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ABSTRACT Anopheles minimus Theobald (�An. minimus A) and possibly Anopheles harrisoni
Harbach & Manguin (�An.minimusC) are important malaria vector species in the Minimus Complex
in Southeast Asia. The distributions of these species are poorly known, although detailed information
could beneÞt malaria vector incrimination and control. We used published collection records of these
species and environmental geospatial data to construct consensus ecological niche models (ENM) of
each speciesÕ potential geographic distribution. The status of the Indian taxon An. fluviatilis S as a
species distinct from An. harrisoni has been debated in the literature, so we tested for differentiation
in ecological niche characteristics. The predicted potential distribution of An. minimus is more
southerly than that of An. harrisoni: Southeast Asia is predicted to be more suitable for An. minimus,
and China and India are predicted more suitable for An. harrisoni, so An. harrisoni seems to dominate
under cooler conditions. The distribution ofAn.minimus is more continuous than that ofAn. harrisoni:
disjunction in the potential distribution of the latter is suggested between India and Southeast Asia.
Anopheles fluviatilis S occurrences are predicted within the An. harrisoni ecological potential, so we
do not document ecological differentiation that might reject conspeciÞcity. Overall, model predictions
offer a synthetic view of the distribution of this species complex across the landscapes of southern and
eastern Asia.
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fluviatilis S

The paucity of detailed information on the geographic
distributions of malaria vector species has been a ma-
jor limiting factor for global modeling of transmission
risk (Rogers and Randolph 2003, Tatem et al. 2006).
However, the recent availability of tools for ecological
niche modeling (ENM) has made possible develop-
ment of high-resolution maps for mosquito species
(Levine et al. 2004a,b). The ecological niche of a
species or population is the set of environmental con-
ditions within which it is able to maintain populations
without immigration (Grinnell 1917, Holt and Gaines
1992). Previous ENM applications outlined the eco-
logical niche and potential geography of An. quadri-
maculatus Say (Levine et al. 2004a),An. gambiaeGiles
(Levine et al. 2004b), Anopheles farauti Laveran
(Sweeney et al. 2006, 2007), Aedes albopictus (Skuse)
(Benedict et al. 2007), and a set of 10 anopheline

species in Africa (Moffett et al. 2007). All previous
mosquito applications of ENM used the evolutionary
computing approaches of genetic algorithms (Stock-
well and Noble 1992) and maximum entropy (Phillips
et al. 2006), although more diverse options exist (Elith
et al. 2006).

Ecological niches are estimated as models based on
point-occurrence data as they relate to digital geospa-
tial data layers summarizing environmental variation.
Georeferenced mosquito point occurrence data are
available from the literature or from museum records;
an online database for lodging mosquito collection
records and distribution predictions has recently be-
come available through MosquitoMap (www.mosqui-
tomap.org). The availability of distribution models for
vector species, hosts and pathogens will enable de-
tailed disease risk mapping based on the predicted
co-occurrence of these organisms.
Malaria Vectors of Southeast Asia. For Southeast

Asia, three main malaria vector groups are recognized:
the Dirus Complex, occurring in forested areas; the
Minimus Complex, widespread in hilly forested re-
gions; and the Sundaicus Complex, denizens of brack-
ish water areas along coasts (Garros et al. 2006). Here,
we focus on the distribution of the Minimus Complex,
species An. minimus species A and C. Recently, Har-
bach et al. (2006) formally deÞned An. minimus A as
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An. minimus Theobald sensu stricto (hereafter An.
minimus) and Harbach et al. (2007) named An. mini-
mus C as An. harrisoni Harbach and Manguin. Differ-
ences in phenology between An. minimus and An.
harrisoni have been noted in Thailand and Vietnam
(Garros et al. 2006). Vectorial status is uncertain, al-
though An. minimus seems to be a more efÞcient
malaria vector than An. harrisoni (Trung et al. 2004,
Garros et al. 2005b). Using remotely sensed data,
Rongnoparut et al. (2005) concluded thatAn.minimus
has broader habitat preferences than An. harrisoni,
and uses denser forest, as opposed to open agricultural
Þelds.

