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ABSTRACT: The relationship between the life cycle and climate conditions of the malaria vector
mosquito Anopheles was modeled in order to describe its temporal and geographic distribution at
a fine resolution. Since the mosquito grows through immature life stages in an aquatic environment, the model was designed to express the surface moisture conditions conducive to the mosquito’s growth. The development of the mosquito was estimated using either air or water temperature, depending on the developmental stage of the mosquito’s life cycle. To achieve this, the
previous model was modified in order to improve the estimation of the water conditions of its habitat. As a result, the modified model was able to predict seasonal patterns of occurrence of Anopheles at representative sites with a more reasonable degree of accuracy than the previous model.
This model was then applied using simple climate data in order to obtain the geographic distribution of the occurrence of various species of Anopheles in Monsoon Asia. The most notable results
of the simulated spatio-temporal emergence of the Anopheles mosquito is that although the modified model did not include unique parameters of each species, distribution was clearly divided
into sub-regions for each dominant species that corresponded to the climate conditions.
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Malaria is considered the most detrimental mosquito-borne disease worldwide. Because of the
climate-sensitivity of the mosquito vector, malaria is
strongly influenced by climatic factors. Climate variables could play an important role in the geographic
distribution and seasonal occurrence of these vector
species (Hopp & Foley 2001, Martens & Thomas
2005, Kearney et al. 2009).
The total number of malaria cases has decreased
during the past century due to economic development and the disease control measures taken during this period (Hay et al. 2004, Gething et al.
2010). However, malaria is still a serious public

health problem in most developing countries, and
the reduced occurrence of malaria during the last
century did not correspond to a reduction in the
ranges of vector species (WHO 2010). Although the
relationship between malaria and climate variables
has been assessed in many regions, few studies
have addressed the relationship between the vector
species and climate variables. In addition, since
there are many species of malaria vector mosquitoes in Monsoon Asia — which occurs in various climates, such as cool- and warm-temperate, subtropical and tropical — the relationship between vectors
and projected climate conditions is quite complex,
depending on the type of species (Paing et al. 1989,
Chow 1991, Garros et al. 2008, Manguin et al. 2008,
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Barik et al. 2009, Ndoen et al. 2010). In particular,
little is known about the broad-scale impact of variations in climate on the vector species distributions
in these regions.
Recent studies that have mapped vector species
have attempted to explain the geographic distribution of Anopheles and Aedes mosquitoes by analyzing the climate variables of mosquito observation
sites using niche-based distribution models (Foley
et al. 2008). These studies have generated highresolution maps of the present distributions of these
vectors over large areas using climate data. The ecophysiological and entomological approaches have
also been employed in a number of studies to explain
the temporal occurrence of vectors, by describing
their life cycles and addressing climate factors (Patz
et al. 1998, Hopp & Foley 2001, Depinay et al. 2004,
Pascual et al. 2006). Apart from simple climatic variables, the activities of the mosquitoes depend on
variables related to their native habitats, such as
water and soil conditions. Hopp & Foley (2001), for
example, expressed the time variation of the surface
water balance and soil moisture content using a
simple bucket model.
Recently, Kashiwada & Ohta (2010) integrated the
ecophysiological model, the energy balance model,
and the simple water bucket model to describe the
life cycle and the native habitat environments of the
Anopheles mosquito. Although their model was able
to successfully represent the spatio-temporal emergence of the Anopheles mosquito, it did not accurately calculate the energy and water balances in the
mosquito’s habitat, and did not properly take plant
cover into account. In particular, it is necessary to
more precisely express the soil moisture conditions
conducive to the growth of the Anopheles mosquito,
by modifying the energy and water balance models.
The previous model underestimated the occurrence
of mosquitoes in subtropical regions (Kashiwada &
Ohta 2010).
Therefore, the first purpose of this study is to improve the spatio-temporal distribution model (Kashiwada & Ohta 2010) by reconsidering the description of water conditions in the habitat of mosquito
vectors, in order to obtain a map of their distribution on a broad spatial scale. The new calculation method is then used to describe the spatiotemporal distribution of Anopheles mosquitoes in
Monsoon Asia in terms of the current climate. The
obtained simulation results provide insight into the
climatic characteristics of the distribution of 5 representative species of Anopheles mosquitoes in
these regions.

