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Abstract

Against the backdrop of a global malaria epidemic that remains severe, China has eradi-
cated indigenous malaria but still has to be alert to the risk of external importation. Under-
standing the distribution of vectors can provide an adequate and reliable basis for the
development and implementation of vector control strategies. However, with the decline of
malaria prevalence in recent years, the capacity of vector monitoring and identification has
been greatly weakened. Here we have used new sampling records, climatic data, and topo-
graphic data to establish ecological niche models of the three main malaria vectors in China.
The model results accurately identified the current habitat suitability areas for the three spe-
cies of Anopheles and revealed that in addition to precipitation and temperature as important
variables affecting the distribution of Anopheles mosquitoes, topographic variables also
influenced the distribution of Anopheles mosquitoes. Anopheles sinensis is the most wide-
spread malaria vector in China, with a wide region from the northeast (Heilongjiang Prov-
ince) to the southwest (Yunnan Province) suitable for its survival. Suitable habitat areas for
Anopheles lesteri are concentrated in the central, eastern, and southern regions of China.
The suitable habitat areas of Anopheles minimus are the smallest and are only distributed in
the border provinces of southern China. On this basis, we further assessed the seasonal
variation in habitat suitability areas for these three major malaria vectors in China. The
results of this study provide new and more detailed evidence for vector monitoring. In this
new era of imported malaria prevention in China, regular reassessment of the risk of vector
transmission is recommended.

Author summary

Malaria, as one of the most important insect-borne infectious diseases in tropical and sub-
tropical regions, poses a serious disease burden worldwide. Malaria has been prevalent in
China for more than 4,000 years, seriously endangering the health of the Chinese people
and restricting socio-economic development. Nowadays, there are three major species of
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malaria transmission in China, Anopheles sinensis, Anopheles lesteri, and Anopheles mini-
mus. Due to vector control and climate change in recent years, the distribution range of
these Anopheles mosquitoes has changed. Here, we applied an ecological niche model to
simulate the potential distribution as well as seasonal variation of three species of Anophe-
les and to identify the factors affecting their survival. The results revealed that precipita-
tion, temperature, and topographic variables were important influences on the
distribution of Anopheles mosquitoes. A wide region from the northeast (Heilongjiang
Province) to the southwest (Yunnan Province) is suitable for An. sinensis. Suitable habitat
areas for An. lesteri are concentrated in the central, eastern, and southern regions of
China. The suitable habitat areas of An. minimus are the smallest, which are only distrib-
uted in the border provinces of southern China. This study provides new information for
policymakers to develop vector control measures.