The distribution of the Minimus Complex extends
from India (Uttar Pradesh to Andhra Pradesh), across
Indochina to the Thailand-Malaysia border, and
northward across southern China (Harrison 1980).
This species complex may occur to 30� N in India and
China, and probably does not occur south of 6� N
(Harrison 1980). Chen et al. (2002) reported An. har-
risoni in southern China up to 32.5� N. Srivastava et al.
(2005) concluded that areas of northeastern India are
favorable for An. minimus sensu lato, after integrating
thematic maps of soil, forest cover, rainfall, tempera-
ture and altitude in a geographic information system
(GIS). The Minimus Complex is made up of An. mini-
mus andAn. harrisonion the Southeast Asian mainland
and An. minimus E in the Ryukyu Archipelago of
Japan. No comprehensive summary of distribution of
each member of the complex is available (Garros et al.
2006).

The Indian taxon An. fluviatilis S was regarded as
conspeciÞc withAn. harrisoni by Garros et al. (2005a)
based on molecular evidence and similarity in bio-
nomics and malaria transmission data, but this con-
clusion was disputed by Singh et al. (2006), based on
additional molecular sequence differences. If conspe-
ciÞc, the distribution of An. harrisoniwould extend to
northwestern India (Garros et al. 2006). Molecular
data suggest that only An. minimus occurs in Taiwan
(Chen et al. 2002, Somboon et al. 2005) and Assam
State, India (Prakash et al. 2006, Singh et al. 2006).An.
minimus and An. harrisoni are known to be sympatric
across large areas of southern China, Thailand, north-
ern Vietnam, and northern Laos (Garros et al. 2006,
2008). Evidence of genetic homogeneity of An. har-
risoni over a broad area (Sharpe et al. 2000) is at odds
with the assumption of a patchy or restricted distri-
bution of this species (Garros et al. 2005b, 2006).

The geographic range of the Minimus Complex may
be unstable, as it had been recorded from peninsular
Malaysia, Nepal, and several parts of India, but has not
been recorded from these places recently (Garros et
al. 2006). Harrison (1980) speculated that pollution,
alteration of stream habitats, and the DDT house-
spray malaria control program may have eliminated
this taxon from some areas. Jambulingam et al. (2005)
reported that An. minimus reappeared in the Singh-
bum Hills of east-central India possibly as a result of
scaling back of residual insecticide spraying. Garros et
al. (2005b) noted the replacement of An. minimus by
An. harrisoni at a site in central Vietnam after 1998 and

suggested that it resulted from introduction of per-
methrin-treated bed nets.

Here, our aim is to present ENM-based distribu-
tional predictions for An. minimus and An. harrisoni
based on occurrence records derived from the liter-
ature. We use ENMs forAn. harrisoni to provide a new
perspective on the hypothesis that this taxon is con-
speciÞc with An. fluviatilis S. More generally, we
present a framework forderivationof amorecomplete
understanding of mosquito speciesÕ distributions
based on currently available occurrence data.

Materials and Methods

SpeciesOccurrenceData.The occurrence points of
An. minimus and An. harrisoniwere drawn from Chen
et al. (2002), Garros et al. (2008), Green et al. (1990),
Kegne et al. (2001), Kengluecha et al. (2005), Phuc et
al. (2003), and Trung et al. (2004). Additional occur-
rence points came from Van Bortel et al. (1999) and
Singh et al. (2006) for An. minimus and An. harrisoni,
respectively. The geocode for Ban Phu Rat in Green
et al. (1990) was corrected in Sharpe et al. (1999). The
record of An. harrisoni from Lang Nhot, Vietnam, by
Garros et al. (2005b) was excluded, because popula-
tions there are not stable; also, the georeference for
Binh Thuan provided by Phuc et al. (2003) lay off the
coast so a new georeference for this location (11.1833�
N, 108.7000� E) was obtained through the Alexandria
Digital Library Gazetteer (http://www.alexandria.
ucsb.edu/gazetteer/). The resulting data set was made
up of 73 unique occurrence sites forAn.minimus and 42
forAn. harrisoni. Seven records forAn. fluviatilis S were
obtained fromthe stateofOrissa, India: three fromSingh
et al. (2006), and four from Mohanty et al. (2007). All oc-
currence locality data used in this study are available at
http://www.mosquitomap.org/ with the global unique
identiÞers MMap:LitRev:MMap1Ð122.
Environmental Data.We obtained GIS raster data

layers summarizing elevation and a selection of 30 are
second resolution climate layers for 1950Ð1990 from
the WorldClim data set (Hijmans et al. 2005, http://
www.worldclim.org/). Climate layers included tem-
perature (maximum, minimum, mean), precipitation,
and 19 “bioclimatic” layers (representing annual
trends, seasonality, and extreme or limiting environ-
mental factors). Temperature and precipitation data
were restricted to February, April, June, August, Oc-
tober, and December. We also obtained Þve layers sum-
marizing aspects of topography and landform (com-
pound topographic index, slope, aspect, ßow direction,
ßow accumulation) from the U.S. Geological SurveyÕs
Hydro-1K Elevation Derivative Database (http://edc.
usgs.gov/products/elevation/gtopo30/hydro/, native
resolution 1 by 1 km). The compound topographic index
layer summarizes upward curvature of land surface and
consequent water pooling, which is important for
mosquito development.

