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Abstract

Background: The final article in a series of three publications examining the global distribution of 41 dominant
vector species (DVS) of malaria is presented here. The first publication examined the DVS from the Americas, with
the second covering those species present in Africa, Europe and the Middle East. Here we discuss the 19 DVS of
the Asian-Pacific region. This region experiences a high diversity of vector species, many occurring sympatrically,
which, combined with the occurrence of a high number of species complexes and suspected species complexes,
and behavioural plasticity of many of these major vectors, adds a level of entomological complexity not
comparable elsewhere globally. To try and untangle the intricacy of the vectors of this region and to increase the
effectiveness of vector control interventions, an understanding of the contemporary distribution of each species,
combined with a synthesis of the current knowledge of their behaviour and ecology is needed.

Results: Expert opinion (EO) range maps, created with the most up-to-date expert knowledge of each DVS
distribution, were combined with a contemporary database of occurrence data and a suite of open access,
environmental and climatic variables. Using the Boosted Regression Tree (BRT) modelling method, distribution
maps of each DVS were produced. The occurrence data were abstracted from the formal, published literature, plus
other relevant sources, resulting in the collation of DVS occurrence at 10116 locations across 31 countries, of which
8853 were successfully geo-referenced and 7430 were resolved to spatial areas that could be included in the BRT
model. A detailed summary of the information on the bionomics of each species and species complex is also
presented.

Conclusions: This article concludes a project aimed to establish the contemporary global distribution of the DVS
of malaria. The three articles produced are intended as a detailed reference for scientists continuing research into
the aspects of taxonomy, biology and ecology relevant to species-specific vector control. This research is
particularly relevant to help unravel the complicated taxonomic status, ecology and epidemiology of the vectors of
the Asia-Pacific region. All the occurrence data, predictive maps and EO-shape files generated during the
production of these publications will be made available in the public domain. We hope that this will encourage
data sharing to improve future iterations of the distribution maps.

* Correspondence: marianne.sinka@gmail.com; simon.hay@zoo.ox.ac.uk
'Spatial Ecology and Epidemiology Group, Tinbergen Building, Department
of Zoology, University of Oxford, South Parks Road, Oxford OX1 3PS, UK
Full list of author information is available at the end of the article

© 2011 Sinka et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons

() BioMed Central Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


mailto:marianne.sinka@gmail.com
mailto:simon.hay@zoo.ox.ac.uk
http://creativecommons.org/licenses/by/2.0

Sinka et al. Parasites & Vectors 2011, 4:89
http://www.parasitesandvectors.com/content/4/1/89

Background

The Asian-Pacific region experiences a notably high
diversity of vector species, species complexes and sus-
pected species complexes, many occurring sympatrically
and exhibiting a high level of behavioural plasticity [1].
This complexity, and the taxonomic ambiguity of many
of the dominant vector species (DVS) of the region, is a
major contributing factor to the continuing impact of
malaria in this area.

Second only to Africa, central and southeastern Asia
suffers with 39% of the global malaria burden (estimated
clinical cases of P. falciparum malaria only) [2], with
pockets of medium to high endemicity found in Orissa
State (eastern India), western Myanmar and the low-
lands of New Guinea [3]. The impact of Plasmodium
vivax is also considerable, with an estimated 41.9% of
the global population at risk (PAR) of P. vivax transmis-
sion occurring in India alone. Seven other Asian nations
(China, Indonesia, Pakistan, Vietnam, the Philippines,
Myanmar and Thailand) are also listed within the top
10 countries with the highest P. vivax PAR estimates [4].

Of 41 DVS recognised globally [5], 19 occur in the
Asian-Pacific region and of these, at least ten are now
considered as species complexes [6] (Table 1). A species
complex tends to encompass a group of closely related,
morphologically indistinguishable species, which may
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occur in sympatry (but not interbreeding), yet still dis-
play behavioural differences that could confound any
control efforts that ignore their bionomics and epide-
miological importance [7,8]. Moreover, even amongst
those species that are not members of a complex, beha-
vioural differences are common depending upon loca-
tion, such that a species can be considered a primary
vector in one area, but of secondary or no importance
elsewhere [8].

The correct identification of any vector implicated in
malaria transmission is key to successful control. For
example, in central Vietnam, where members of both
the An. dirus and An. minimus species complexes were
considered primary vectors, control was targeted twice
a year to precede the period of malaria transmission
attributed to each species complex. However, Van Bor-
tel et al. [9], discovered that the mosquitoes previously
identified as An. minimus were actually An. varuna
(a member of the Funestus Group that also includes
the Minimus Complex). Anopheles varuna is highly
zoophilic in the study area and therefore a non-vector.
This misidentification resulted in the misdirection of
valuable and limited resources and highlights common
difficulties in vector control in the Asian-Pacific region
where the close relationship and sympatric distributions
of many of the species can result in the application of

Table 1 Defining the dominant Anopheles vector species and species complexes of human malaria in the Asia-Pacific

region.
Anopheline species or species White Service Kiszewski Mouchet Malaria EO source
complex [32] [522,523] [524] [525] epidemiology zone

(Bangs, unpub obs)
An. aconitus y y y 8,9 10 [32] + TAG
An. annularis y 8,9 10 TAG
An. balabacensis y y y 10 [28,32] + TAG
An. barbirostris* y 8,9 10 [29,32] + TAG
An. culicifacies* y y y y 6(?), 7, 8,9, 1007) [8,32] + TAG
An. dirus* y y y y 9,10 [8,29,32] + TAG
An. farauti* y y y 12 [32] + TAG
An. flavirostris y y y 10 [32] + TAG
An. fluviatilis* y y y y 8,9 [8,32] + TAG
An. koliensis y y 12 [32] + TAG
An. lesteri y y y 9, 10 Harbach (unpub obs) + TAG
An. leucosphyrus & An. latens y y 10 [8,2832] + TAG
An. maculatus group y y y y 8,9 10 [832] + TAG
An. minimus* y y y y 8,9 10 [8,32] + TAG
An. punctulatus* y y y 12 [32] + TAG
An. sinensis* y y y y 4(7), 8(7), 9, 10, 11 [32] + TAG
An. stephensi y y 6(?7), 8,9 [32] + TAG
An. subpictus* y y 8,9 10,12 TAG
An. sundaicus* y y y y 9, 10 [8,25] + TAG

An asterisk (*) denotes that a “species” is now recognised as a species complex. Macdonald’s malaria epidemiology zones [521] 6, Desert; 7, Ethiopian; 8, Indo-
Persian; 9, Indo-Chinese Hills; 10, Malaysian; 11, Chinese 12, Australasian. A question mark (?) indicates uncertainty of presence in the listed zone. The final DVS
species listed were defined during two separate Technical Advisory Group (TAG) meetings.
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unnecessary or unsuitable intervention methods.
Moreover, in an increasingly changing environment,
deforestation, the implementation of new irrigation pro-
grammes and expanding agricultural development can
rapidly alter the composition of the local mosquito
fauna [10-14], and subsequently influence the control
methods required.

