
Kenya 757 686 71 1599 1500 99
Liberia 4 4 0 4 4 0
Madagascar 198 183 15 603 531 72
Malawi 41 40 1 52 51 1
Mali 166 156 10 350 324 26
Mauritius 2 0 2 2 0 2
Mozambique 80 79 1 180 179 1
Namibia 5 4 1 5 4 1
Niger 28 28 0 69 69 0
Nigeria 190 175 15 343 318 25
Réunion 14 Il 3 14 Il 3
Sao Tomé and Principe 16 13 3 25 20 5
Saudi Arabia 13 13 0 13 13 0
Senegal 209 207 2 608 606 2
Sierra Leone 1 10 1 83 82 1
Somalia 5 5 0 5 5 0
South Africa 93 92 1 127 126 1
Sudan 125 121 4 355 312 43
Swaziland 7 7 0 7 7 0
Tanzania (United Republic of) 383 365 18 900 824 76
The Gambia 192 174 18 280 256 24
Togo 1 1 0 1 1 0
Uganda 135 129 6 322 314 8
Yemen M 9 2 16 9 7
Zambia 32 29 3 42 39 3
Zimbabwe 14 13 1 19 18 1
Total 4234 3951 283 8646 8097 549

‘Data’ includes points (<10 km2) and wide areas (10-25 km2) both of which are used in the BRT model and displayed on the predictive maps (Additional file 3).
‘Polygons’ include small (25-100 km2) and large (>100 km2) polygons which are not included in the models or shown on the maps.
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Table 6 Geo-referenced and non geo-referenced data by species and area type: ‘Point’ is all mapped data included in
the BRT model: point (<10 km2), wide areas (10-25 km2) and ‘Polygon’ details data not incorporated in BRT model:
small (25-100 km2) and large (>100 km2) polygons, for the seven African DVS (geographically independent sites (Site)

and temporal independent occurrences (Occ))

Geo-referenced

Non geo-referenced

Point and wide area (‘Point’) Polygon Point and wide area (‘Point’) Polygon
Species Site Occ Site Occ Site Occ Site Occ
An. arabiensis 1196 2301 79 171 108 231 3 3
An. funestus 919 2692 100 221 83 148 12 28
An. gambiae 1443 2291 64 93 17 190 2 14
An. melas 149 240 9 25 1 1 0 0
An. merus 73 104 10 18 9 10 0 0
An. moucheti 66 184 7 7 2 2 1 3
An. nili 105 285 14 14 7 8 2 16
Total 3951 8097 283 549 327 590 20 64

The EO mapping test indicated that where random
pseudo-presences were created within the EO range, and
no real occurrence data were included, the model would
predict a high probability of presence within the whole
EO range and calculate a high deviance value for all spe-
cies, indicating an overall poor predictive performance.
This was the case for the African species and those from
the European and Middle Eastern region, and consistent
with the results for the nine DVS in the Americas [2].
Where the hybrid method was used that incorporated
both real occurrence data plus 500 half-weighted pseudo-
presence points randomly assigned within the EO range,
the mapping performance was greatly improved. Maps
created using only the real presence data produced a low
deviance value, but visually, predictive performance was
judged to be poor, possibly due to a paucity of data for
some species. It was therefore considered that the hybrid
maps performed better overall and are presented here.

The optimal buffer width for the African DVS was
judged to be 1500 km, producing the lowest deviance
value for five out of the seven species. For the European
and Middle Eastern species maps, all buffer widths
other than 1000 km had high deviance values for all
species. The 1000 km buffer therefore was judged to
perform better for all six species and applied consis-
tently to all final maps.

For both the African and the European and Middle
Eastern species, a ratio of 10:1 pseudo-absences to pre-
sence data (not taking into account the 500, half
weighted pseudo-presence created in the hybrid maps)
was judged to perform better overall, but for both
regions, the number of pseudo-absences appeared to
have little effect on the predictive maps.