2. METHODS
The water and thermal resources of the habitats of
5 species of mosquitoes were estimated with a 1 d
time interval using our modified model and simple
climate data of parameters, such as air temperature,
precipitation, solar radiation, cloud amount, relative
humidity, and wind speed. On the basis of the results
obtained, the number of alternations of generations
of mosquitoes was estimated.

2.1. Habitat of the Anopheles mosquito
The habitats of Anopheles at its egg, larval and
pupal stages of growth are mainly lowland puddles,
which are widely distributed in forests, river basins,
coastal areas, swamps, marshes, and man-made
water containers. In order to consider the potential
distribution of mosquitoes in this study, the availability of a natural water source was assumed and there
was no consideration of man-made sources such as
ditches and sewerage systems. In order to more precisely estimate the energy and water balance at a
site, we simplified our approach by assuming shallow
water with growing plants in areas of several 10s m2
to be a typical habitat (Fig. 1), though we did not consider the plant cover in the previous model (Kashiwada & Ohta 2010). Such a water body was considered to be the essential habitat to Anopheles during
immature stages of its development. We described the
energy and water exchanges between the water body
and soil, and the plants and layers of the atmosphere.

2.2. Description of the mosquito growth model
The first part of the coupled model for Ecophysiological and Climatological Distribution of mosquito
generations (ECD-mg) calculates ecophysiologically
the growth of the mosquito. Numbers ranging from 0
to 4 describe the progression of the mosquito’s life
cycle from an egg to a mature adult (‘Anopheles
growth model’ in Fig. 2). Each stage of development
(Δdk) at the kth day is completed when the accumulated development is 1. The stage of development
then proceeds to the next stage. The cumulative
development (Ctotal) is expressed as:
C total =

m

n

k =l

k = m +1

∑ Δdegg,k + ∑

Δdlarva,k +

o

∑

k = n +1

p

Δdpupa,k +

∑

Δdadult,k

(1)

k =o +1

where l, m + 1, n + 1, and o + 1 denote the starting
day of each developmental stage; m, n, o, and p
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Fig. 1. Energy and water balance in a typical habitat of Anopheles. Ta: air temperature; Tw: water temperature; Rn: net radiation; St: global solar radiation; Sn: net flux of solar radiation; αp: albedo of plant layer; Fn,p: long-wave radiation from plants;
Fn,a: long-wave radiation from air; Fn,ws: long-wave radiation from water surface; LAI: leaf area index; W: amount of water in
soil; W*: water holding capacity of soil

denote the end day of each stage; and Δdegg, Δdlarva,
Δdpupa, and Δdadult represent the development of the
egg, larva, pupa, and adult mosquito, respectively.
Δdk is expressed as a product of the time unit of
development and the inverse of the duration of the
completion of each developmental stage at a given
constant temperature. The relationships between the
temperature threshold and mosquito development at
each stage were determined based upon previously
published information (Depinay et al. 2004, Kashiwada & Ohta 2010). The rate of development (d−1)
was calculated using only water and air temperatures. In the present study, differences among species with regard to this thermal dependence on each
stage of development were not considered. The
ECD-mg model did not include a unique parameter
for the rate of development of each species. The
alternation of generations (G; when Ctotal > 4) was
counted over a 1 yr period, and the maximum number was described as the potential number of generations (Gmax) in order to estimate the frequency of
occurrence (Yamamura & Kiritani 1998, Kearney et
al. 2009, Kashiwada & Ohta 2010).

2.3. Calculation flows of the thermal and water
conditions inhabited by mosquitoes
The second part for the ECD-mg model consists of 2
subprocesses that determine the energy balance and