Nonetheless, vector control has proved highly success-
ful in areas of the Asian-Pacific region with the WHO
reporting a greater than 50% decrease in the number of
malaria cases in Bhutan, the Democratic People’s
Republic of Korea, Sri Lanka and Thailand since 2000
[15]. This reduction is associated with intensive malaria
intervention programmes, including indoor residual
spraying (IRS) of insecticides and the distribution of
insecticide-treated bednets (ITNs). Successful control
has also been implemented to take advantage of species-
specific behaviour, for example the introduction of small
larvivorous fish into the intra-domestic water containers
that served as larval habitats for the ‘urban vector’ An.
stephensi [16].

The DVS of the Asian-Pacific region have been the
subject of a number of comprehensive reviews (e.g.
[7,8,17-26]) and attempts to establish their distribution
ranging from simple maps identifying sampling locations
(e.g. [18,27-31]), expert opinion maps (e.g. [8,25,32,33]),
GIS overlays (e.g. [18,34-38]) and those employing
methods to predict species distributions (e.g. [39-42]).
Surprisingly few attempts have been made with the
application of more sophisticated modelling methods to
the DVS of Asia, essentially only those of Foley et al.
[39,41,42].

This current work presents predicted distribution
maps for the 19 DVS of the Asian-Pacific region, cre-
ated using the Boosted Regression Tree (BRT) metho-
dology and applied to a comprehensive database of
contemporary (post 31 December 1984) occurrence
data. The modelling method also benefits from the
inclusion of updated expert opinion (EO) ranges for
each species or species complex, specifically useful for
those species with limited occurrence records. The pre-
dictive maps are presented alongside a bionomics sum-
mary of each species/species complex, highlighting the
complexity of many of the species that occur in this
region.

Methods

An introduction to the MAP DVS project, including
details on DVS selection, is given in Hay et al. [5]. A
full description of the DVS bionomics and occurrence
data assembly, modelling and mapping protocols,
and climatic and environmental variable grid pre- and
post-processing, is provided in Sinka et al. [43].
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From a list of 41 DVS recognised globally, 19 species
or species complexes are found within the Asian-Pacific
region (Table 1). These species range from the Arabian
Peninsula (e.g. An. stephensi and the An. culicifacies
complex) across the Indian subcontinent, north into
China and Korea (e.g. An. lesteri) and as far west as the
Solomon Islands and Vanuatu (e.g. the An. farauti
complex) and south into Queensland and the Northern
Territory of Australia (e.g. the An. farauti complex).

Data assembly, data checks and expert opinion maps

A systematic search of the published, peer-reviewed
scientific and medical literature, using online biblio-
graphic databases [44,45], was conducted and augmen-
ted with a range of focussed searches of other relevant
data sources [46-49]. Searches were concluded on 31
October 2009, and all literature containing data meeting
our search criteria [43] were reviewed. Following the
protocol described in Hay et al. [5], data were extracted
and processed through a series of rigorous checking
procedures before migration into a web-based Post-
greSQL database, where a final series of checks were
conducted [43].

A total of 3857 publications and reports were amalga-
mated for review. Of these, 2276 fulfilled the inclusion
criteria [5,43], culminating in the assembly of DVS
occurrence data for 147 countries. The 19 Asian-Pacific
species and species complexes were distributed across
31 countries from data abstracted from 875 sources.

Preliminary maps were produced by overlaying occur-
rence data points over expert opinion (EO, see Table 1)
species distribution ranges (Additional file 1: Expert opi-
nion distribution maps for the 19 DVS of the Asian-
Pacific region (Raster prediction files are available on
request)). These maps were examined and refined by a
technical advisory group (TAG, see acknowledgments)
of Anopheles experts, and any data points that had fallen
outside of the known EO ranges were checked and,
where necessary, the EO ranges were adjusted to incor-
porate any confirmed areas of species presence.

Boosted Regression Trees, climatic/environmental
variables and model protocol

The Boosted Regression Tree method uses open access,
reliable and well-supported R code and benefits from a
flexibility that allows it to utilise both categorical and
continuous data [50-52]. The maps produced are easy to
interpret and are accompanied by a clear ranking of
each environmental or climatic predictor variable identi-
fied by the model as relevant to the distribution of the
species being mapped (see below). Moreover, in a review
that rigorously tested 16 species modelling methods,
BRTs were shown to consistently perform well [53]. The
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BRT method is described in detail in Elith et al. [50]
and summarised in Sinka et al. [43] with specific refer-
ence to its implementation in DVS mapping. The eva-
luation statistics produced using this method (Deviance,
Correlation, Discrimination (Area Under the operating
characteristic Curve: AUC) and Kappa (x)) were used to
guide the assessment of the predictive performance of
the models.

A suite of open access, environmental and climatic
variable 5 x 5 km resolution grids, relevant to the ecol-
ogy and biology of the DVS, were assembled. These
included a digital elevation model (DEM) [54-56], preci-
pitation [57,58], land surface temperature (LST), middle
infra-red radiation (MIR) and the Normalized Difference
Vegetation Index (NDVI) (Advanced Very High Resolu-
tion Radiometer (AVHRR) [59-62]) plus 22 individual
categories of land cover including three grouped classes:
flooded areas, forested areas and dry areas (Globcover
[63] (A full list of the variables applied is given in Addi-
tional file 2: Summary tables showing evaluation statis-
tics for all mapping trials and final BRT environmental
and climatic variable selections for the final, optimal
predictive maps). Each grid underwent a series of pro-
cessing steps to ensure all land and sea pixels exactly
corresponded. Nearest-neighbour interpolation was used
to fill in any small gaps in the data, for example, those
areas obscured by cloud cover. Temporal Fourier analy-
sis was applied to all multi-temporal data to generate
seven products: the overall mean, maximum and
minimum of the data cycles, the amplitude (maximum
variation of the cycle around the mean) and the
phase (timing of the cycle) of the annual and bi-annual
cycles [64].

A detailed protocol describing the modelling proce-
dures followed to attain the ‘optimal’ mapping outputs
are given in Sinka et al. [43]. Briefly, these included run-
ning a series of model iterations to assess the effects of
incorporating half-weighted pseudo-presence data (ran-
domly allocated from within the known EO range of
each DVS), the number of pseudo-absences required
and the extent of buffer from which they should be
drawn. The buffer was established by extending the
range limit of the EO maps to provide an area of terrain
next to the known range of each DVS, and therefore
close to the feasible range of conditions for the species
to exist. Pseudo-absences were assigned within the buf-
fer area at random. The evaluation metrics provided by
the BRT could only be used as a guide to the predictive
performance of each series of maps, as each iteration
was created using different data inputs. Thus the ‘opti-
mal’ settings chosen should be considered as subjective,
as they were based on a combination of visual assess-
ment guided by, but not relying on, the evaluation
metrics.
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Bionomics

A bionomics summary of each of the Asian-Pacific DVS
is provided to accompany the predictive maps. The
large geographic ranges, presence of a relatively high
proportion of identified and suspected species com-
plexes and a level of behavioural plasticity amongst
many of the DVS across this region, adds a level of
complexity to summarising each of the species’ beha-
viour. However, understanding their bionomics is crucial
to the success of any interventions applied to control
these malaria vectors. The review provided here does
address some of the complexities, but is a general sum-
mary provided with the caveat that local expertise
should always be additionally consulted when evaluating
the possible vector control methods to be applied in
specific locations.