We drew further data layers summarizing the photo-
synthetic capacity or “greenness index” termed the nor-
malized difference vegetation index (NDVI; 0.0091� res-
olution) (Tucker 1979) from the Advanced Very High

September 2008 FOLEY ET AL.: POTENTIAL DISTRIBUTION OF An. minimus COMPLEX 853



Resolution Radiometer (AVHRR) satellite (http://glcf.
umiacs.umd.edu/data/landcover/) for 6 mo in 1992-
1993 (February, April, June, August, October, and De-
cember). Data layers summarizing percentage of tree
cover and 13 classes of land use/land cover (0.0083�
resolution) were obtained from the Global Land Cover
Facility (http://glcf.umiacs.umd.edu/data/). Data on
soil taxonomy suborders (0.0333� resolution) were ob-
tained fromtheU.S.DepartmentofAgricultureNational
Soils Conservation Service (http://soils.usda.gov/use/
worldsoils/mapindex/order.html), and data on areas
equipped for irrigation (0.0833� resolution) were ob-
tainedfromtheAquastatsiteoftheFoodandAgriculture
Organization (http://www.fao.org/nr/water/aquastat/
main/index.stm); all “no data” cells reclassed to zero
irrigation.

All 59 environmental data layers were resampled
with bilinear interpolation (Phillips et al. 2006) to a
pixel resolutionof0.04�. Layerswereclipped toanarea
encompassing the likely range of An. minimus and An.
harrisoni in Southeast Asia and India (0.10� S�36.78�
N, 72.38Ð122.90� E), for a total of 1.1 � 106 pixels.
Because overÞtting is more likely in highly dimen-
sional environmental spaces (Peterson et al. 2007a),
we used a principal components analysis (PCA based
on correlation matrix; in Minitab 15.1.1.0, Minitab Inc.,
State College, PA) of the full set of 59 environmental
layers to create 15 new axes summarizing overall vari-
ation in fewer, independent dimensions. The Þrst 15
PCs explained �95% of the overall variation in the 59
original environmental parameters (Peterson 2007).
Models for particular species were developed within
rectangular subregions surrounding the known occur-
rences (An. minimus, 8.42Ð25.74� N, 96.42Ð122.10� E;
An. harrisoni, 12.22Ð30.86� N, 94.94Ð111.66� E; Fig. 1).
Models based on these restricted areas were projected
onto the broader study region for Þnal analysis and are
available at http://www.mosquitomap.org/.
Ecological Niche Models. We used the genetic al-

gorithm for rule-set prediction (GARP, Stockwell and
Noble 1992) and a maximum entropy approach (Max-
ent, Phillips et al. 2006) for ENM development. These
algorithms were selected because both have been

used in ENM development for mosquitoes (see Intro-
duction), and both have seen intensive analysis of
performance (e.g., Peterson et al. 2007a, Phillips
2008).

We used a desktop version of GARP (Desktop
GARP 1.1.3, Scachetti-Pereira 2003). GARP uses an
iterative process of rule selection, evaluation, testing,
and incorporation or rejection. A rule is selected and
applied to the training data (half of points input into
the program). The genetic algorithm in GARP allows
rules to “evolve” to maximize predictive accuracy. The
change in predictivity between iterations is used to
evaluate whether a particular rule should be incorpo-
rated into the model, and the algorithm runs until
convergence (set at 0.01) or to a maximum of 1,000
iterations. We generated 500 models for each species,
and selected the 10 “best” models based on omission
and commission error statistics (Anderson et al. 2003):
speciÞcally, we used an absolute omission threshold of
10% and the central 50% of the commission index
distribution.

Maxent has been described and tested in detail
previously (Phillips et al. 2006), and we used version
2.2.0 (Phillips 2006). Maxent is based on the idea that
the best explanation for unknown phenomena will
maximize the entropy of the probability distribution,
subject to the constraint of the environmental condi-
tions observed at sites where species have been de-
tected. We used default parameters for Maxent mod-
els, except that a randomseedwasused.Output format
was the logistic default option, which can usually be
interpreted as relative suitability.