moisture conditions of the mosquito habitat using simple climate data. In order to calculate the growth of
mosquitoes using Eq. (1), the values of the parameters
of the water temperature and soil moisture content in
the assumed habitat (Fig. 1) are needed. The overall
flow of the basic calculation is shown in Fig. 2. First,
the energy balance of the habitat without plants (leaf
area index [LAI] = 0) was calculated using simple climate data (Ohta et al. 1993, 1995) as shown in ‘Energy
balance model’ of Fig. 2. Next, the net radiation without plants obtained at the same time was used to
calculate the potential evaporation using the Penman
method (Penman 1948), which can get a useful approximation of evaporation at open humid surfaces
with simple climate data. Subsequently, the water
budget of the soil without the plant cover was estimated tentatively (‘Water balance model’ in Fig. 2). If
the daily soil moisture content was >15% and the
daily mean air temperature was > 5°C (Mintz & Serafini 1992), the energy balance and temperature of
the water layer with plants (LAI = 2) were estimated
(Ohta & Kimura 2007). Using this value of net radiation of a water body with plants, the reference evapotranspiration (ET0) and actual evapotranspiration
(ETa) were predicted using the methods of Allen et al.
(1998) and Tao et al. (2003). The water budget calculation was conducted again using the ETa on the
kth day obtained from these methods. The detailed
calculation processes that take the plant cover into
account will be described in next subsections.
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Fig. 2. Flow diagram depicting how the ECD-mg model is used to predict habitat suitability for the immature phases in the life cycle of Anopheles. Solid and dashed boxes represent main components of each submodel and input data, respectively. Note each day was
run to determine whether grasses can grow, and the entire year was run twice to obtain
the stable annual periods of habitat for Anopheles. In the first run, energy and water balance in a habitat without plants (LAI = 0) were calculated using the methods proposed by
Penman (1948) and Ohta & Kimura (2007). In the second run, energy and water balance
in a habitat with plants (LAI = 2) were estimated using the methods proposed by Tao et al.
(2003) and Ohta & Kimura (2007). Further details are provided in Sections 2.3 and 2.4

No

(W k / W *) > 15%
and
Ta >= 5°C

Soil moisture
(W k / W *)

Yes

LAI = 2

Soil moisture (Wk / W*)

Pupa (Ctotal = 2)

(ET0)

Water budget approach (without LAI)
Wk =min(Wk–1 + Pk + Mk – E or W* )

Evaporation (E)

Run1

Penman Method
by Penman (1948)

Run2 FAO Penman–Monteith Equation
Reference evapotranspiration
by Allen et al. (1998)

Rooting depth
Depletion fraction
Total available soil water

Soil and crop plant data (FAO)

Water balance model

Meteorological data (from CRU)

k +1
Wind speed
Mean air temperature (Ta )
Precipitation (P )
Relative humidity

(W k / W *) >= 50%

Eq. (4)

k +1

Temperature-dependent
development

Egg (Ctotal = 0)

Adult (Ctotal = 3)

G+1

and
Yes

Run1

Net radiation of
ponded water (Rn )

40°C > (Tw,Ta) >= 15°C

Mean water
temperature (Tw)

No

Energy balance of water body
by Ohta & Kimura (2007)

Elevation
Albedo

Mean air temperature (Ta )
Cloud amount
Relative humidity
Solar radiation (St )

Meteorological data (from CRU)

Energy balance model

80
Clim Res 53: 77–88, 2012

Ohta & Kaga: Climatological distribution of malaria vectors

The soil moisture content and water temperature
obtained from the abovementioned flow are the main
parameters used in the growth model (Fig. 2). Various species of Anopheles can develop only in a temperature range from 15 to 40°C and with a soil moisture content that exceeds 50% (Patz et al. 1998).

2.3.1. Calculation of net radiation in habitat with
plant cover
For the estimation of evaporation/evapotranspiration or water temperature, it is necessary to accurately calculate the net radiation in the assumed
habitat (Fig. 1). The most noteworthy characteristic of
the ECD-mg model is that the net radiation during
the growing season is determined by the balance of
the downward flux of the long-wave radiation emitted from the plant layer and the amount of shortwave radiation that is intercepted by the plant foliage
(Ohta & Kimura 2007). Each item of the energy balance of a mosquito habitat with the growth of plants
is shown in Fig. 1. To estimate the water temperatures (Tw), we calculated the net radiation at the
water surface (Rn; W m−2). When there is a large difference between Tw and air temperature (Ta), the net
radiation affecting Tw can be given by:
Rn = Rna – hR (Tw – Ta )

(2)

where Rna is the net radiation, which is calculated by
assuming that Ta = Tw; hR (= 4σTa3) is the radiative
heat transfer coefficient (W m−2); and σ the StefanBoltzmann constant (W m−2 K−4). Then, Rna can be
represented as follows:
Rna = Sn + Fn,p + Fn,a – Fn,ws