The bionomics summaries do not include a detailed
assessment of insecticide resistance amongst the DVS of
the Asian-Pacific region. Whilst resistance appears wide-
spread in many of the species, and is therefore an
important aspect that must be considered before the
application of any chemical-based control intervention,
it was not possible to do full justice to this area of vec-
tor biology within the confines of this current work.
However, insecticide resistance is being addressed by a
number of other research groups and projects (e.g.
MALVECASIA [65,66]) and a number of recent publica-
tions (e.g. [23,67-77]) provide detailed information that
should be considered alongside this current work.

The full protocol applied to extracting bionomics data
from the available literature (Table 2) is provided in the
supplemental information accompanying Sinka ez al.
[43]. Due to the large number of studies available for
some of the DVS in this region, an additional filtering
step was necessary to maintain a reasonable sized data
source for summary. Where the number of citations
remained significantly high (> 100) after following the
steps outlined in Sinka et al. [43], which included filter-
ing the literature using the terms ‘behaviour’, ‘larva’, ‘bit-
ing’ etc., the remaining citations were manually searched
to provide a minimum of 30 articles, ensuring the most
recent studies that examined all the relevant bionomics
were included in the summary.

Results

The presence of one or more Asian-Pacific DVS was
reported by 875 sources from 10116 independent sites,
of which 8853 were successfully geo-referenced. These
data related to 19110 occurrences (i.e. a study that
sampled at one site on one occasion results in one
occurrence and one site, a study that samples every
month for a year at the same site results in one site but
12 occurrences) of which 15410 were from geo-refer-
enced locations (Table 3).
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Table 2 Search results for bionomics survey for the 19 Asian and Pacific DVS.
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Species References

An. aconitus [10,100,154,156-158,161,163,164,174-177,179,181,182,186,187,189-191]

An. annularis [10,12,13,92,154,156-158,161,163-165,174,179,182,186,187,189-191,215,216,230,262,301,304,478,479,481,482,487,490,526-528]

An. balabacensis [11,221,222,227,230,232,237,308,529]

An. barbirostris* [10,12,92,100,154,156-158,161,163,164,174,177,179,182,186,187,189-191,215,247,262,349,472,479,481,482,487,528-531]

An. culicifacies* [10,12,13,156-158,161,163,164,186,190,191,215,216,252,262,322,472,479,481,482,487,490,526,527,530-542]

An. dirus* [9,35,155,175,181,182,189,215,275,278,280-282,284,285,289-294,348,349,351,533,543-553]

An. farauti* [30,31,371,381,389-391,397,408,409,411,413,420,554-563]

An. flavirostris [174,187,227,230,296,301,303-305,307,308]

An. fluviatilis* [156-158,161,163,191,203,216,283,294,316,319-324,490,537,564-566]

An. koliensis [31,383,386,391,402,406,408,412,425,561,567,568]

An. lesteri [36,121,467,485,569-573]

An. leucosphyrus & An. [221,329]

latens

An. maculatus group 40,92,100,155,156,158,174-177,181,182,187,189,215,247,281,283,284,304,305,319,343,348,349,472,546,553,574-576]

An. minimus* 27,3540,143,150,155,181,182,189,215,247,281,283,294,348-351,360,364,369,528,533,545-548,577-580]

An. punctulatus* 31,371,381,386,389-391,401,403,408,411-413,425,581,582]
,121,128,138,139,141-143,177,181,182,189,467,485,569,573,583-587]

An. stephensi

16,161,163,190,191,322,428,438,440-443,464,476,479,487,489,490,527,542,588-597]

An. subpictus*® 10,12,1

,16,154,156-158,161,163-165,179,186,190,191,230,252,262,452,458,467,470,472,474,476,478-490,527,598]

[
(
[
An. sinensis* [14,36,1
[
[
(18

An. sundaicus* 1,187,461,486,497,505,518,529,599-603]

Libraries created from MAP database. Filter terms were: ‘behaviour’, ‘behavior’, ‘larva’, ‘biting’, ‘resting’ and ‘habitat’. An asterisk (*) denotes that a “species” is now

recognised as a species complex.

Focussing only on the geo-referenced data, 7430 sites
(12353 occurrences) were reported at a resolution that
could be applied to the BRT models, including 6952
points (<10 km?) and 478 wide-areas (between 10-25
km?). Data from small and large polygons (25-100 km?
and >100 km? respectively) were not used in the BRT
models.

Of the 31 countries with a reported presence of one or
more of the 19 DVS, the greatest number of sites were
across Myanmar, including 1791 mappable locations
(i.e. both points and wide areas collectively, henceforth
referred to as ‘points’). The greatest number of occur-
rences (3935) were reported from India; however, this
included a very high number reported from polygons
(2002), so the number of occurrences from points (1933)
was subsequently lower than those from Myanmar (2724
points from 2777 total occurrences) (Table 3). Four
countries only had a single site where DVS presence was
reported (Singapore: An. maculatus subgroup, Timor-
Leste: An. subpictus complex, Turkey: An. barbirostris
and United Arab Emirates: An. stephensi).

The An. farauti complex was reported from the great-
est number of independent sites, of which 1465 were
points (Table 4). This was due, in part, to the inclusion
of two comprehensive surveys in Papua New Guinea
(PNG) [31] and northern Australia [30], which provided
a total of 846 points. Anopheles leucosphyrus/An. latens

were identified from the fewest number of locations (14,
of which 12 were points), with An. balabacensis also
reported from relatively few sites (17, of which 14 were
points) (Table 4).

Myanmar appeared to contain the greatest number
of DVS, with 10 species recorded at 16 sites. These
included the concurrent presence of An. aconitus,
An. annularis, An. barbirostris complex, An. culicifacies
complex, An. dirus complex, Maculatus Group, An.
minimus complex, An. sinensis complex, An. stephensi
(replaced by An. sundaicus complex in some coastal
sites) and An. subpictus complex [22,78].

Larval collection was by far the most popular sampling
method employed in the capture of the DVS from the
Asian-Pacific region with 199 sources reporting this
sampling method from 2123 sites. A total of 84 sources
did not mention the sampling methods used at one or
more of their sampled sites (1349 sites).

Of those studies that described the methodologies
applied in species identification, morphological examina-
tion was the most common and was used on samples
from 3766 sites, reported from 265 sources.