We challenged both GARP and Maxent models to
predict into broad areas from which no occurrence
data were used in model training by means of “holding
back” occurrence data from half of the study area a
priori. SpeciÞcally, we divided the known occurrence
points into four quadrants based on their falling above
or below the median latitude and above or below the
median longitude. Then, we used two quadrants (up-
per left and lower right, “on-diagonal”) for model
development, and the other two (“off-diagonal”) to
test model predictions. This methodology has been
used for validation in several previous studies (e.g.,
Peterson and Shaw 2003, Peterson et al. 2007b) and
seriously challenges model predictivity by creating
broad, unsampled regions for testing. For comparison,
we also tested models based on random 50% splits of
available occurrence points. In all cases, tests were
repeated using reversed training and testing data: Þrst
A was used to predict B, then B was used to predict A.
Model Evaluation. Extrinsic test data were overlaid

onto predicted distributions and observed correct pre-
dictions were tallied. The observed degree of coinci-
dence was tested according to random expectations,
calculated as the product of the number of testing
points and the proportional coverage of the study area
predicted to be present. We followed Anderson et al.
(2002) and Peterson et al. (2007b) in using cumulative
binomial probabilities that the observed success could
be the result of random association between predic-
tions and test points as a test statistic. The more cus-

Fig. 1. Location of known occurrences of An. minimus
(open gray circles) and An. harrisoni (smaller closed black
circles), with the ecological niche model training area for
each species shown.
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tomary receiver operating characteristic analysis was
not used in this study owing to recent criticisms and
concerns about bias and artifact (Lobo et al. 2008,
Peterson et al. 2008).
ConsensusPredictions.As some studies (e.g., Peter-

son et al. 2007a) have suggested that Maxent models
may be better for interpolation and GARP models
better for extrapolation (i.e., transferability), we in-
vestigated combinations of the two model outputs.
Given concerns expressed by Peterson et al. (2008), in
which lower omission model predictions are empha-
sized, an ideal combined model would predict a
smaller area, but would maintain low omission rates.
One option for combining models is to consider areas
of intersection.Unless models are identical, the area of
intersection will be smaller, and omission potentially
higher, than for either model. Another approach is to
sum models; summed areas will generally be larger,
and omission potentially lower, than for either model,
depending on thresholding. Another option for com-
bining models is through a multiplicative approach
after rescaling the two sets of scores to the same scale:
the two (at 0Ð10) can be multiplied to produce a
surface that would range from 0 to 100, with the
highest score assigned to pixels that are accorded
maximum suitability scores by both GARP and Max-
ent. Finally, mosaic models might combine the area
within the boundaries of input occurrence points of
the model that is better at interpolation (e.g., Maxent)
with the area beyond the boundaries of input occur-
rence points of the model that is better at extrapola-
tion (e.g., GARP). However, protocols have not been
developed for mosaic modeling, so this approach is not
considered further here.

To permit visualization of the ecological dimensions
of models, we combined the model predictions with
the original input environmental grids and exported
the associated attributes table in ASCII. We then used
Minitab to graph ecological parameters associated
with pixels predicted to be present or absent for both
species.

Results

The results from the PCA of environmental data
revealed that the Þrst principal component (PC 1) was
most closely related to aspects of temperature,
whereas PC 2 and PC 3 were related mainly to pre-
cipitation (data not shown). Subsequent PCs empha-
sized temperature seasonality (PC 4), landcover (PC
5), topography (PC 7Ð10), NDVI extremes (PC 12,
13), soil (PC 13), precipitation extremes (PC 14), and
irrigation (PC 11, 15). In all, the Þrst 15 PCs captured
96.6% of the overall variation in the original 59 envi-
ronmental data layers.

Coincidence of test occurrence points (two quad-
rant-based and two random subsets) with predicted
areas was very good forAn. harrisoni,but less so forAn.
minimus. All 40 thresholds (10 per subset) for GARP
and 36 of 40 for Maxent were better than random
expectations (P� 0.05) forAn. harrisoni.However, for
An.minimus, only 13 of 40 thresholds in GARP models

and 29 of 40 thresholds in Maxent models were sig-
niÞcantly (P� 0.05) better than random expectations.
Hence, despite smaller sample sizes for An. harrisoni,
this species was consistently predicted by the models
more accurately than An. minimus.