(3)

where Fn,p is the downward flux of long-wave radiation from the plants (W m−2), and Fn,a and Fn,ws are the
downward-directed long-wave radiation from the air
and the long-wave radiation emitted by the water
surface (W m−2), respectively. The calculations of the
3 items of long-wave radiations (Fn) with plant cover
were conducted using the method of Ohta & Kimura
(2007). Sn is the net flux of solar radiation (W m−2),
which is reduced by a function of the LAI. Then, Sn
can be expressed as:
Sn = S t (1 – αp) exp(–K × LAI)

(4)

where St is the global solar radiation (W m−2), αp is
the albedo of the plant layer (0−1), and K is the attenuation coefficient. This calculation method for the net
radiation, which considers the plant cover using simple climate data, was valid and was able to provide
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precise estimations of the equilibrium water temperature (Ohta & Kimura 2007).

2.3.2. Estimation of the soil moisture content in
habitat with plant cover
The soil water content in the mosquito habitat has
to be evaluated in order to exclude areas that are too
arid for the survival of an immature mosquito. In the
present study, the soil water content at the depth of
the plant roots was calculated using the water balance approach (Allen et al. 1998, Hopp & Foley 2001,
Tao et al. 2003) as illustrated on the right-hand side
of Fig. 1. Calculation of the soil water content on the
kth day (Wk) was performed using the following
equation:
Wk = min(Wk–1 + Pk + Mk – ETa,k or W*)

(5)

where Wk−1 is the soil water content at the end of the
previous (k − 1) day, Pk is daily precipitation (mm),
Mk is daily snow melt on the kth day, and W* is the
holding capacity of soil water (mm), which reflects
the types of soil texture and organic content, as obtained from Dunne & Willmott (1996). When Wk
obtained from these calculations was larger than W*,
it was assumed that Wk was equal to W*.
In order to estimate ETa,k, a similar procedure proposed by Tao et al. (2003) was adopted. In this
method, ETa,k is defined as the ratio of the available
water content to the ET0,k calculated using the FAO
Penman−Monteith method (Allen et al. 1998). Tao et
al. (2003) has determined the soil moisture content by
considering the parameters of physical properties of
the soil surface and successfully described the geographical distribution of the ETa in China. Therefore,
this method was incorporated into the ECD-mg
model.
Using the method of Allen et al. (1998), the value of
ET0,k at the surface of a cropland can be estimated
without considering parameters such as aerodynamic
and canopy resistances and so on, which are difficult
to obtain on a broad scale. Further, there is no difference between the vegetation height assumed by
Allen et al. (1998) and the vegetation height in the
assumed habitat in this study (Fig. 1). Owing to the
above 2 reasons, we adopted the method of Allen et
al. (1998) to calculate the value of ET0,k at a surface
with plants.
Calculation of the ET0,k requires the data for net
radiation discussed in Section 2.3.1, the air temperature, air humidity, and wind speed, along with topographical data such as albedo and altitude (Fig. 2).
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Other data needed to perform this calculation
method by Tao et al. (2003) are the rooting depth (m)
and the soil water-depletion fraction. In the present
study, these values were considered to be at the same
level as those of grassland and shrubs, and were set
to 0.8 and 0.5, respectively (Smith 1992, Canadell et
al. 1996).

2.4. Data used for calculation of the model

important vector in the regions of Japan, Korea, and
the eastern part of China (Chow 1991); A. minimus
is the main species to which cattle are exposed
in northern Vietnam and southern China (Garros
et al. 2006, 2008); A. culicifacies has been recorded
throughout India, including Kashmir and the high
elevations of the Himalayas, but not on the Andaman
and Nicobar Islands (Barik et al. 2009); A. dirus is an
important vector of malaria in Myanmar (Paing et al.
1989); A. sundaicus has been reported to be the main
vector of malaria in the coastal areas of Southeast
Asia (Imai et al. 1988, Ndoen et al. 2010).