Predictive maps
The BRT maps for all seven African DVS and for the six
European and Middle Eastern species are given in

Additional file 3 (Additional file 3: Predictive species
distribution maps for the seven DVS of Africa and the
six DVS of the Europe and Middle Eastern region). Spa-
tial constraints prevent all species being discussed in
detail here, however, Anopheles gambiae (Figure 1) is
the iconic and possibly the most important vector of
malaria [88], and therefore is discussed further below.
There have been a number of attempts to model the dis-
tribution of An. gambiae but the majority tend to focus
on single countries and often just map presence points or
abundance without further analysis (e.g. [44-49]). Conti-
nent-wide predictive maps for An. gambiae (plus other
members of the An. gambiae complex) have also been
attempted [1,89], making use of satellite-derived environ-
mental or climatic variables [24,52-55] (Table 9). The
methods range from simply overlaying presence and
absence points over rainfall maps [24] to the application
of more complex, spatial ecological niche models [53,55].

Precipitation, in one form or another, is identified
repeatedly in previous models (where these data are pre-
sented, Table 9) as an influential variable in predicting
the range of An. gambiae. Within the top five contribut-
ing covariates from the suite applied to the BRT model,
precipitation was identified three times, with mean pre-
cipitation as the highest contributor with a relative
influence of over 37%. Maximum precipitation was
placed second (19.42%) with the amplitude of the bi-
annual cycle of precipitation ranked forth (8.85%). In
common with the Maxent niche model presented by
Moffett et al. [55], elevation (altitude) and minimum
land surface temperature were also identified by the
BRT model within the top five influencing climatic/
environmental variables (relative influence of 12.36%
and 5.68%, respectively).

Anopheles gambiae larvae are commonly found in
temporary, shallow, small bodies of water, such as pud-
dles in hoof prints, wheel ruts and small ground pools
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Table 7 Geo-referenced independent site and occurrence (includes multiple sampling at a single site) data for the six
European and Middle Eastern species by country

Site Occurrence

Country All Data Polygons All Data Polygons
Afghanistan 2 0 2 9 0 9
Albania 42 42 0 42 42 0
Armenia 4 4 0 5 5 0
Austria 70 69 1 70 69 1
Belgium 68 68 0 72 72 0
Bosnia and Herzegovina 64 64 0 64 64 0
Bulgaria 114 114 0 114 114 0
Croatia 69 66 3 69 66 3
Czech Republic 58 58 0 58 58 0
Denmark 43 43 0 43 43 0
Egypt 30 22 8 85 77 8
Estonia 3 3 0 3 3 0
Finland 31 31 0 31 31 0
France 72 72 0 83 83 0
Georgia 8 8 0 8 8 0
Germany 150 150 0 150 150 0
Greece 121 118 3 128 125 3
Hungary 78 78 0 78 78 0
India 2 2 2 0 2
Iran 23 15 8 52 44 8
Irag 4 4 4 0 4
Israel 2 2 0 2 2 0
[taly 423 409 14 427 413 14
Jordan 1 1 0 1 1 0
Kazakhstan 1 0 1 1 0 1
Latvia 4 4 0 4 4 0
Lithuania 9 9 0 9 9 0
Macedonia, the former Yugoslav Republic of 7 7 0 7 7 0
Moldova, Republic of 3 3 0 3 3 0
Morocco 6 4 2 23 21 2
Netherlands 217 217 0 217 217 0
Norway 2 2 0 2 2 0
Pakistan 1 1 0 1 1 0
Poland 110 110 0 110 110 0
Portugal 120 120 0 120 120 0
Romania 138 138 0 139 139 0
Russian Federation 127 122 5 130 122 8
Saudi Arabia 8 8 0 8 8 0
Serbia 107 107 0 107 107 0
Slovakia 25 25 0 25 25 0
Slovenia 35 35 0 35 35 0
Spain 44 41 3 45 42 3
Sweden 198 198 0 198 198 0
Switzerland 61 61 0 61 61 0
Tajikistan 2 2 0 2 2 0
Turkey 32 28 4 63 59 4
Ukraine 14 14 0 14 14 0
United Kingdom 91 91 0 92 92 0
Uzbekistan 4 0 4 4 0 4
Total 2848 2784 64 3020 2946 74

‘Data’ includes points (<10 km2) and wide areas (10-25 km2) both of which are used in the BRT model and displayed on the predictive maps (Additional file 3).
‘Polygons’ include small (25-100 km2) and large (>100 km2) polygons which are not included in the models or shown on the maps.
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Table 8 Geo-referenced and non geo-referenced occurrence data by species and area type: ‘Point’ includes all mapped
data included in BRT: point (<10 km2), wide areas (10-25 km2) and ‘Polygon’ details data not incorporated in BRT
model: small (25-100 km2) and large (>100 km2) polygons, for the six European and Middle Eastern DVS
(geographically independent sites (Site) and temporal independent occurrences (Occ))