Models for An. minimus and An. harrisoni based on
all data points and projected onto the overall area of
interest identiÞed broad potential distributional areas
across Asia, although differences were apparent be-
tween species and algorithms (Figs. 2 and 3). The
predicted potential distribution of An. minimus is
more southerly than that forAn. harrisoni,particularly
noticeable in Southeast Asia, which is predicted to be
more suitable forAn.minimus, and in China and India,
which are predicted to be more suitable for An. har-
risoni. Both modeling approaches coincided with
known occurrences of the species, although GARP
predictions tended to be more extensive than Maxent
predictions, as has been found in other studies (e.g.,
Peterson et al. 2007a).

Combining GARP and Maxent models by the mul-
tiplicative approach resulted in models that more
closely resembled Maxent than GARP output (Figs. 2
and 3). Because the distribution of GARP thresholds
is skewed toward higher thresholds than those of Max-
ent (Peterson et al. 2007a, 2008), the impact of GARP
output on the resulting distribution of multiplied
scores is reduced. We also investigated combining
GARP and Maxent models by the intersection and
summation method to see whether we could maintain
acceptable levels of omission while minimizing geo-
graphic area predicted present. An 0.05 omission
threshold for An. minimus corresponded to an area
covered by �7 best GARP models and to pixels of �21
suitability for Maxent models. For An. harrisoni, the
parallel values were �8 and �21, respectively. An 0.15
omission threshold for An. minimus corresponded to
an area covered by the 10 best GARP models and to
pixels of �41 suitability for Maxent models. For An.
harrisoni, these values were �9 and �41, respectively.

As anticipated, summing GARP and Maxent models
with a threshold at 0.15 omission resulted in a model
that approximated the performance of GARP and
Maxent models at a lower (0.05) omission threshold
(results not shown). However, the best performance
seems to be for an intersection of models thresholded
at 0.05 omission error. For An. minimus, this approach
resulted in a similar or smaller area (52.2% of the total
area) than was predicted for GARP (69.5%) and Max-
ent (52.0%) models, while maintaining a low (0.047)
omission error. For An. harrisoni, this approach re-
sulted in a smaller area (33.2%) than that predicted
present by GARP (39.5%) and Maxent (44.0%) mod-
els, while maintaining a low (0.043) omission error.
The multiplicative and intersection approaches (0.05
omission threshold) for combining the two model
results are shown in Figs. 2 and 3.

Seven collection sites for An. fluviatilis S from the
literature were available to us. For both An. harrisoni
and An. minimus, and under both modeling ap-
proaches, these seven points were included within the
modeled niche envelope (Figs. 2 and 3): the mean
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model agreement among the 10 “best” GARP models
for these seven sites was 6.1 and 8.7 for An. minimus
and An. harrisoni, respectively; the corresponding
mean Maxent suitabilities were 19 and 57, respec-
tively. As such, model projections for An. harrisoni
may Þt somewhat better to these locations than model
projections for An. minimus.

The two species overlap broadly in ecological space
(Fig. 4). However, the niche envelope forAn.minimus
ranges more broadly into hotter and wetter climates,
whereas that for An. harrisoni includes cooler and
drier climates.

Discussion

The distributions developed based on ENMs gen-
erally agree well with distributional patterns not in-
cluded in our analyses, such as in Harrison (1980) for
the An. minimus complex. Recent ground-truthing of
GIS-based predictions for An. minimus s.l. in India
revealed its reappearance at Banbasa in Uttaranchal,
and a Þrst report from Dhubri District (�Dhuburi) in
Assam (Srivastava et al. 2005). Our An. minimusmod-
els indicate environmental suitability in these areas.
Singhet al. (2006)documentedAn.harrisoni incentral
Myanmar, and the ENM results support this observa-
tion. Absence data are less informative for assessing

model accuracy because ENM reveals potential dis-
tributions rather than actual distributions; other fac-
tors such as historical, physical, climatological and
biotic constraints may limit distribution (Soberón and
Peterson 2005, Peterson 2006a). Thus, the models pre-
dict the potential for these species to exist outside the
known range, such as in western India, but these
species may not have had the chance to disperse and
colonize that far. However, a map for An. minimus s.l.
in Thailand (Harrison 1980, Þg. 17) indicated absence
of this taxon in southern Thailand and the region north
of the Gulf of Thailand, which our models predict
absent as well. Chen et al. (2002) reported An. mini-
mus s.l. as absent in Chongquing and central northern
Guangdong in China; our models show low suitability
scores for these regions (Figs. 2 and 3).