Introduction

Malaria is a life-threatening disease caused by Plasmodium parasites and is transmitted world-
wide through the female Anopheles mosquitoes [1]. The initial symptoms of malaria usually
appear 10-15 days after being bitten by infected mosquitoes. Non-specific symptoms such as
fever, headache, nausea, and muscle soreness may occur in patients infected with Plasmodium,
which also makes it difficult to diagnose malaria at the initial stage [2]. If the initial infection of
an individual is not effectively controlled, it will progress to a severe and complicated form of
malaria, causing respiratory distress, jaundice, severe anemia, and renal failure, which can lead
to death [3]. Five species of Plasmodium cause malaria in humans, with Plasmodium falcipa-
rum and Plasmodium vivax being the most harmful. In the world, P. falciparum is the most
lethal malaria parasite, and P. vivax is the most widespread malaria parasite. The latest World
Malaria Report has estimated that there were 247 million malaria cases and 619,000 malaria
deaths globally in 2021, with the majority concentrated in the African region [4]. Despite the
severe global disease burden caused by malaria, effective vector control and the use of prophy-
lactic antimalarial drugs have made significant progress in reducing morbidity and mortality
from this disease over the past two decades [5]. The number of countries reporting less than
1,000 indigenous cases was only 13 in 2000, compared to 33 in 2020 and 35 in 2021 [4,5].
Malaria is one of the most serious infectious diseases in the history of China. It was once
widely prevalent in China, especially in rural areas [6]. The earliest cases of malaria can be
traced back to about 4,000 years ago [7]. In the 1940s, the malaria epidemic in China was so
severe that more than 30 million people were infected with the disease each year [8]. In the
decades since the founding of New China, the Chinese government has made tremendous
efforts to control malaria. As a result of the implementation of a comprehensive strategy for
malaria control, as well as socio-economic changes in China and changes in the natural envi-
ronment affecting malaria transmission, the epidemic has been effectively controlled, with a
gradual decline in incidence and a gradual shrinkage of endemic areas [9-11]. In 2010, in view
of the prevailing malaria epidemic trends and in response to the initiative of the High-Level
Meeting on the Millennium Development Goals (MDGs) to eradicate malaria globally, the
Chinese government formulated the National Malaria Elimination Action Plan (2010-2020)
(NMEAP), intending to implement comprehensive malaria elimination efforts and achieve the
goal of malaria elimination nationwide by 2020 [12]. In the years that followed, the indigenous
malaria epidemic in China was dramatically reduced, with zero indigenous cases achieved for
the first time in 2017 [13]. On 30 June 2021, the World Health Organization announced that
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China had been certified as malaria-free. China is the first country in the Western Pacific
region of the World Health Organization to obtain malaria-free certification in the past 30
years, which is undoubtedly a major milestone in the history of malaria elimination in the
world and public health in China [14].

Malaria-free certification is not the ultimate goal of public health in China, but a new start-
ing point for the prevention of imported malaria cases. After malaria elimination, imported
malaria is still widely distributed in China. Malaria cases were reported from all 31 provinces
in 2021 [15], and 26 provinces in 2022 [16], mainly in the Guangdong Province, Yunnan Prov-
ince, Sichuan Province, Zhejiang Province, Henan Province, and Shanghai Municipality.
From 2017 to 2022, the number of imported malaria in China was 2858, 2671, 2673, 1085, 798,
and 844, respectively [15-20]. In general, the number of imported cases has shown a down-
ward trend in recent years, but this may be attributed to the global COVID-19 outbreak. At
present, the prevention and control of COVID-19 in China have become normalized, and
international exchanges have gradually resumed. Until malaria is eradicated globally, China
still needs to be alert to the risk of imported malaria, where introduced Plasmodium may lead
to the re-emergence of indigenous malaria, which has already occurred in countries where
malaria has been eliminated [21]. If the malaria transmission vector in China still exists, the
risk of malaria import and retransmission will exist for a long time. A reasonable vector con-
trol strategy should continue to be developed and implemented as it is highly effective in pre-
venting infection and reducing the spread of disease. In order to implement appropriate and
targeted vector control strategies, a better understanding of the distribution and biology of
malaria vectors is necessary.

In the long struggle against malaria, China has improved its malaria vector monitoring sys-
tem, which consists of national and provincial monitoring sites [22]. The malaria vector moni-
toring program includes the Anopheles mosquito population and density monitoring [23].
Anopheles mosquito population monitoring adopts the method of overnight mosquito trap-
ping utilizing mosquito trapping lamps and is carried out once a year in different eco-geo-
graphical environments during the peak mosquito season. Anopheles mosquito density
monitoring adopts the overnight human trapping method, which is carried out during the
peak mosquito season every year, once every half a month, one night each time. After decades
of climate and land change and malaria control, traces of some Anopheles mosquitoes have
gradually disappeared [24]. At present, only four species of Anopheles are considered to be the
main malaria vectors in China, in descending order of distribution: Anopheles sinensis, Anoph-
eles lesteri, Anopheles minimus, and Anopheles dirus [5]. An. sinensis is an outdoor resting and
biting species, which mostly inhabits rice planting areas, and can be recorded between north-
east to Liaoning Province and southwest to Yunnan Province [25]. Studies have indicated that
the habitat suitability areas of An. sinensis tend to expand gradually with climate change
[26,27]. An. lesteri is the main malaria vector at low altitudes in the 22°N to 33°N range
[28,29]. In recent years, the distribution areas of An. lesteri have been gradually reduced due to
climatic and environmental changes and human activities [30]. An. minimus is active in south-
ern China below 25°N and mainly inhabits marshes, ponds, and streams in jungle areas [31].
An. dirus has the smallest distribution range and is only found in Hainan Province [29].