Geo-referenced

Non geo-referenced

Point and wide area (‘Point’) Polygon Point and wide area (‘Point’) Polygon
Species Site Occ Site Occ Site Occ Site Occ
An. atroparvus 1044 1062 7 7 1 1 0 0
An. labranchiae 234 241 10 10 1 3 1 1
An. messeae 903 905 14 17 2 2 1 1
An. sacharovi 183 241 14 14 12 25 0 0
An. sergentii 35 102 1 1 7 7 1 1
An. superpictus 385 395 8 15 13 24 4 4
Total 2784 2946 64 74 36 62 7 7

(see below), sites which are only present after rainfall.
Hence the high influence of precipitation on the distri-
bution of this species identified by the BRT model cor-
responds closely with the known bionomics of An.
gambiae.

The predictive map of An. gambiae (Figure 1) loosely
follows the boundary and distribution indicated by the EO
map (Figure 1, inset) with one clear exception: the large
gap in the range over southern Kenya and a large propor-
tion of northern and central Tanzania. This gap may be
driven by the presence of savannah-type vegetation [89]
more commonly associated with An. arabiensis, or the
increasing altitude of this region, and may be causal to the
identification of elevation as an influencing factor to the
distribution of An. gambiae. Similar gaps are also seen in
the maps produced by Moffett et al. [55] and, to a slightly
lesser extent, in the map of Levine et al. [53]. In Madagas-
car, Léong Pock Tsy et al. [44] identified altitude as a lim-
iting factor for An. gambiae with numbers diminishing as
altitude increased until, other than two specimens found
at 1300 m, it was considered essentially absent over 1000
m. However, in the Kenyan highlands An. gambiae is com-
monly identified up to 2000 m [89-92] and specimens
have been confirmed at sites up to 1800 m in Uganda [93].
Sampling across Africa, as stated by Coetzee [88], reflects
the distribution of entomologists and not necessarily the
distribution of the mosquitoes, and the area within this
predicted gap, along with a great swath through central
Africa, is clearly lacking in empirical occurrence data.
Acknowledging these caveats, and similar ones in parts of
the range of many of the DVS, it is obvious that samples
from these poorly known areas would help improve sub-
stantially our predictive mapping.

Bionomics of the African DVS

Anopheles arabiensis

Anopheles arabiensis, when compared to An. gambiae, is
described as a zoophilic, exophagic and exophilic species

[94]. However, it is also known to have a wide range of
feeding and resting patterns, depending on geographical
location [11,95,96]. This behavioural plasticity allows An.
arabiensis to adapt quickly to counter indoor IRS control,
where suitable genotypes occur [97], showing behavioural
‘avoidance’ (deterrence from a sprayed surface) depend-
ing on the type of insecticide used [95,98].