The hotterÐwetter climate tolerances of An. mini-
mus (Fig. 4) mirrors the more southerly extension of
this species into tropical regions of Indochina, and the
coolerÐdrier tolerance of An. harrisoni concurs with
its extension into more temperate areas of China. Be-
cause the potential distribution of An. harrisoni seems
more northerly than that of An. minimus, the former
species is likely predominant under cooler conditions,
such as at higher elevations. Differences in the re-
corded elevational occurrences of the An. minimus
complex may reßect differences in the species com-

Fig. 2. Predicted distribution of An. minimus by using a GARP and a Maxent approach. Consensus distributions by the
multiplicative and intersection (thresholded at 0.05 omission error) approaches are also shown. Darker areas indicate greater
conÞdence in predicted presence. Locations shown in India for the intersection model are for An. fluviatilis S.
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position in these regions. Harrison (1980) noted that
An. minimus s.l. immatures were not collected over
672 m in Nepal (Pant et al. 1962), but they were found

up to 1,500 m in Vietnam (Lysenko and Tang-Wang-
Ngy 1965). Based on our ENM results and observa-
tions in the literature, the Nepalese records probably
refer toAn.minimus,whereas either species is possible
for Vietnam.

Our results also indicate that An. fluviatilis S may
have a closer ecological similarity toAn. harrisoni than
to An. minimus. Anopheles fluviatilis s.l. occurs at
higher elevations thanAn.minimus s.l. in Nepal (up to
1,829 m, Pant et al. 1962).

Raxworthy et al. (2007) argued that ENM can be
useful for delimiting species and populations, partic-
ularly in detecting recent parapatric speciation. We
used ENM predictions to test the hypothesis that An.
fluviatilis S shares the same ecological niche as An.
harrisoni. Members of the same species would have
the same ecological niche characteristics (Hutchinson
1965), but different species may or may not possess
different fundamental niches. Closely related species
have been found to have similar ecological niches due
to phylogenetic niche conservatism (Peterson et al.
1999, Peterson 2003, Wiens and Graham 2005).
An. harrisoni and An. fluviatilis S were considered

conspeciÞc by Garros et al. (2005a), but this conclu-
sion was challenged by Singh et al. (2006) based on

Fig. 3. Predicted distribution of An. harrisoni by using a GARP and a Maxent approach. Consensus distributions by the
multiplicative and intersection (thresholded at 0.05 omission error) approaches are also shown. Darker areas indicate greater
conÞdence in predicted presence. Arrow indicates location of possible spatial discontinuity. Locations shown in India for the
intersection model are for An. fluviatilis S.

Fig. 4. Distribution of An. minimus and An. harrisoni in
ecological space (annual mean temperature versus annual
mean precipitation), based on the intersection of GARP and
Maxent models thresholded at 0.05 omission error. The eco-
logical space of each species is shown as vertical or horizontal
stripes, the area of overlap between the two species has a
hatch pattern, and uninhabited environments are in black.
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molecular evidence. Extensive nonoverlap of the eco-
logical niches of these two taxa would be evidence
against conspeciÞcity. Ideally, models of ecological
niches should be derived for both taxa and the degree
of overlap analyzed against null expectations (Stock-
man et al. 2008). However, collection records for An.
fluviatilisS are limited so we used the level of omission
and probability of occurrence at collection sites of this
taxon to assess niche overlap. These comparisons sug-
gested that the two taxa have similar ecological niches,
more similar than to An. minimus, so our ENM-based
analyses cannot reject the null hypothesis that An.
fluviatilis S and An. harrisoni are conspeciÞc.

The distribution of An. minimus seems more con-
tinuous than that of An. harrisoni (Figs. 2 and 3). A
likely discontinuity in the distribution of An. harrisoni
occurs along the eastern border of Bangladesh. The
Brahmaputra River seems to constitute a dispersal
barrier for gibbons (Takacs et al. 2005), mongoose
(Veron et al. 2007), and civet, hog-badger, and Bengal
fox (Corbet and Hill 1992). If a barrier exists there that
An.harrisonihas not been able to breach, other species
such as An. fluviatilis S may be free from competition
to Þll its preferred ecological conditions in India. Al-
ternatively, if An. harrisoni occurs in India, Indian
populations may be genetically differentiated from
Southeast Asian populations, given limited gene ßow
between these regions.