Mapping trials

The mapping trials, evaluated visually and guided by the
statistical metric output of the BRT models, indicated
that the ‘optimal’ output for the Asian Pacific species
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Table 3 Geo-referenced independent site and occurrence (includes multiple sampling at a single site) data for the 19

Asian-Pacific species by country.

Site Occurrence

Country All Data Polygons All Data Polygons
Afghanistan 14 1 13 55 1 54
Australia 505 493 12 658 645 13
Bangladesh 35 14 21 39 18 21
Cambodia 43 37 6 46 40 6
China 355 160 195 665 328 337
Eritrea 1 1 0 1 1 0
India 1529 673 856 3935 1933 2002
Indonesia 890 865 25 931 906 25
Iran 59 49 10 161 120 41
Iraq 4 1 3 4 1 3
Japan 7 6 1 10 9 1
Korea, Democratic People’s Republic of 30 30 0 44 44 0
Korea, Republic of 242 234 319 267 52
Lao People’s Democratic Republic 139 121 18 210 192 18
Malaysia 145 132 13 317 297 20
Myanmar 1830 1791 39 2777 2724 53
Nepal 33 33 0 263 263 0
Pakistan 54 41 13 209 144 65
Papua New Guinea 1503 1487 16 1742 1725 17
Philippines 124 113 1 188 147 41
Singapore 1 1 0 1 1 0
Solomon Islands 160 157 3 291 270 21
Sri Lanka 303 273 30 1229 121 108
Taiwan Province of China 14 6 8 15 7 8
Thailand 505 412 93 908 791 17
Timor-Leste 1 1 0 1 1 0
Turkey 1 0 1 1 0 1
United Arab Emirates 1 1 0 1 1 0
Vanuatu 36 33 3 36 33 3
Viet Nam 275 255 20 334 314 20
Yemen 14 9 5 19 9 10
Total 8853 7430 1423 15410 12353 3057

‘Data’ include points (<10 km?) and wide areas (10-25 km?) both of which are used in the BRT model and displayed on the predictive maps (Additional file 3).
‘Polygons’ include small (25-100 km?) and large (>100 km?) polygons which are not included in the models or shown on the maps.

maps included a 1500 km buffer where pseudo-absences
at a ratio of 10:1 (pseudo-absences to presence data)
were randomly allocated. The ‘hybrid’ model, where
occurrence data were supplemented with 500 half-
weighted pseudo-presences allocated within the EO spe-
cies range, created maps with a much greater predictive
performance than those based on 1000 pseudo-pre-
sences randomly allocated in the EO range alone. Those
maps produced using the occurrence data alone, without
any supplemental pseudo-presences, produced the low-
est, and therefore ‘better’ deviance values. However, on

inspection, the maps were judged to be visually poorer,
with less predictive value, specifically for those species
with limited available data (e.g. An. leucosphyrus/An.
latens, An. balabacensis). This ‘hybrid’ method, was also
judged to provide the best maps for those DVS found in
Africa, Europe, the Middle East and the Americas
[43,79] suggesting that, especially in areas where data is
sparse, an educated addition of pseudo-presences can
greatly improve the final mapping output. The results
for each mapping trial conducted are provided in Addi-
tional file 2 (Additional file 2: Summary tables showing
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Table 4 Geo-referenced and non geo-referenced data by species and area type: ‘Point’ is all mapped data included in
the BRT model: point (<10 km?), wide areas (10-25 km?) and ‘Polygon’ details data not incorporated in BRT model:
small (25-100 km?) and large (>100 km2) polygons, for the 19 Asian-Pacific DVS (geographically independent sites

(Site) and temporal independent occurrences (Occ)).

Geo-referenced

Non geo-referenced

Point and wide Polygon Point and wide Polygon
area ('Point’) area ('Point’)

Species Site Occ Site Occ Site Occ Site Occ
An. aconitus 424 616 74 115 42 54 32 67
An. annularis 496 851 156 332 82 188 32 87
An. balabacensis 14 42 3 3 4 9 2 8
An. barbirostris* 872 1064 69 93 70 94 24 56
An. culicifacies* 550 1568 271 774 178 930 64 371
An. dirus* 372 727 60 87 31 60 12 26
An. farauti* 1465 1737 25 28 35 50 1 1
An. flavirostris 103 122 1" 33 4 4 4

An. fluviatilis* 83 318 138 352 80 330 27 149
An. koliensis 325 363 7 7 24 26 2 3
An. lesteri 47 80 65 89 17 18 8 14
An. leucosphyrus & An. latens 12 12 2 2 2 2 0 0
An. maculatus group 471 765 83 145 75 188 24 13
An. minimus* 445 71 93 IR 75 113 59 153
An. punctulatus* 379 581 9 26 30 42 2 3
An. sinensis* 568 792 121 293 43 108 12 22
An. stephensi 261 646 81 220 19 41 12 59
An. subpictus*® 410 1143 127 317 87 219 27 67
An. sundaicus* 133 215 28 30 12 12 9 9
Total 7430 12353 1423 3057 910 2488 353 1212

An asterisk (*) denotes that a “species” is now recognised as a species complex.

evaluation statistics for all mapping trials and final BRT
environmental and climatic variable selections for the
final, optimal predictive maps).

Predictive maps

The final predictive maps for the 19 Asian-Pacific DVS
are given in Additional file 3 (Additional file 3: Predic-
tive species distribution maps for the 19 DVS of the
Asian-Pacific region). Spatial constraints prevent all spe-
cies being discussed in detail, however, the An. dirus
complex (Figure 1), due to its longevity and the highly
anthropophilic behaviour of its members, is considered
to be the dominant vector group in any area where its
species exist (Manguin, unpub obs) and, therefore, is
discussed below.

The maps produced for the An. dirus complex (and for
all other species complexes) do not differentiate between
the members of the complex. Simply, this is due to a
lack of consistent sibling species identification reported
in the current literature, a status that will improve with
the increasing development of reliable molecular

identification methods and the rising acceptance that
understanding bionomics differences in sibling species is
a prerequisite for efficient control.

Behaviourally, the members of the An. dirus complex
have clear differences (see below), but ecologically, they
tend to occupy the same ecological niche and are gener-
ally considered as forest-dwelling species, specifically
in mountainous areas and foothills, with an affinity
for humid, shaded environments where they make use
of transient or temporary larval habitats such as pools
and puddles.