Anopheles arabiensis is considered a species of dry,
savannah environments and sparse woodland
[11,24,97,99], yet it is known to occur in forested
areas, but only where there is a history of recent land
disturbance or clearance [24]. Its larval habitats are
similar to those of An. gambiae (see below): generally
small, temporary, sunlit, clear and shallow fresh water
pools [100-103] (Table 10), although An. arabiensis is
able to utilize a greater variety of locations than An.
gambiae, including slow flowing, partially shaded
streams [103-106] and a variety of large and small nat-
ural and man-made habitats (Tables 11, 12). It has
been found in turbid waters [100,107,108] and, on
occasion, in brackish habitats [109] (Harbach, unpub.
obs.). It readily makes use of irrigated rice fields (Table
11), where larval densities are related to the height of
the rice, peaking when the plants are still relatively
short and then dropping off substantially as the rice
plants mature [110-113]. Such density fluctuations are
also reflected in the adult population, which also peak
when rice stalks are small and decline as the plants
mature [114-116]. These patterns may be due to a pre-
ference for sunlit areas of water with relatively limited
emergent vegetation (Table 10), with densities decreas-
ing as shade from the growing plants increases. More-
over, there is evidence that An. arabiensis may be
attracted by the application of fertilisers or by the
amount of dissolved oxygen within the paddy water
[111-113,117,118]. However, with fertiliser application
occurring at the start of plant cultivation, and dis-
solved oxygen content related to sunlight exposure
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Figure 1 Map details: The predicted distribution of An. gambiae mapped using hybrid data (1443 occurrence data plus 500 pseudo-
presences weighted at half that of the occurrence data and randomly selected from within the Expert Opinion (EO) range). Pseudo-
absences (14430) were generated at a ratio of 10:1 absence to presence points, and were randomly selected from within the 1500 km buffer
surrounding the EO (EO shown in the inset map). Predictions are not shown beyond the buffer boundary. The black dots show the 1443
occurrence records for An. gambiae. Map statistics: Deviance = 0.114, Correlation = 0.9195, Discrimination (AUC) = 0.989, Kappa = 0.9003.
Environmental variables: 1. Prec (mean), 2. Prec (max), 3. DEM, 4. Prec (A2) 5. LST (min), (Please see Additional file 2 for abbreviations and
definitions). Copyright: Licensed to the Malaria Atlas Project [64] under a Creative Commons Attribution 3.0 License. Citation: Sinka et al. (2010)
The dominant Anopheles vectors of human malaria in Africa, Europe and the Middle East: occurrence data, distribution maps and bionomic
précis, Parasites & Vectors 2010, 3:117.

(e.g. via increasing photosynthesis), the primary ovipo-  feeding preference depending on the local variation in
sition attractant in rice fields is uncertain. host availability and composition of the local genotypes

The behavioural variability of An. arabiensis is clearly  of the vector’ [95,96,120]. Tirados et al. [121] suggested
evident (Table 13), with similar numbers of studies the existence of an east-west behavioural cline. They
reporting either anthropophilic or zoophilic behaviour.  proposed that those populations found in western Africa
Bogh et al. [119] stated: ‘There is... great variation in the  display higher levels of anthropophily, and preferentially
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Table 9 Summary of continent-wide predictive models available in the literature that map the range of An. gambiae

in Africa

Reference Method

Variables selected

Rogers et al. [54] Maximum likelihood

Lindsay et al[52]

Coetzee et al. [24]
mean annual rainfall

Levine et al. [53] Ecologic niche modelling

Moffett et al. [55] Maximum Entropy (Maxent) niche model

Current work Boosted Regression Tree (BRT)

Data Exploration Tool (DET) within Geographic
Information System (GIS), Arc/Info (Non-linear regression)

No model but plot presence/absence against

Not given

Annual precipitation between 330-3224 mm
Maximum annual temperature 25-42°C
Minimum annual temperature 5-22°C

Mean Max. temp of the wet season 25-38°C
Mean Min. temp of the wet season 11-24°C

N.A.

Frost days mentioned as strongly influential
No clear influence of other climatic/environmental variables

Mean temp of coldest quarter
Min. temp of coldest month
Precipitation of wettest month
Altitude

Precipitation of warmest quarter
landscape

Mean precipitation

Max. precipitation

Altitude (DEM)

Precipitation - amplitude of the bi-annual cycle
Minimum LST

feed and rest indoors, whereas those in the east exhibit
greater zoophily and rest outdoors. Overall, however,
biting patterns tend to be exophagic [121-124], but such
behaviour is often reported in comparison with highly

Table 10 Larval site characteristics of the African DVS

endophagic species such as An. gambiae. For example,
Fontenille et al. [125] reported An. arabiensis as ‘more
exophagic than An. gambiae and An. funestus’ with
65.4% of vectors found biting outdoors identified as An.