Data for the Monsoon Asia region (10° S−50° N,
70−150° E) were used in the ECD-mg model (Fig. 3).
All meteorological data had a spatial resolution of
0.5° longitude × 0.5° latitude (~50 km). The Climate
3. MODEL EVALUATION
Research Unit (CRU; University of East Anglia)
Global Climate Dataset, which is available through
We tested the predictive power of the ECD-mg
the Data Distribution Center of the Intergovernmenmodel by comparing the model estimations to real
tal Panel on Climate Change (IPCC; New et al. 1999),
observational data from many independently pubwas used for the ECD-mg model calculations. The
lished datasets, which ranged from cool-temperate to
CRU monthly data for air temperature, precipitation,
subtropical or tropical zones (Ho et al. 1965, Yoshida
short-wave radiation, vapor pressure, wind speed,
et al. 1974, Dev 1996, Ikemoto 1996, Konradsen et al.
and cloud cover were included in the dataset for the
1998, Lee et al. 2002, Toma et al. 2002, Oo 2003,
1961−1990 climate normals. If daily data were not
Yeom et al. 2005, Stoops et al. 2009). These data are
available for the ECD-mg model, monthly values
collected only from seasonal observations of Anophewere converted to daily values using linear interles >1 yr, in order to verify that the ECD-mg model
polation to ensure that the daily values were concan describe seasonal variations, even though in
sistent with the monthly averages or total values. For
most developing countries there are very few obserthe calculation of long-wave radiation, elevation data
vations throughout the year (Martens & Thomas
from GTOPO30 (US Geological Survey, www1.gsi.
2005). The climate data used for validation of the
go.jp/geowww/globalmap-gsi/gtopo30/
gtopo30.html, accessed 25 February
Cheolwon
2011) were used in the present study.
Natori
The elevations in GTOPO30 are reguKyonggi–do
larly at a spatial resolution of 30-arc s,
A. sinensis
which we averaged and converted to a
(warm temperate)
A. sinensis
n = 223
Assam
(cool temperate)
spatial resolution of 0.5°, excluding the
n = 179
area of the ocean. The monthly albedo
Kheda
Ishigaki
Canton
of the typical surface and plant layer
Bago
in each 0.5° longitude × 0.5° latitude
A. minimus
A. culicifacies
resolution (Ohta et al. 1993, Ohta &
n = 102
n = 241
Kimura 2007) was used. When the
A. dirus
n = 117
air temperature was < 0°C, the albedo
value was set to 0.7.
Species occurrence data were collected from recent observations in Asia
Asahan
based on molecular identification techniques such as the PCR-assay (ManA. sundaicus
n = 176
guin et al. 2008). The current distribuLengkong
tion regions of the 5 representative
80˚ E
100˚
120˚
140˚
dominant species in all of Monsoon Fig. 3. Anopheles spp. Representative observation sites (circles) and the domiAsia are depicted in the square areas nant species of Anopheles in each selected region (boxes; Manguin et al.
2008). n = number of grids in each square
in Fig. 3. Anopheles sinensis is an

40˚
N

20˚

0˚
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Next, in order to further confirm whether the ECDmg model can reproduce the temporal patterns of
mosquito emergence, the annual temporal changes
in the value of Ctotal — which indicates the maximum
stage of development — at representative sites are
shown in the lower panels of Fig. 5. In addition, the
seasonal changes in Tw and soil moisture content
(Wk /W*; %), which were calculated in the present
study, and the period of mosquito occurrence obtained from previous observation data (obs) are
shown in the upper panels of Fig. 5.
In cool- and warm-temperate regions, adult mosquitoes occurred from the middle of June to the end
of September, a period in which there is a high
enough temperature for them to grow to maturity. In
subtropical regions, adult mosquitoes occurred from
March to the middle of November, except for 3 mo
when Tw decreased slightly and Wk /W* was < 50%.
In dry tropical regions, the period of occurrence of
adult mosquitoes ranged from August to September,
and the other seasons were severely limited by
Wk /W*. In the same way, the occurrence of adult
mosquitoes in tropical regions was limited by Wk /W*.
In a comparison of observation data from representative sites (obs), the present ECD-mg model was able
to estimate seasonal patterns of the occurrence of
mosquitoes (lower panels of Fig. 5) with a more reasonable degree of accuracy than the previous model
(Kashiwada & Ohta 2010).