The phase of the annual cycle of LST (LST (P1)) was
selected by the BRT model as the most influential
variable (58.9%). Interestingly, for all An. dirus complex
outputs in each of the mapping trials conducted, this
variable was always found to be the most influential. LST
(P1) was also chosen as the primary influence for the
distribution of An. aconitus (47.55%), An. annularis
(37.14%), the An. maculatus group (64.0%) and the An.
subpictus complex (34.21%) and, to a slightly lesser
degree, for An. minimus complex (31.46%). The common
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Figure 1 Map details: The predicted distribution of the Anopheles dirus species complex mapped using hybrid data (372 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 (3720) 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 372 occurrence records for the complex. Map statistics: Deviance = 0.1738, Correlation = 0.8793, Discrimination (AUC) = 0.9857, Kappa =
0.8451. Environmental variables: 1. LST (P1), 2. Prec (A1), 3. MIR (P1), 4. NDVI (mean), 5. LST (P2), (see Additional file 2 for abbreviations and
definitions). Copyright: Licensed to the Malaria Atlas Project [520] under a Creative Commons Attribution 3.0 License. Citation: Sinka et al. (2011)
The dominant Anopheles vectors of human malaria in the Asia Pacific region: occurrence data, distribution maps and bionomic précis, Parasites &

Vectors 2011, 4:89.

characteristic to each of these species and species com-
plexes appears to be a distribution that includes hilly or
forested hilly areas, both of which (altitude and an
increased evapotranspiration rate over forest, specifically
during the rainy season) could be highly influential in
any satellite-derived LST measurement.

The amplitude of the annual cycle of precipitation,
ranked second by the BRT model, exerted an influence
of 10.47% on the distribution of the An. dirus complex.
This corresponds to the suggested influence of seasonal
LST (P1), and to the creation of temporary pools and
puddles utilised for female oviposition and as a habitat
for the immatures of the An. dirus complex.

The final three variables selected within the top five,
in ranked order, are MIR, the phase of the annual cycle
(8.70%); mean NDVI (7.91%); and LST, phase of the
biannual cycle (3.95%). MIR discriminates land cover
and is able to penetrate better through aerosol particles,
including water, and is thus able to distinguish between
vegetation, soil, rock and water [61] which, alongside
the NDVI, may also refer to the influence of the
forested areas in the distribution of the An. dirus
complex.

Bionomics

Tables 5, 6, 7, 8, 9, 10, 11, 12 show a summary of larval
and adult bionomics data extracted from individual stu-
dies reported in the literature (Summary’) combined
with the common ‘accepted’ bionomics of each species
(TAG).

Anopheles (Anopheles) barbirostris van der Wulp species
complex (Barbirostris Complex)

Anopheles barbirostris and 12 related species comprise
the medically important and taxonomically complex
Barbirostris Group of malaria vectors in the Oriental
Region. Six of these species, including An. barbirostris,
comprise the Barbirostris Subgroup of species that are
almost identical in adult morphology but differ in their
roles in the transmission of malaria and filariasis in
Southeast Asia.

Mosquitoes traditionally identified as An. barbirostris
are common and widely distributed from India through
mainland Southeast Asia and southward through Indo-
nesia to Sulawesi, all of the Lesser Sunda island chain
to Timor Island and possibly the eastern fringe of the
Maluku (Mollucas) archipelago [80,81]. Records of this
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Table 5 Larval site characteristics.

Light intensity Salinity Turbidity Movement Vegetation
Species Source Helio- Helio- High Low Clear  Turbid Still or Flowing Higher No Veg

philic phobic  (brackish) (fresh) stagnant plants,

algae etc

An. aconitus Summary - - - - 1 1 - 3 2 1
An. aconitus TAG ° ° ° o ° o °
An. annularis Summary 1 - - 1 1 1 1 2 7 2
An. annularis TAG ° ° ° o ° o ° o
An. balabacensis ~ Summary - 1 - - - - - - - 1
An. balabacensis  TAG o . ° ° o o
An. barbirostris* Summary 2 1 - - 4 3 1 1 5 2
An. barbirostris* TAG ° ° ° o °
An. culicifacies* Summary 2 - 1 2 3 1 3 3 3 2
An. culicifacies* TAG ° o ° ° o ° ° ° °
An. dirus* Summary 1 10 - 2 4 3 1 - - 2
An. dirus* TAG ° ° ° ° ° o °
An. farauti* Summary 1 6 8 14 2 4 2 1 18 2
An. farauti* TAG ° o ° ° ° o ° ° °
An. flavirostris Summary - 2 - - - - - 2 1 1
An. flavirostris TAG ° ° ° o ° ° o
An. fluviatilis* Summary 1 - - 1 - - 1 3 2 1
An. fluviatilis* TAG ° ° o ° ° o
An. koliensis Summary - - - 1 - - - - 1 1
An. koliensis TAG ° o ° ° ° ° o

TAG: e = typical, © = examples exist.

Numbers indicate the number of studies that found larvae under each listed circumstance. An asterisk (*) denotes that a “species” is now recognised as a species

complex.

species in the Maluku region and New Guinea are ques-
tionable and are more likely to be misidentifications of
related species, notably An. vanus Walker. Published
records of An. barbirostris in the Philippines refer to
other species of the Barbirostris Group [82]. Anopheles
barbirostris is generally found in highland areas [81,83],
but in western Timor it is considered a coastal species
[83].

Sequence data for the COI mtDNA gene and the ITS2
rDNA locus [84-86], as well as electrophoretic profiles
of salivary gland proteins [87], indicate that An. barbir-
ostris is a complex of three to five sibling species with
undefined distributions. The question of how many spe-
cies constitute the Barbirostris Complex needs to be
resolved because correct recognition and identification
has important implications in the choice of methods
applied to malaria and lymphatic filariasis control. Ano-
pheles barbirostris is considered an important vector of
malaria and Brugian filariasis in Sulawesi, Flores and
Timor [88-92], whereas it appears to be a non-vector in
other regions [82]. A recent survey in northern Sumatra
identified An. barbirostris as a potential vector of
malaria [93], and Limrat et al. [94] and Apiwathnasorn

et al. [95] reported that either An. barbirostris or
An. campestris Reid (these species could not be reliably
distinguished) is a probable vector of malaria in Sa Kaeo
Province of Thailand where high numbers of females
were captured landing on humans both indoors and
outdoors.

Saeung et al. [84,85] provided strong evidence for at
least two species within the Barbirostris Subgroup
based on a series of cross-mating experiments (also
Choochote et al. [96]), cytogenetic studies and
sequence analysis of ITS2, COI and COII using isolines
derived from wild-caught females. Unfortunately, a
comparison of COI sequence data obtained by Paredes-
Esquivel et al. [86] with those from Saeung et al. [85]
proved to be impossible because the regions sequenced
do not overlap. The A3 form of Saeung et al. [85] has
a much smaller ITS2 amplicon than the corresponding
region investigated by Paredes-Esquivel et al. [86], sug-
gesting that it is not closely related to An. barbirostris
s.l. Sequence comparisons showed that Clades I and II
of Paredes-Esquivel et al. [86] were not included in the
analyses of Saeung et al. [85], and that Clades III and
V of Paredes-Esquivel et al. [86] correspond to form
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Table 6 Larval site characteristics (cont.).