Species Source Light intensity Salinity Turbidity Movement Vegetation
Helio- Helio- High Low Clear Polluted Still or Flowing Higher plants, No
philic phobic (brackish) (fresh) stagnant algae etc Veg

An. Summary 5 2 1 1 5 5 2 4 Inl 1

arabiensis

An. TAG ° ° ° o ° ° °

arabiensis

An. Summary 3 3 1 2 3 6 1

funestus

An. TAG . o o . . . ° ° o

funestus

An. Summary 4 1 1 1 4 4 5 3 5 4

gambiae

An. TAG . . . o ] . °

gambiae

An. melas  Summary 5 2 4

An. melas  TAG ° ° ° o ° ° ° °

An. merus  Summary 5 2

An. merus  TAG ° ° ° o ° ° ° °

An. Summary 1 2 2 2

moucheti

An. TAG ° o ° ° ° . .

moucheti

An. nili Summary 1 1 1

An. nili TAG o ° ° ° . ° °

TAG: Bangs & Mbogo (unpub. obs., 2010), ® = typical, © = examples exist. Numbers indicate the number of studies that found larvae under each listed

circumstance.
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Table 11 Large larval sites of the African DVS
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Species Source Large natural water collections Large man-made water collections
Lagoons Lakes Marshes Slow flowing Other  Borrow Rice Fish Irrigation Other
rivers pits fields ponds channels
An. Summary 1 2 3 2 16 1 2 2
arabiensis
An. TAG . . o ] . ° °
arabiensis
An. funestus ~ Summary 1 2 5 1
An. funestus  TAG ° ° ° o ° ° °
An. gambiae Summary 1 3 2 2
An. gambiae TAG ° . o ° ° ° °
An. melas Summary 1 3
An. melas TAG .
An. merus Summary 1 1
An. merus TAG ° o
An. Summary 2 1
moucheti
An. TAG ° ° . °
moucheti
An. nili Summary 4
An. nili TAG ° ° °

TAG: Bangs & Mbogo (unpub. obs., 2010), e = typical, © = examples exist. Numbers indicate the number of studies that found larvae under each listed

circumstance.

arabiensis, yet 59% of those found biting indoors were
also identified as An. arabiensis.

Blood feeding times also vary in frequency but biting
generally occurs during the night. Peak evening biting
times can begin in the early evening (19:00) or early
morning (03:00) [121,123,126-131] (Table 13). This spe-
cies does, however, demonstrate a predisposition to exo-
philic (or partial exophilic) behaviour regardless of
where it has blood fed or the source of its meal
[121,125,130,132-135], a behavioural trait considered to
be related to polymorphic chromosomal inversions, to a
greater or lesser extent, depending on location
[97,132,136,137].

Anopheles funestus

Anopheles funestus is a member of the Funestus Sub-
group [138] (often mistakenly referred to as An. funestus
complex), which includes: An. aruni, An. confusus, An.
funestus, An. parensis and An. vaneedeni. The members
of this subgroup exhibit important variation in their
biology and behaviour, especially in regard to malaria
vectorial capacity and are only morphologically distin-
guishable during certain stages in their development
[10,11,18,139]. Only An. funestus is regarded as an
important vector of malaria in this subgroup [18].

A typical An. funestus larval habitat is a large, perma-
nent or semi-permanent body of fresh water with emer-
gent vegetation, such as swamps, large ponds and lake
edges. Larvae have been found in shaded and sunlit

environments (Table 10) and Gillies & de Meillon [10]
concluded that An. funestus uses emergent vegetation as
refuge against predation while the shading it casts, or
the presence of shade from overhanging plants, is of les-
ser importance. In some areas, An. funestus larvae, as
with An. arabiensis, are associated with rice cultivation
(e.g. Madagascar, Mali) [140-144] (Table 11). Where
they are found, their favoured environmental conditions
are very different to those of An. arabiensis. Anopheles
funestus replaces An. arabiensis in a successive temporal
process during rice plant growth, exhibiting higher den-
sities in older, maturing fields compared to the preced-
ing open conditions preferred by An. arabiensis
[115,143,144].

Anopheles funestus is considered to be highly anthro-
pophilic [10,86,122,145-151] (Table 13) (but see below),
which led Charlwood et al. [19] to propose that An.
funestus may have been the first anopheline species to
specialise on biting humans, surmising that its preferred
larval sites (permanent water bodies in savannah-like
environments) are likely to have been areas where
humans first settled. Behaviourally, its late-night biting
patterns would also allow ready access to human blood
without incurring undue density-dependant host avoid-
ance. This late-night biting preference is clearly evident
throughout its range, with all studies reviewed reporting
a peak biting period occurring after 22:00, and most
commonly between midnight and the early hours of the



Table 12 Small larval sites of the African DVS

Species  Source Small natural water collections Small man-made water collections Artificial sites
Small Seepage  Pools Wells Dipsin the Other Overflow Irrigation Borrow  Wheel Hoof Puddles near  Other  Empty cans,

streams springs ground water ditches pits ruts prints rice fields shells etc.