(b) Disappearance

Mar

May

July

Sept

(a) Appearance

Jan

Model estimation

Nov

ECD-mg model were observed simultaneously with
the observation of Anopheles. If the value of Ctotal
calculated from the kth day was > 3, we defined the
kth day as the day of mosquito emergence. Since the
mosquito could have emerged across different years,
the calculation period included 2 yr. The first date of
mosquito appearance and the end date were defined
as the mosquito emergence date and the mosquito
disappearance date, respectively.
The predicted appearance and disappearance
dates obtained from the ECD-mg model were concordant with those of the observation data (Fig. 4).
The root mean square errors (RMSE) between the
observed and modeled values for these dates were
~15 to 20 d. These values were acceptable for a
simulation of the potential mosquito distribution,
because the mosquito occurrence observations were
repeated over periods ranging from several weeks to
a few months (Dev 1996, Konradsen et al. 1998). The
present model has an improved accuracy that is
approximately twice that of the previous model
(Kashiwada & Ohta 2010), reflecting the modification
of the energy and water balances in the present
model. This means that the present model was able
to represent well the transient thermal and water
state of the habitat of mosquitoes. The appearance
and disappearance dates obtained from the ECDmg model were corroborated by observations at
representative sites.
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Fig. 4. Anopheles spp. Relationships between observed values and values estimated from the modified model for the dates of
(a) appearance and (b) disappearance of the Anopheles mosquito at representative sites (see Fig. 3). A time lag for the average
time from egg to adult mosquito was included in the calculation of the ECD-mg model. Data from Asahan was excluded because of the appearance of mosquitoes all year round. RMSE values for start and end dates were 15.2 (p < 0.001) and 20.8 d
(p < 0.01), respectively
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4. RESULTS AND DISCUSSION
4.1. Potential number of generations for the spatial
distribution of Anopheles
The number of consecutive completions of the life
cycle (generation) was summed across the year for
each grid, thus representing the climate’s suitability
for mosquitoes. Fig. 6 depicts the spatial distribution
of the value of Gmax of Anopheles mosquitoes. The
many areas with > 20 generations of Gmax were frequently found in the lower latitudes. The value of
Gmax dwindled in terms of the thermal gradient with
increasing latitudes. In addition, in the lower latitudes, where there is a shortage of soil moisture content, the value of Gmax was <10 generations.
The current northern limit of the regions where
group malarial infections by insect vectors have been
reported is in the Korean peninsula (Chai 1999). The
value of Gmax in this region, as obtained from the
ECD-mg model, was 4 to 5 generations. The value of
Gmax in northeastern China and Japan, where group
infections were reported decades earlier (Hay et al.
2004), was also 4 to 5 generations. Therefore, the
potential geographical distribution of the northern
limit of the vector mosquitoes in Monsoon Asia,
where there is fear of malarial infection, could represent the isolines of 4 to 5 generations.
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The value of Gmax in Thailand, which has an intense dry season, was ~12 generations, which coincides with the results estimated from the number of
malaria cases (Chareonviriyaphap et al. 2000). Previous methods (Kashiwada & Ohta 2010) underestimated the Gmax value in Thailand, determining a
value of 0 to 1 generations, due to insufficient methods for the calculation of the soil moisture content.
The modified ECD-mg model eliminates this problem and improves the reproducibility of potential
distribution of the vector mosquito in Monsoon Asia.
A notable feature in Fig. 6 is that the Gmax value in
India (~6 generations) was appreciably less than it
was in other areas in tropical or subtropical regions.
Indeed, this Gmax value in India was almost equal to
that found in temperate regions. Notwithstanding
this, many cases of malaria are reported in India, and
these account for 65% of the total cases in Southeast
Asia (WHO 2010).