Page 10 of 46

Light intensity Salinity Turbidity Movement Vegetation
Species Source Helio-  Helio- High Low Clear Turbid Stillor Flowing Higher  No Veg

philic phobic (brackish) (fresh) stagnant plants,

algae etc

An. lesteri Summary - 1 - - - - - - 1 -
An. lesteri TAG °
An. leucosphyrus & An. latens ~ Summary - - - - - - - - -
An. leucosphyrus & An. latens  TAG ° ° ° ° °
An. maculatus group Summary 2 1 - - 2 1 2 1 1 1
An. maculatus group TAG ° ° ° ° ° °
An. minimus* Summary 1 1 - - 2 - 3 2 3 1
An. minimus* TAG o ° ° ° ° ° °
An. punctulatus* Summary 3 - - 1 2 1 - - 2 4
An. punctulatus® TAG ° o ° ° ° ° o °
An. sinensis* Summary - - - - 1 - 2 2 2 1
An. sinensis* TAG ° ° ° o °
An. stephensi Summary 2 1 1 1 3 2 2 1 2 1
An. stephensi TAG o ° o ° ° ° ° ° °
An. subpictus* Summary 2 - 7 4 3 4 2 1 6
An. subpictus* TAG ° ° ° ° ° ° °
An. sundaicus* Summary 3 1 7 4 1 - 1 - 2 1
An. sundaicus* TAG ° o ° o ° ° ° o ° o

TAG: e = typical, © = examples exist.

Numbers indicate the number of studies that found larvae under each listed circumstance. An asterisk (*) denotes that a “species” is now recognised as a species

complex.

Al and An. campestris of Saeung et al. [85], which they
described as a zoophilic and more anthropophilic spe-
cies, respectively. Zoophilic and anthropophilic forms
of An. barbirostris were previously reported by Lien et
al. [90], but these behavioural differences, which would
influence their capacity to transmit malaria protozoa or
filarial nematodes, could not be associated with distinct
morphological characters [91] and may only reflect
relative availability of different hosts. Saeung et al. [85]
identified specimens with ITS2 sequences similar to
Clade IV of Paredes-Esquivel et al. [86] as An. barbir-
ostris, however specimens of Clade IV are morphologi-
cally distinct from An. barbirostris. Based on available
data, it is not possible to determine which genetic spe-
cies correspond to vector populations. Further analyses
require extensive sampling in areas where An. barbiros-
tris has been reported to be anthropophilic, such as
Sulawesi [90] and Flores [91]. Molecular analyses indi-
cate that Clades I and II of Paredes-Esquivel et al. [86]
occur in the type locality of An. barbirostris in eastern
Java (H. Townson & R. Harbach, pers com), but which
of these two genetic species is conspecific with An.
barbirostris s.s. is unknown.

Females of An. barbirostris s.l. bite humans but gener-
ally prefer to feed on other animals, especially bovids

[81,91,97-99]. Feeding apparently takes place outdoors,
but adults have been collected resting inside houses and
animal shelters as well as outside [81]. Outdoor biting
in peninsular Malaysia near the Thai border takes place
throughout the night [100] (Table 11). Reports that An.
barbirostris is a vector of malarial and filarial parasites
came before the recognition of the Barbirostris Com-
plex, and these reports may refer to other species of
very similar morphology. In view of the feeding prefer-
ences and behaviour of females, An. barbirostris s.s.
probably plays little if any role in the transmission of
malaria and filariasis in most areas where it occurs.
Since Clades III and IV of Paredes-Esquivel et al. [86]
appear to be predominantly zoophilic, they may be of
limited importance in the transmission of human patho-
gens. Unfortunately, there is very limited information on
the habitats of Clades I and II, and none on their blood-
feeding preferences. Anopheles barbirostris s.l. is a con-
firmed vector of P. falciparum malaria in Sri Lanka [99]
and Timor-Leste [92] based on the enzyme-linked
immunosorbent assay (ELISA) detection of sporozoites
in the head-thorax portions of females, which in the
case of the latter study were collected in human-landing
catches. Both P. vivax and P. falciparum have been
detected by ELISA in females of An. barbirostris s.l. in
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Table 7 Large larval sites.

Page 11 of 46

Large natural water collections

Large man-made water collections

Species Source Lagoons Lakes Marshes Slow Other Borrow Rice Fish Irrigation Other

flowing pits fields  ponds channels

rivers

An. aconitus Summary - 1 - 2 3 - 5 1 2 2
An. aconitus TAG o . o o . ° °
An. annularis Summary - - 1 4 2 - 14 - 4 6
An. annularis TAG (] o
An. balabacensis Summary - - 1 - - - 1 - - -
An. balabacensis  TAG ©
An. barbirostris* Summary - - 3 5 4 - 17 3 5 6
An. barbirostris* TAG ° ° ° ° ° °
An. culicifacies* Summary - 1 1 5 3 - 14 - 7 5
An. culicifacies* TAG ° ° °
An. dirus* Summary - - - - 3 - 3 1 - -
An. dirus* TAG ©
An. farauti* Summary 5 - - 2 11 - 2 2 - 3
An. farauti* TAG ° o ° o o o o o
An. flavirostris Summary - - - 1 - - - - -
An. flavirostris TAG o o o o
An. fluviatilis* Summary - - - 5 2 - 6 - 1 -
An. fluviatilis* TAG ° ° °
An. koliensis Summary - - - - - - - 1 - 1
An. koliensis TAG o ° o o °

TAG: e = typical, © = examples exist.

Numbers indicate the number of studies that found larvae under each listed circumstance. An asterisk (*) denotes that a “species” is now recognised as a species

complex.

Bangladesh, but it is not known whether sporozoites,
oocysts or both were present as whole mosquitoes were
assayed for infection [101].

Larvae can occupy a great variety of aquatic habitats
throughout the range of the complex. Anopheles barbir-
ostris s.l. is a swamp breeder, typically found in deep
fresh water that is still or slow moving. However, it is
not uncommon in or near rice fields and is tolerant of
relatively high levels of organic pollution including sew-
age, and can be found in ground pools with high con-
centrations of animal dung. Other habitats vary from
sunlit to moderately shaded ground-water bodies,
including river and stream margins and pools, ditches,
moats, lakes, permanent and temporary ground pools,
rice fields, wells, canals, marshes, rock pools, ponds,
springs, swamps and animal footprints. The habitats
usually contain some vegetation [80,81] (Tables 5, 7, 9).