An. Summary 4 1 22 8 1 3 4 4 4 4 10 3

arabiensis

An. TAG ° ° ° ° ° ° ° ° ° ° ° o

arabiensis

An. Summary 4 1 2

funestus

An. TAG ° . . . ° ° ° o o o o o

funestus

An. Summary 1 10 2 3 2 1 2 2 6 1

gambiae

An. TAG ° ° ° ° ] . . ° ° . ° o

gambiae

An. melas  Summary 3 1 3 1 1

An. melas  TAG °

An. merus  Summary 3 3

An. merus  TAG ° °

An. Summary

moucheti

An. TAG ° °

moucheti

An. nili Summary

An. nili TAG . °

TAG: Bangs & Mbogo (unpub. obs., 2010), ® = typical, © = examples exist. Numbers indicate the number of studies that found larvae under each listed circumstance.
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Table 13 Adult feeding and resting behaviour of the African DVS

Species Source Feeding habit Biting habit Biting time Pre-feeding resting Post-feeding

habit resting habit
Anthro- Zoo- Exo- Endo- Day Dusk Night Dawn Exo- Endo- Exo- Endo-
pophilic philic phagic phagic philic philic philic philic

An. Summary 1 14 8 6 2 9 6 3 12 7

arabiensis

An. TAG ° ° ° o ° ° ° o . ° °

arabiensis

An. Summary 19 6 M 13 1 3 3 13 4 17

funestus

An. TAG ° o o ° ° ° . ° ° o °

funestus

An. Summary 12 4 10 10 13 3 3 4 5 5

gambiae

An. TAG ° o o ] ° ° ° o ° ° °

gambiae

An. melas  Summary 5 3 3 3 1 3 1 1 3 1

An. melas  TAG ° ° ° o ° ° ° ° ° ° °

An. merus  Summary 3 2 3 1 2 4 1

An. merus  TAG ° ° ° o ° ° ° ° ° ° °

An. Summary 5 2 5 1 2 1 3

moucheti

An. TAG ° o o ° ° ° ° ° . ° °

moucheti

An. nili Summary 6 7 7 2 2 1 2

An. nili TAG ° ° ° ° ° ° o ° ° ° °

TAG: Bangs & Mbogo (unpub. obs., 2010), ® = typical, © = examples exist. Numbers indicate the number of studies that found adults under each listed

circumstance.

morning [123,124,128,131,145,152-157] (Table 13).
Endophilic resting behaviour is also commonly reported
(84,86,114,124,125,145,146,149,152,156,158,159], and
combined with a relatively high longevity, makes it as
good a vector, or better in some areas, as An. gambiae
[10,11,18,160]. These characteristics are also responsible
for promoting the success of vector control using IRS
and ITNs. However, this exposure has resulted in selec-
tion pressure and rapid development of insecticide resis-
tance to pyrethroids, now well established in some
populations and implicated as the primary reason for a
major resurgence of epidemic malaria reported in Kwa-
zulu-Natal, South Africa in the late 1990s [18,161].
Compared to other DVS in Africa, An. funestus shows
fairly consistent behaviour (generally anthropophilic and
endophilic) throughout its range; however, it is a highly
adaptable species, allowing it to occupy and maintain its
wide distribution and utilise and conform to the many
habitat types and climatic conditions contained therein.
Behavioural differences between chromosomal forms have
been identified, for example, Lochouarn et al. [162]
reported anthropophilic behaviour in western Senegal and
zoophilic behaviour in the east of the country, behaviours
which correspond to chromosomal polymorphisms that