Vector control has played an invaluable role in the malaria elimination phase. Long-term
vector monitoring capacity is still needed during periods of no indigenous malaria, thus reduc-
ing the risk of re-transmission of imported malaria. Understanding the distribution of vectors
can provide an adequate and reliable basis for the development and implementation of vector
control strategies. However, with the decline of malaria prevalence in recent years, the capacity
of vector monitoring and identification has been greatly weakened [29]. The application of
ecological niche models to predict the distribution of malaria vectors can provide a powerful
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complement to vector monitoring efforts. In addition, analyzing the seasonal impact of climate
on malaria vector distribution will optimize the use of vector control resources, allowing vector
control strategies to be implemented with precision and efficiency to address the risk of exter-
nal malaria transmission. In this study, we applied an ecological niche model to predict the dis-
tribution and seasonal variation of three major malaria vectors in China, including An.
sinensis, An. lesteri, and An. minimus. The distribution points of An. dirus were too few to be
included in this study.

Materials and methods
Occurrence data collection

A comprehensive and systematic literature search was conducted on CNKI, Web of Science,
and Google Scholar using the keywords “malaria vector” AND “China”, “Anopheles lesteri”
AND “China”, “Anopheles minimus” AND “China”, and “Anopheles sinensis” AND “China”,
for the period 2001 to 2021. The search results were examined individually. Literature on field
surveys of Anopheles mosquitoes (containing GPS coordinates of sampling sites or locations of
sampling sites at the county level and below) was included in the database. Literature contain-
ing records of Anopheles mosquitoes from laboratory cultivation and museum collection and
literature with unspecified field sampling sites were excluded. For sampled points with specific
GPS coordinates, the coordinates were converted to decimal form and extracted. If only the
name of the sampling site is included, use Google Maps to get the decimal coordinates of the
site. The occurrence data of each species of Anopheles were cleaned and sorted and finally sum-
marized into a CSV format file.

The “Trim duplicate occurrences” function in the ENMTools software was used to elimi-
nate duplicate data and reduce spatial autocorrelation [32], ensuring that only one occurrence
record in each grid. Finally, a total of 95 occurrence records of An. lesteri, 148 occurrence rec-
ords of An. minimus, and 446 occurrence records of An. sinensis was used to construct the sub-
sequent ecological niche model (S1 Table).

Model variables collection

Climate and topographic variables affect the habitat conditions of mosquitoes and have been
used to predict their habitat range by ecological niche models [33-35]. The monthly mean tem-
perature dataset, monthly precipitation dataset, and land cover fraction dataset are sourced
from the National Tibetan Plateau Data Centre (https://data.tpdc.ac.cn/home) [36-38]. The
monthly mean temperature dataset and monthly precipitation dataset are both monthly data
for China, from 1901.1 to 2021.12. To be consistent with the time range of the occurrence data,
the average values of 252 months from 2001 to 2021 are calculated for the monthly average tem-
perature and monthly precipitation. The land cover fraction dataset provides eight types of land
cover in China, including Forest, Grassland and Shrub, Croland, Wetland, Water, Construc-
tion, Bare land, Permanent Snow and Ice, with a time series of 2001-2018. Annual averages
were calculated for each land cover type for subsequent modeling. Elevation data were obtained
from SRTM, downloaded from the WorldClim website (https://worldclim.org/), and cropped
from worldwide to China-wide using the mask extraction tool of ArcGIS 10.2. The resolution
for all variables used for modeling is 30 arc seconds, approximately 1km (Table 1).