Our distribution models are based largely on yearly
climate averages (e.g., WorldClim), and as such are
intended to portray general potential distributional
tendencies. These predictions are based on presence-
only information as well. Improvements in model ac-
curacy could be made by using more sample points, as
well as absence information. Levels of precision of
location data drawn from the literature are unknown,
but the relatively crude spatial resolution at which
analyses were conducted (0.04�) makes some error in
georeferencing irrelevant.

The realism of ENMs will depend in part on the
biological relevance for mosquito biology of the en-
vironmental layers. In this study, we use a PCA of 59
environmental data sets as the basis for our analyses,
thus including a considerable diversity of environ-
mental information. Nonetheless, more detailed in-
formation about irrigation, insecticide usage, insecti-
cide resistance, and extreme weather events may
improve predictions. Distribution and abundance of
primary malaria vectors may change in response to
land-use change, deforestation, pesticide use, and cli-
mate change, so the inclusion of more up-to-date in-
formation about these phenomena could also improve
models. The distribution of An. minimus s.l. has
changed in the last century, probably due to insecti-
cides used as part of vector control efforts (Harrison
1980, Garros et al. 2005b).

In addition to characterizing distributions of patho-
gens or vector species, ENM could help us understand
the ecology of diseases, identify potential areas for
invasion, anticipate the effects of climate change on
disease risk, and incriminate unknown vectors or hosts
(Peterson 2006b). The known distribution of sibling

species and the collection location of junior synonyms
are important information for deciding formal names
of members of sibling species complexes that lack
diagnostic features and DNA sequence data for type
specimens (e.g., Harbach et al. 2007). In cases where
extensive mosquito surveys are unavailable from the
type locality, models of the potential distribution of
mosquito species could play a role in decisions con-
cerning formal naming, especially when synonyms
need to be considered.
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Peterson, T., M. Papeş, and J. Soberón. 2008. Rethinking
receiver operating characteristic analysis applications in
ecological niche modelling. Ecol. Model. (doi:10.1016/
j.ecolmodel. 2007.11.008).

Phuc,H.K.,A. J.Ball,L. Son,N.V.Hanh,N.D.Tu,N.G.Lien,
A. Verardi, and H. Townson. 2003. Multiplex PCR assay
for malaria vector Anopheles minimus and four related
species in the Myzomyia Series from Southeast Asia. Med.
Vet. Entomol. 17: 423Ð428.

Phillips, S. J. 2006. Maxent software for species habitat mod-
elingver.2.2.0.(http://www.cs.princeton.edu/�shapire/
maxent/).

Phillips, S. J. 2008. Transferability, sample selection bias and
background data in presence-only modelling: a response
to Peterson et al. (2007). Ecography 31: 272Ð278.

Phillips, S. J., R. P. Anderson, and R. E. Schapire. 2006.
Maximum entropy modeling of species geographic dis-
tributions. Ecol. Model. 190: 231Ð259.

Prakash, A., C. Walton, D. R. Bhattacharyya, S. O’Loughlin,
P. D. Mohapatra, and J. Mahanta. 2006. Molecular char-
acterization and species identiÞcation of the Anopheles
dirus and An. minimus complexes in north-east India
using r-DNA ITS-2. Acta Trop. 100: 156Ð161.

Raxworthy, C. J., C. M. Ingram, N. Rabibisoa, and R. G.
Pearson. 2007. Applications of ecological niche model-
ing for species delimitation: a review and empirical eval-
uation using day geckos (Phelsuma) from Madagascar.
Syst. Biol. 56: 907Ð923.

Rogers, D. J., and S. E. Randolph. 2003. Studying the global
distribution of infectious diseases using GIS and RS. Nat.
Rev. Microbiol. 1: 231Ð237.

Rongnoparut, P., D. M. Ugsang, V. Baimai, K. Honda, and R.
Sithiprasasna. 2005. Use of a remote sensing-based geo-
graphic information system in the characterizing spatial
patterns forAnophelesminimusA and C breeding habitats
in western Thailand. Southeast Asian J. Trop. Med. Public
Health 36: 1145Ð1152.

Scachetti-Pereira, R. 2003. DesktopGarp. (http://www.
lifemapper.org./desktopgarp/).