also follow this east-west cline. Costantini et al. [60] iden-
tified two chromosomal forms in Burkina Faso associated
with different resting and biting behaviour. This, coupled
with a lack of heterokaryotypes in areas where the two
forms co-exist, prompted these authors to suggest that the
two forms were incipient species, and hence of the con-
cept of an An. funestus complex. More recently, An. funes-
tus populations from 12 countries have been divided into
three molecular types: M, W, and MW, correlating to geo-
graphical locations, whereby M is essentially found in east-
ern Africa, W from western and central Africa, and MW
from southern Africa [61]. Further investigations showed a
more complicated situation with specimens from Malawi
showing all three types, specimens from Tanzania showed
the M- and MW -types, whereas specimens from Kenya
showed M- and W-types. In addition, two more types
were described, type Y from Malawi, and type Z from four
localities of Angola, Malawi, Ghana and Zambia [62].
Finally, adding further to the complexity surrounding this
species, recent studies in Malawi have revealed a new spe-
cies of the subgroup, named An. funestus-like [63] that is
identical to An. funestus but appears to have a different
biology and role in malaria transmission, although this
needs confirmation.
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Anopheles gambiae

Anopheles gambiae is considered to be one of the most
efficient vectors of malaria in the world and is one of
the most well studied [88]. Like An. funestus, the vari-
able ecological conditions present within the large geo-
graphical range of An. gambiae indicate a highly plastic
species with corresponding chromosomal diversity cur-
rently separated into five chromosomal forms: Forest,
Bamako, Savanna, Mopti and Bissau [163]. There is sug-
gestion of reproductive isolation among the sympatric
forms, and hence, of incipient speciation between them
[163-165]. Independent of these chromosomal cate-
gories, two molecular forms, ‘M’ and ‘S’, have also been
described [165], and are the forms more commonly
referred to in the recent literature. These different
forms exhibit ecological adaptations which further indi-
cate possible speciation, for example the Mopti and M
forms are associated with semi-permanent, often man-
made, larval habitats such as rice fields or flooded areas,
whereas the Savanna/Bamako and S forms are seen
more commonly in temporary, rain-dependent sites
such as ground puddles [166-171]. There appear to be
no definitive studies that explicitly describe variability in
adult biting or resting behaviour or role in malaria
transmission between the two molecular forms.

Despite its wide range and variable ecology, a combi-
nation of traits allows An. gambiae to maintain its posi-
tion as one of the most efficient vectors in sub-Saharan
Africa. It is a relatively long-lived species (although not
as long as An. funestus [160]) [172,173], with a short lar-
val development period and is often found in larval
habitats associated with human activity (e.g. water in
hoof prints, wheel ruts or areas of rice cultivation)
(Tables 11, 12). It is considered to be highly anthropo-
philic, with 11 of 15 studies that examined biting beha-
viour (Table 13) reporting a marked preference for
human hosts [131,145,149,150,157,159,174-177]. How-
ever, there are a number of studies that indicate An.
gambiae is less discriminant and more opportunistic in
its host selection and that host choice is, as with the
majority of African DVS, highly influenced by location,
host availability and the genetic make-up of the mos-
quito population. Moreover, many studies that report
host preference using blood meal analysis are often con-
ducted on resting, blood-fed specimens collected inside
houses, thus introducing a potential study design or
sampling bias favouring the likelihood that the blood
meal will be from a human host [178]. Of the studies
that report some level of zoophily, Diatta et al. [178]
specifically examined the host preference of An. gambiae
and An. arabiensis by comparing the number of females
of each species captured either in a calf-baited or a
human-baited net trap. There was no statistical differ-
ence between the host preferences of the two species,
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both expressing greater zoophily (e.g. 31% of An. gam-
biae were found in the human-baited trap and 69% in
the calf-baited trap). Duchemin et al. [122] also reported
zoophilic behaviour, yet highlighted this as unusual, sug-
gesting that the high density of cattle in the sampling
area may have influenced the propensity for zoophily in
the population. Bagh et al. [119] reported no specific
preference for either human or animal hosts but that
An. gambiae would feed readily on cattle.

As with An. arabiensis, An. gambiae larvae typically
inhabit sunlit, shallow, temporary bodies of fresh
water such as ground depressions, puddles, pools and
hoof prints (although see above) [91,101,175,179-183]
(Table 10, 12). Gillies & de Meillon [10] suggested
that this aspect of their bionomics allow members of
the An. gambiae complex to avoid most predators,
and the larvae are able to develop very quickly (~six
days from egg to adult under optimal conditions and
temperatures), possibly in response to the ephemeral
nature of their larval habitats. Water in these larval
sites can appear clear, turbid or polluted
[101,180,184-186] (Table 10). Typically An. gambiae
larval habitats are described as containing no (or very
sparse) vegetation (Mbogo, unpub. obs.) due to their
temporary nature. Gillies & de Meillon [10] sum-
marised the great diversity of habitats utilised by An.
gambiae, and as described before, different molecular
or chromosomal forms are associated with either vege-
tated (e.g. rice fields) or temporary and non-vegetated
(e.g. hoof prints) larval sites [101]. The studies
reviewed here report An. gambiae from habitats con-
taining floating and submerged algae, emergent grass,
rice, or ‘short plants’ in roadside ditches and from
sites devoid of any vegetation [91,101,109,180,181,183]
(Table 10).