Ecological niche modeling

Maxent, one of the most widely used models in ecology, has excellent predictive performance
and can produce distribution maps of comparable accuracy to ensemble methods [39]. Maxent
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Table 1. Variables used in the model.

Code Variable Name Source

bare_land Bare Land National Tibetan Plateau Data Center
construction Construction National Tibetan Plateau Data Center
cropland Cropland National Tibetan Plateau Data Center

elev Elevation WorldClim version 2.1
forest Forest National Tibetan Plateau Data Center
gs Grassland and Shrub National Tibetan Plateau Data Center
pre Monthly Precipitation National Tibetan Plateau Data Center
psi Permanent Snow and Ice National Tibetan Plateau Data Center
tmp Monthly Mean Temperature National Tibetan Plateau Data Center
water Water National Tibetan Plateau Data Center
wetland Wetland National Tibetan Plateau Data Center

https://doi.org/10.1371/journal.pntd.0011884.t001

performs well in estimating occupancy probabilities and even outperforms the other methods
on small sample sizes [40]. In addition, maxent is capable of modeling complex nonlinear rela-
tionships between response variables and predictions, and the probability distributions in the
model have concise mathematical definitions that are easy to analyze [41]. MaxEnt 3.4.4 was
employed to predict the potential distribution of An. lesteri, An. minimus, and An. sinensis.
The model was set up as follows: the occurrence data of each species of Anopheles were split
into training data and test data on a scale of 80-20. The regularization multiplier was adjusted
to 1, features were automatically selected by the model program and the output format was
logistic. The model of each species of Anopheles was repeated 10 times, with the replicated run
type being Bootstrap, and the average of the 10 results was taken as the final prediction. Model
performance was evaluated by area under the receiver operating characteristic curve (AUC).
The range of AUC value is 0 to 1, 1 represents the extreme case of perfect accuracy of the
model, 0.9~1.0 indicates good model fitting, 0.7~0.8 indicates general model fitting, 0.6~0.7
indicates poor model fitting, and 0.5~0.6 indicates model fitting failure [42]. The percent con-
tribution and the permutation importance give estimates of the relative contributions of the
environmental variables to the maxent model. The response curves show how the predicted
probability of presence changes as each environmental variable is varied. Habitat suitability
represents an index of the suitability of the area for the species, which reveals the probability
that the species be present in the area. habitat suitability values range from 0-1, with values
closer to 1 indicating that the area is more suitable for the species and closer to 0 indicating
that the area is less suitable for the species.

Prediction of seasonal variation in habitat suitability maps for Anopheles
mosquitoes

The survival of mosquitoes is mainly controlled by temperature and precipitation, so we pre-
dict the seasonal variation trend of the distribution range of Anopheles mosquitoes by the fluc-
tuation of monthly mean temperature and monthly precipitation. Data from the monthly
mean temperature dataset and the monthly precipitation dataset were intercepted for the
range 2001 to 2021 to calculate the average of monthly mean temperature and monthly precip-
itation for the 21 years from January to December. The model output was converted to raster
files in ArcGIS 10.2 to produce habitat suitability maps for each species of Anopheles. Based on
the response curves and equal training sensitivity and specificity logistic thresholds calculated
from the model iterations, suitable ranges of monthly mean temperature and monthly
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precipitation were determined for each species of Anopheles. Using the raster calculator, raster
maps of the suitable monthly mean temperature and suitable monthly precipitation for each
species of Anopheles from January to December were obtained. The habitat suitability maps
were overlaid with these two raster maps and the intersection was taken to produce a monthly
habitat suitability map for each species of Anopheles.