4.2. Factors limiting the distribution of each
Anopheles species

To explore the reason for such a discrepancy of the
Gmax value in India, 5 species that are dominant in
each region were selected (Fig. 3), and the species
data on each grid was plotted on 2 axes: the annual
mean water temperatures (Tw, annual)
and soil moisture content (Wannual/W*;
%) of the habitat (Fig. 7a). The most distinctive feature learned from this analysis is that the plots are densely distributed in a relatively narrow range for
each species of Anopheles. Then, in
order to clarify the factor limiting the
growth of each species, the values
of the minimum/maximum Tw,k and
Wk /W* were connected by a straight
line for each species (Fig. 7b). The
crossover point of each species represents the average values of daily Tw,k
and Wk /W*. Because the daily growth
of mosquitoes begins when Tw,k is
>15°C and Wk /W* is > 50% in the present model, the range of the upper left
quadrant of Fig. 7 shows the circumstances that are conducive to the growth
of Anopheles.
The average values of Anopheles
dirus and A. culicifacies were in a dry
Fig. 6. Anopheles spp. Geographical distribution of potential number of area (lower left quadrant) in Fig. 7b,
generations (Gmax)
and there were clearly a number of
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periods in which their habitat experienced severe climate conditions and were thus too dry to permit their
growth. The seasonal larva densities of the 2 species
correlated positively with the number of days of rainfall (Oo et al. 2003, Barik et al. 2009). The average
value of A. sinensis in temperate regions was in a cold
area (upper right quadrant) of Fig. 7b, showing that
the factor limiting the growth of A. sinensis was the
thermal resources. This finding agrees well with the
observation that hibernating A. sinensis mosquitoes
flew out from the grass within a few minutes when
the temperature increased by 15°C (Ree 2005). On
the other hand, although Tw,k and Wk /W* of the habitat of A. minimus changed seasonally, the species can
grow during most periods. The limiting factors for the
growth of A. minimus for 2 or 3 mo was both the thermal and water resources (Fig. 7b). Throughout almost
the entire year, there were conditions conducive to
the growth of A. sundaicus, without seasonal changes
in Tw,k and Wk /W*. According to the observation data
(Collins et al. 1979), in the south part of Sulawesi
Island, A. sundaicus can survive throughout the year,
though the peak density of its growing period is at the
beginning of the rainy season due to the low level of
salinity in the water the larvae inhabit (Imai et al.
1988, Dusfour et al. 2004). The limiting factor for the
growth for Anopheles depends on the characteristics
of each species, and the dominant species in each
region are different and various.

4.3. The need for further improvement of the
ECD-mg model
The tendencies of the aggregated distribution of
each species that can be identified in Fig. 7a could be

caused by climate factors because the ECD-mg
model did not include the unique parameter of the
developmental rate of each species, as described in
Section 2. The abovementioned climate-species
analysis suggests that there is a distinct relationship
between climate factors and the regional distribution
of each species in Monsoon Asia. Although the present modified procedure is not a niche-based model
(e.g. Foley et al. 2008), but rather, is an established
mechanistic model of growth for mosquitoes, the climatic niche of Anopheles could be roughly
expressed.
However, because there was insufficient gridded
data on the species, the relationships at the overlapping boundaries of multiple species could not be
studied in sufficient depth. The climate niche will be
able to be clarified by application of the present
ECD-mg model to a small-scale and local evaluation
using more accurate species data.

5. CONCLUDING REMARKS
Using the ECD-mg model, we calculated the
spatio-temporal distribution of various species of
vector mosquitoes in Monsoon Asia. The simulation
results were superimposed on the distribution of 5
representative species on the basis of previous observations. This study found that there is a distinct relationship between climatic factors and the regional
distribution of each Anopheles species in Monsoon
Asia.
The ECD-mg model, which is driven by the various
climate factors, can also be applied to predict
changes in the distribution of each species on a broad
scale under future climatic conditions, as has been
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done by Yamamura & Kiritani (1998) and Pascual et
al. (2006). Kearney et al. (2009) also clarified the
changes in Gmax of Aedes aegypti in Australia under
future climatic conditions. However, the Gmax obtained from the ECD-mg model represents an calculated potential, and the actual number of generations
will vary significantly, depending upon human structures and activities such as ditches, sewerage systems, irrigation, changes in land use, etc. (Kearney et
al. 2009). Further study is required that would take
into account the impacts of these factors. Moreover,
the growth parameters of each species must be
included in the ECD-mg model in order to predict the
vector distribution more accurately than the present
model does. Also, it is difficult to know the magnitude and dynamics of the Anopheles population from
the potential number of generations indicated by
the present study. Therefore, a population dynamics
model would be more suitable for the evaluation of
the risk of malarial infection than a growth model
that determines the potential number of generations.
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