Females of An. gambiae typically feed late at night, a char-
acteristic shared with An. funestus that may increase their
ability to effectively transmit malaria parasites (see above)
[19,123,127,145,153,154,157,175,177,185,187-190] (Table
13). Anopheles gambiae is often described as an endophagic
and endophilic species, both biting and resting indoors,
however, the majority of studies listed herein (nine of 11),
that compared indoor and outdoor human-landing catches
reported no difference in the numbers of females collected
at either location [123,127,145,149,153,157,175,190,191] and
an equal number of studies recorded post-feeding exophilic
resting  [122,131,154,175] as resting indoors
[145,149,159,178]. Bockarie et al. [175] linked differences in
the exo-or endophilic behaviour of An. gambiae to their
chromosomal forms, suggesting the Forest form (with no
inversion) demonstrated stronger exophily in southern
Sierra Leone whereas the Savannah form, with a 2La inver-
sion, was mostly endophilic. Odiere et al. [192] used clay
pots to sample outdoor resting females in western Kenya
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and found no clear preference for indoor or outdoor resting.
They suggested that the designation of An. gambiae as a
predominantly endophilic species may have been based on
poor sampling comparisons. As with host preference, this
species appears to exhibit greater phenotypic plasticity and
opportunism in blood feeding and resting locations than
commonly thought.

Anopheles melas

There is relatively little contemporary information about
the behaviour of An. melas, perhaps because it is gener-
ally considered to be a vector of lesser importance, spe-
cifically where it occurs in sympatry with An. gambiae
or An. arabiensis. Anopheles melas has a comparably
lower sporozoite rate than either An. arabiensis or An.
gambiae (e.g. 0.35% compared to 3.5% for An. gambiae
in The Gambia) [13,95,193], yet in coastal areas where it
can occur in very high densities it is still a problematic
vector of malaria [13]. With the dearth of available con-
temporary data, those studies conducted prior to 1985
that closely examined the behaviour of this species have
been included here.

Anopheles melas is commonly associated with brackish
water and can utilise saline environments that other
species, for example, An. gambiae, cannot tolerate
[109,171], yet does not appear to require brackish water
for larval stage development [194-196]. It is generally
restricted to coastal areas [194-197] but has been found
up to 150 km inland along the Gambia River, where salt
water can intrude great distances (up to 180 km) upriver
[109,171,193]. Unlike other African DVS, the density
fluctuations of An. melas are closely associated with
tidal changes rather than seasons, for example, Gelfand
[194] identified a peak in adult numbers 11 days after
spring tides. The larvae of this species are associated
with salt marsh grass (Paspalum spp.) and mangroves,
but only trees of the genus Avicenna, which include
white, grey and black mangrove, and not those from the
genus Rhizophora ('true’ or red mangrove spp.)
[109,194,195,197]. These positive and negative associa-
tions with mangroves are thought to be strongly influ-
enced by the predominant soil type associated with the
different tree genera. Anopheles melas preferentially ovi-
posits on damp ground at low tide, rather than in open
water, where the eggs are able to survive some degree of
desiccation [196] until the tides rise again, and appears
to prefer the poorly drained, peaty-like soil common to
Avicenna forests compared to the sandy, gravelly or
smooth, fibrous peat soils common to the Rhizophora
stands [195,198]. Giglioli [198] surmised, that this beha-
viour guarantees the larvae will have sufficient time to
complete their larval development and pupate in the
less saline, relatively permanent waters of the new tide
before it begins to recede and the water either becomes
too salty, or dries out completely.
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Adult biting behaviour appears to be opportunistic.
Anopheles melas has been described as both highly
anthropophilic and a zoophilic sp