Sharpe, R. G., M. M. Hims, R. E. Harbach, and R. K. Butlin.
1999. PCR-based methods for identiÞcation of species of
the Anopheles minimus group: allele-speciÞc ampliÞca-

September 2008 FOLEY ET AL.: POTENTIAL DISTRIBUTION OF An. minimus COMPLEX 859



tion and single-strand conformation polymorphism. Med.
Vet. Entomol. 13: 265Ð273.

Sharpe, R. G., R. E. Harbach, and R. K. Butlin. 2000. Mo-
lecular variation and phylogeny of members of the Mini-
mus group of Anopheles subgenus Cellia (Diptera: Culic-
idae). Syst. Entomol. 25: 263Ð272.

Singh, O. P., C. Chandra, N. Nanda, S. K. Sharma, Pe Than
Htun, T. Adak, S. K. Subbarao, and A. P. Dash. 2006. On
the conspeciÞcity of Anopheles fluviatilis species S with
Anopheles minimus C. J. Biosci. 31: 671Ð677.

Soberón, J., andA.T. Peterson. 2005. Interpretation of mod-
els of fundamental ecological niches and speciesÕ distri-
butional areas. Biodivers. Inf. 2: 1Ð10.

Somboon, P., C. Thongwat, P. Somvang,H. J. Teng, Y. Tsuda,
and M. Takagi. 2005. The speciÞc status of Anopheles
minimus s.l. collected from Taiwan. Southeast Asian J.
Trop. Med. Public Health 36: 605Ð608.

Srivastava, A., B. N. Nagpal, R. Saxena, V. Dev, and S. K.
Subbarao. 2005. Prediction of Anopheles minimus habi-
tat in India Ð a tool for malaria management. Int. J. Geogr.
Inf. Sci. 19: 91Ð97.

Stockman, A. K., R. M. Danell, and J. E. Bond. 2008. D-
NOVL: a program to simulate overlap between two
niche-based distribution models. Mol. Ecol. Resour. 8:
290Ð294.

Stockwell, D.R.B., and I. R. Noble. 1992. Induction of sets of
rules fromanimaldistributiondata: a robust and informative
method of analysis. Math. Comput. Sim. 33: 385Ð390.

Sweeney, A.W., N.W. Beebe, R. D. Cooper, J. T. Bauer, and
A. T. Peterson. 2006. Environmental factors associated
with distribution and range limits of malaria vector Anoph-
eles farauti in Australia. J. Med. Entomol. 43: 1068Ð1075.

Sweeney, A. W., N. W. Beebe, and R. D. Cooper. 2007.
Analysis of environmental factors inßuencing the range

of anopheline mosquitoes in northern Australia using a
genetic algorithm and data mining methods. Ecol. Model.
203: 375Ð386.

Takacs, Z., J. C. Morales, T. Geissmann, and D. J. Melnick.
2005. A complete species-level phylogeny of the Hylo-
batidae based on mitochondrial ND3-ND4 gene se-
quences. Mol. Phylogenet. Evol. 36: 456Ð467.

Tatem, A. J., S. I. Hay, and D. J. Rogers. 2006. Global trafÞc
and disease vector dispersal. Proc. Natl. Acad. Sci. U.S.A.
103: 6242Ð6247.

Trung, H. D.,W. VanBortel, T. Sochantha, K. Keokenchanh,
N. T. Quang, L. D. Cong, and M. Coosemans. 2004. Ma-
laria transmission and major malaria vectors in different
geographical areas of Southeast Asia. Trop. Med. Int.
Health 9: 230Ð237.

Tucker, C. J. 1979. Red and photographic infrared linear
combinations for monitoring vegetation. Remote Sens.
Environ. 8: 127Ð150.

Van Bortel, W., H. D. Trung, N. D. Manh, P. Roelants, P.
Verle, and M. Coosemans. 1999. IdentiÞcation of two
species within the Anopheles minimus complex in north-
ern Vietnam and their behavioural divergences. Trop.
Med. Int. Health 4: 257Ð265.

Veron, G., M-L. Patou, G. Pothet, D. Simberloff, and A. P.
Jennings. 2007. Systematic status and biogeography of
the Javan and small Indian mongooses (Herpestidae, Car-
nivora). Zool. Scr. 36: 1Ð10.

Wiens, J. J., and C. H. Graham. 2005. Niche conservatism:
integrating evolution, ecology, and conservation biology.
Annu. Rev. Ecol., Evol. Syst. 36: 519Ð539.

Received 21 February 2008; accepted 6 June 2008.

860 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 45, no. 5