Anopheles (Anopheles) lesteri Baisas & Hu

Anopheles lesteri, originally described from Luzon Island
in the Philippines, is a member of the Hyrcanus Group
of mosquitoes within the Myzorhynchus Series [6]. Xu
& Feng [102] described and named An. anthropophagus

as a subspecies of An. lesteri from mosquitoes collected
in Jhangsu (as Kiangsu) Province, China. Ma [103]
raised anthropophagus to species status based on its
morphology, distribution and vectorial capacity. Wilker-
son et al. [104], however, synonymised An. anthropo-
phagus with An. lesteri based on identical ITS2
sequences found in An. lesteri from its type locality in
Laguna Province, the Philippines, and An. anthropopha-
gus from Jhangsu Province, China. Ma & Xu [105] com-
pared ITS2 sequences among 12 species of the
Hyrcanus Group in China and agreed that An. anthro-
pophagus is a synonym of An. lesteri. Likewise, Hwang
et al. [106] reported that sequences of the ITS2 region
provide strong evidence that An. lesteri in Japan and An.
anthropophagus in China are the same species.
Anopheles lesteri readily attacks humans and is consid-
ered a primary vector of malaria in eastern, central and
southern areas of China [102,103,107-109] [as An.
anthropophagus), and is believed to be a principal vector
in Japan and Korea [110-112]. Shin et al. [113] showed
that An. lesteri was able to develop sporozoites of P.
vivax after feeding on a Korean malaria patient. Joshi
et al. [114] detected high densities of sporozoites in
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Table 8 Large larval sites (cont.).

Page 12 of 46

Large natural water collections

Large man-made water collections

Species Source Lagoons Lakes Marshes Slow Other Borrow  Rice Fish Irrigation  Other

flowing pits fields ponds channels

rivers

An. lesteri Summary - - - - 4 - 3 - 1 1
An. lesteri TAG ° ° °
An. leucosphyrus & An. latens  Summary - - - - - - - - - -
An. leucosphyrus & An. latens  TAG
An. maculatus group Summary - - - 3 4 - 8 - 1 -
An. maculatus group TAG ° ° °
An. minimus* Summary - - - 5 - 8 5 1 2
An. minimus* TAG ° °
An. punctulatus* Summary - - - - 1 - - 1 -
An. punctulatus*® TAG o
An. sinensis* Summary - - 1 - 3 - 11 - 2 2
An. sinensis* TAG ° . °
An. stephensi Summary - 1 1 5 3 - 5 - 4 3
An. stephensi TAG ° ° °
An. subpictus* Summary 1 - 2 3 4 - 13 - 6 5
An. subpictus* TAG ° ° ° °
An. sundaicus* Summary - - 2 - 3 - 2 1 - 1
An. sundaicus* TAG ° ° °

TAG: e = typical, © = examples exist.

Numbers indicate the number of studies that found larvae under each listed circumstance. An asterisk (*) denotes that a “species” is now recognised as a species

complex.

salivary glands of An. lesteri infected with the Korean
strain of P. vivax and concluded that An. lesteri should
be a highly competent vector of P. vivax malaria pro-
vided its survival is sufficiently long in the field. Molecu-
lar [115] and morphological identifications [116] have
extended the distribution of An. lesteri northward in
China to 42° N 120° W and 42.5° N 123.41° W, respec-
tively; localities which are farther north than the Korean
Peninsula. The biting behaviour of An. lesteri is
unknown in the Philippines and Guam, but it is not
known to transmit malarial parasites in these areas
[117]. This species is also regarded as an important vec-
tor of lymphatic filariasis (B. malayi) in China [118].
Larvae of An. lesteri are found in fresh-water ground
pools, ditches, margins of streams and ponds, rice fields,
marshes, swamps, lakes and other impounded waters
[112,119-121] (Tables 6, 8, 10). Adults of An. lesteri rest
in cool and shaded places. Adult populations reach peak
densities during the summer in Hokkaido [122], and
during June and October in Honshu and Kyushu, Japan
[123]. In Hong Kong, An. lesteri commonly occurs in
hilly areas and grassy fields [124]. Basio & Reisen [125]
found larvae in a wallow on Guam and Whang [126]
collected adults in cow sheds and houses in villages dur-
ing malaria surveys in Korea. Anopheles lesteri has been
confused with An. sinensis and other members of the
Hyrcanus Group, and some published records of its

distribution and bionomics are likely not to be accurate,
particularly in Japan, Korea and China [117].

Anopheles (Anopheles) sinensis Wiedemann

Anopheles sinensis is also a member of the Hyrcanus
Group in the Myzorhynchus Series [6]. It is widely dis-
tributed in southern Asia from Afghanistan to northern
China, Japan, Korea, Taiwan and southward into
western Indonesia (Sumatra and West Kalimantan)
[81,112,127-130]. There is evidence that An. sinensis is
refractory to P. falciparum [131,132], but it is still con-
sidered an important vector of P. vivax malaria (and B.
malayi) in both China and Korea [104,108,118,133-137].
It is the most common anopheline species in Japan
[112,138], where it is regarded as an important ‘histori-
cal’ vector of malaria [123]. Anopheles sinensis is also
considered to be a minor malaria vector in Indonesia
(Sumatra only) [130]. Anopheles sinensis has little or no
involvement in malaria transmission in Thailand due to
its zoophilic and exophilic behaviour and its prevalence
primarily in areas where there is little or no malaria [81]
(Table 12).

Along the border between North and South Korea,
Strickman et al. [139] reported that An. sinensis (based
on morphological identifications) comprised 80% of the
anopheline mosquitoes attacking humans during an out-
break of P. vivax malaria. Lee et al. [140] found that a



Table 9 Small larval sites.

Small natural water collections Small man-made water collections Artificial
sites
Species Source Small Seepage  Pools  Wells Dips Other  Overflow Irrigation Borrow  Wheel Hoof Puddles  Other Empty
streams springs in the water ditches pits ruts prints near cans,
ground rice shells
fields etc.
An. aconitus Summary 3 - 5 2 1 - - - 2 1 1 - 1 -
An. aconitus TAG o o ° o o o o ° o o o o o
An. annularis Summary 2 - 10 4 - 1 - 1 2 1 2 1 1 1
An. annularis TAG o o ° o o o o o o
An. balabacensis Summary - - 1 - - - - - - - - - - -
An. balabacensis TAG o ° ° ° ° ° o o
An. barbirostris* Summary 10 1 13 5 1 3 - - 2 1 1 - 2 -
An. barbirostris* TAG . ° ° ° ° °
An. culicifacies* Summary 5 - 14 5 - 5 - 2 5 1 4 1 4 2
An. culicifacies* TAG . ° ° ° ° ° ° °
An. dirus* Summary 3 - 13 4 1 3 - - 1 5 4 - 3 -
An. dirus* TAG ° ° ° ° ° ° °
An. farauti* Summary 10 - 22 3 - 8 - - 1 10 7 - 12 -
An. farauti* TAG ° o o o o o o o
An. flavirostris Summary 5 - 1 - - - - - - - - - - -
An. flavirostris TAG ° o o o o o o
An. fluviatilis* Summary 7 - 3 3 - 4 - 2 3 - 1 - 2 -
An. fluviatilis* TAG . o o ° o
An. koliensis Summary 1 - 1 1 - 1 - - - 1 1 - 1 -
An. koliensis TAG o ° ° ° o o o

TAG: e = typical, © = examples exist.
Numbers indicate the number of studies that found larvae under each listed circumstance. An asterisk (¥) denotes that a “species” is now recognised as a species complex.
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Table 10 Small larval sites (cont.).