Result
Map of the distribution points of the three malaria vectors in China

The distribution of the three malaria vectors in China is shown in Fig 1. The distribution of
An. sinensis is relatively widespread, with records from the northeast to the southwest, with
more dense distribution points in the south. An. lesteri is mainly found in central and eastern
China, with scattered records in the south, presenting a more dispersed spatial pattern. An.
minimus is concentrated in the subtropical and tropical regions south of 33°N in China,
including Yunnan, Guizhou, Hainan, Guangxi, Guangdong, Fujian, and Taiwan Provinces.
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Fig 1. Map of the distribution points of the three malaria vectors in China. The red points depict Anopheles sinensis, the blue points depict Anopheles
minimus, and the yellow points depict Anopheles lesteri. The base layer of the map is sourced from the National Catalogue Service For Geographic Information
of the Ministry of Natural Resources of the People’s Republic of China (https://www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=
2&storeName=%E5%9B%BD%E5%AE%B6%E5%9F%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%A1%E6%81%AF%E4%B8%AD%E5%BF%
83&fileld=BA420C422A254198BAA5ABABICAAFBC1).

https://doi.org/10.1371/journal.pntd.0011884.9001
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Table 2. Contribution and Permutation importance of variables in Anopheles sinensis model.

Variable Percent contribution(%) Permutation importance(%)
pre 56.2 45.3
construction 17.6 8.9
tmp 12.4 262
elev 4.7 11.3
cropland 32 1.1
forest 2.4 44
bare_land 2.4 1.6
gs 0.8 0.9
water 0.4 0.3
wetland 0 0.1

psi 0 0

https://doi.org/10.1371/journal.pntd.0011884.t002

Model evaluation and important variables

The results of the model evaluation based on the area under the receiver operating characteris-
tic curve are shown in S1 Fig. The average AUC values of An. lesteri model, An. minimus
model, and An. sinensis model were 0.924, 0.962, and 0.906 respectively. All three models fit
well. The percent contribution and permutation importance of the variables in each model are
shown in Tables 2-4. With these two indicators as the benchmark, variables with any indicator
greater than 10% are considered important variables of the model. Monthly precipitation, con-
struction, cropland, elevation, forest, and monthly mean temperature are considered to be
important variables in An. lesteri model. For the An. minimus model, Monthly precipitation,
monthly mean temperature, and elevation are thought to have significant effects on the sur-
vival of An. minimus. The important variables in the An. sinensis model are Monthly precipita-
tion, construction, monthly mean temperature, and elevation.

Habitat suitability map of Anopheles mosquitoes and their seasonal
variation prediction

Models reveal that An. sinensis is active in the southern region of China as well as in the north-
ern region, covering nearly 1/2 of the country (Fig 2). As a whole, high habitat suitability areas
are scattered, with concentrations only in Yunnan and Hainan provinces. Fig 3 shows the

Table 3. Contribution and Permutation importance of variables in Anopheles lesteri model.

Variable Percent contribution(%) Permutation importance(%)
pre 46.8 57.3
construction 18.9 33
cropland 16.9 1.6
elev 8.1 10.1
forest 3.7 10.6
tmp 3.2 10.3
gs 1 1.6
bare_land 1 3.8
water 0.4 1.1
wetland 0.1 0.3

psi 0 0

https://doi.org/10.1371/journal.pntd.0011884.t003
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Table 4. Contribution and Permutation importance of variables in Anopheles minimus model.

Variable Percent contribution(%) Permutation importance(%)
pre 48.3 11.5
tmp 36.8 72
elev 8.4 10.3
construction 3.2 2.7
cropland 1.1 0.9
forest 0.8 0.9
bare_land 0.7 0
gs 0.4 1.5
wetland 0.2 0.2
water 0.1 0.1
psi 0 0

https://doi.org/10.1371/journal.pntd.0011884.1004

results of seasonal predictions for An. sinensis. The distribution range of An. sinensis in winter
is very small, and it was only observed in Taiwan Province (December to February), Guangxi
Province (February), and Guangdong Province (February). In March An. sinensis began to
move northwards and by June it covered the areas between the Yangtze and Yellow Rivers,
Yunnan Province, and Hainan Province. Over the following three months, the habitat suitabil-
ity areas for An. sinensis gradually expanded, peaking in September with widespread distribu-
tion over much of the areas south of the Yellow River. The habitat suitability areas for An.
sinensis began to shrink in October and declined even more in November when the predicted
graphs were similar to those for March.