Small natural water collections

Small man-made water collections

Artificial sites

Species Source Small Seepage Pools Wells Dipsin Other Overflow Irrigation Borrow Wheel Hoof Puddles Other Empty
streams  springs the water ditches pits ruts prints near cans,
ground rice shells etc.
fields
An. lesteri Summary 1 - 4 - - 1 - 2 - 1 - - 2 -
An. lesteri TAG ° ) °
An. leucosphyrus & An. latens ~ Summary - - - - - - - - - - - - - -
An. leucosphyrus & An. latens  TAG ° ° ° ° °
An. maculatus group Summary 10 2 9 1 2 5 - - - 1 1 - 1 -
An. maculatus group TAG ° ° ° ° ° ° °
An. minimus* Summary 18 2 9 1 1 4 - - - 2 1 3 1 -
An. minimus* TAG ° ° °
An. punctulatus* Summary 3 - 4 1 1 5 - - - 4 1 - 3 -
An. punctulatus® TAG o o ° o o ° ° ° o
An. sinensis* Summary 4 - 7 - 1 2 - 4 - 1 - - 2 3
An. sinensis* TAG ° ° ° . °
An. stephensi Summary 2 - 9 9 1 5 1 1 4 1 3 - 14 11
An. stephensi TAG ° ° . o °
An. subpictus* Summary 2 - 10 4 - 2 - 2 2 1 2 - 5 2
An. subpictus*® TAG ° ° ° °
An. sundaicus* Summary 3 - 2 2 - 1 - - 1 - - - 3 -
An. sundaicus* TAG °

TAG: e = typical, © = examples exist.
Numbers indicate the number of studies that found larvae under each listed circumstance. An asterisk (*) denotes that a “species” is now recognised as a species complex.
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Table 11 Adult feeding and resting behaviour.

Page 15 of 46

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

Species Source Anthro-  Zoo- Exo- Endo- Day Dusk Night Dawn Exo- Endo- Exo- Endo-

pophilic  philic phagic phagic philic  philic  philic  philic
An. aconitus Summary 1 3 4 3 - 2 5 - - 1 1 2
An. aconitus TAG o ° ° ° o ° ° o ° o
An. annularis Summary - 8 4 1 - 3 5 - 1 3 1 5
An. annularis TAG o ° ° ° o ° o ° o °
An. balabacensis  Summary 4 - 3 2 - 1 4 - - 1 - 2
An. balabacensis  TAG ° ° ° ° ° o o o o
An. barbirostris*  Summary - 3 2 1 - 5 3 - 2 1 3 2
An. barbirostris*  TAG o ° ° o ° ° ° o ° o
An. culicifacies* Summary - 9 2 2 - 3 11 - 1 4 1 5
An. culicifacies* TAG ° ° ° ° ° ° o ° o °
An. dirus* Summary 12 1 10 7 - - 17 - 2 1 2 -
An. dirus* TAG ° ° ° o ° ° °
An. farauti* Summary 5 - 3 - - 5 10 1 1 - 1 -
An. farauti* TAG ° o ° ° o o ° ° o ° o
An. flavirostris Summary 2 4 6 3 - - 4 - - 1 1 1
An. flavirostris TAG ° ° ° ° ° ° o °
An. fluviatilis* Summary 5 6 3 4 - 2 5 1 3 5 5 7
An. fluviatilis* TAG . ° ° ° ° ° o
An. koliensis Summary 3 - 4 6 - 1 6 1 - - - -
An. koliensis TAG ° S ° ° o o ° o ° o ° o

TAG: e = typical, © = examples exist.

Numbers indicate the number of studies that found adults under each listed circumstance. An asteriosk (*) denotes that a “species” is now recognised as a

species complex.

third of An. sinensis females that fed on volunteers
infected with a Korean strain of P. vivax became infec-
tive based on the ELISA detection of sporozoites. The
mosquitoes were collected in a non-epidemic area of the
country to ensure that uninfected mosquitoes were used
in the study. Joshi et al. [114] performed feeding experi-
ments with the Korean strain of P. vivax and found that
An. sinensis females develop oocysts but only a reduced
number of sporozoites were detected in salivary glands
compared with females of An. lesteri.

Lee et al. [141] found that An. sinensis delivered a
relatively high biting rate (87.6 bites/person/night) dur-
ing human-bait collections conducted in Paju, South
Korea. The parity of An. sinensis from human-bait col-
lections fluctuated from 41-71% (mean 48.8%) from
June (mean 35.2%) to July (mean 55.0%) and August
(mean 66.2%). From these data, Lee et al. [141] esti-
mated that the probability of daily survival of An. sinen-
sis in the summer season is 0.79, with an assumed
three-day gonotrophic cycle [142] and the expectancy of
infective life through 11 days as 0.073. In contrast, Ree
et al. [142] calculated parity rates of 75.2% in July,
56.5% in August, 78.5% in September and 60.0% in

October, and a slightly higher probability of daily survi-
val rate (0.89) for An. sinensis in Gyonggi-do, South
Korea. Based on blood meal analysis (ELISA), Lee et al.
[141] reported that only 0.8% of An. sinensis females
obtained blood meals from human hosts, as opposed to
61.8% from cows. In comparison, Ree et al. [142] found
that only 0.7% of females had fed on humans, 89.8% on
bovines and the remaining on either swine (3.3%), dogs
(0.7%), chickens (1.6%) or both bovines and swine
(0.7%). Both studies concluded that the malaria trans-
mission potential of An. sinensis is very low despite the
high number of females that attack humans, i.e. vectorial
capacity would be high only in the presence of large
population densities. Chang et al. [143] reported that
females of An. sinensis collected from resting sites in vil-
lages in Taiwan, 86.4% were found to have fed on pig,
9.1% on bovine and 4.5% on horse, as determined by
polymerase chain reaction (PCR) analyses of blood
meals. Females were routinely collected outside human
dwellings and near larval habits, but none were collected
inside human habitations. Mwandawiro et al. [144] stu-
died the host preferences of An. sinensis females in
an extensive rice growing area at Nishi Arita, Saga
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Table 12 Adult feeding and resting behaviour (cont.).
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Feeding habit Biting habit Biting time Pre-feeding Post-feeding
resting habit  resting habit
Species Source Anthro- Zoo- Exo- Endo- Day Dusk Night Dawn Exo- Endo- Exo- Endo-
pophilic philic phagic phagic philic philic philic philic
An. lesteri Summary 2 2 - - - 1 1 - - 2 - 2
An. lesteri TAG ° ° ° ° ° °
An. leucosphyrus & An. latens —~ Summary - - - 1 2 - - - - -
An. leucosphyrus & An. latens  TAG ° ° ° o ° ° °
An. maculatus group Summary 1 9 12 4 7 12 1 2 1 3 1