The habitat suitability areas for An. lesteri are roughly the same as the north-south span of
An. sinensis. The difference is that An. lesteri is concentrated in the central region, the south-
eastern coastal region, and Liaoning Province, with more dispersed areas of suitable habitat in
the south (Fig 4). Fig 5 clearly illustrates the monthly variation of the habitat suitability maps
for An. lesteri. During the first month of winter (December), An. lesteri was only visible in Tai-
wan and Guangxi Provinces. As a result of changes in temperature and precipitation, the suit-
able areas for An. lesteri gradually expanded northwards from January to June, reached a
yearly maximum in the summer (June to August), and covered more than 21 provinces
between 18° and 43°N. After autumn (September to November), An. lesteri began to migrate
southwards and the habitat suitability areas became progressively smaller.

The habitat suitability areas predicted by the model for An. minimus are shown in Fig 6.
An. minimus covers mainly the southern part of China between 18° and 33°N. As with An.
sinensis and An. lesteri, the habitat suitability areas for An. minimus in winter are small and
confined to the northern part of Taiwan Province (Fig 7). The expansion of the distribution of
An. minimus began in March when it could only be observed in parts of Guangxi Province,
Guangdong Province, Jiangxi Province, Fujian Province, and Taiwan Province. After summer,
the trend of increasing habitat suitability for An. minimus flattens out. The southern border
provinces of China were very suitable for An. minimus, including Yunnan, Hainan, Guangxi,
Guangdong, Fujian, and Taiwan provinces. After this, the range of An. minimus began to
decrease significantly. By November, only the eastern part of Taiwan Province and the south-
ern part of Hainan Province were suitable for the survival of An. minimus.

Discussion

Malaria was once one of the most important insect-borne infectious diseases in China. During
its long history of prevalence, it has seriously endangered the health of the Chinese people and
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Fig 2. Habitat suitability map for Anopheles sinensis in China. The darker colors depict areas of high suitability while lighter colors depict areas of low
suitability. The base layer of the map is sourced from the National Catalogue Service For Geographic Information of the Ministry of Natural Resources of the
People’s Republic of China (https://www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%E5%9B%BD%E5%AE%B6%
E5%9F%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=
BA420C422A254198BAA5SABABICAAFBCI).

https://doi.org/10.1371/journal.pntd.0011884.9g002

constrained social and economic development. After more than 70 years of strict prevention
and control, China was officially certified by the World Health Organization to eliminate
malaria on June 30, 2021 [43]. The current global malaria epidemic situation remains critical.
Although China has successfully achieved the goal of malaria elimination, there are still thou-
sands of imported malaria cases every year [22]. The coexistence of indigenous malaria vectors
and imported malaria from abroad will continue for a considerable period. The results of vec-
tor monitoring showed that from 2011 to 2020 [22], the population density of An. sinensis
accounted for 94.78% of the population, the most widely distributed. An. lesteri was identified
in Guizhou, Sichuan, Hainan, and Liaoning Provinces, An. minimus was identified in Yunnan
and Hainan Provinces, and An. dirus was identified only in Hainan Province. Vector monitor-
ing may be limited by terrain, weather, and other constraints, and the results do not adequately
reflect the distribution of malaria vectors. The use of ecological niche modeling to explore the
current distribution of malaria vectors and seasonal changes in China can provide a powerful
complement to vector monitoring and an important reference for the development of inte-
grated vector control programs.
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Fig 3. Monthly habitat suitability map for Anopheles sinensis in China. The darker colors depict areas of high suitability while lighter colors depict areas of low
suitability. The base layer of the map is sourced from the National Catalogue Service For Geographic Information of the Ministry of Natural Resources of the
People’s Republic of China (https://www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%E5%9B%BD%E5%AE%B6%E5%9F
%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=BA420C422A254198BAASABABICAAFBC1).

https://doi.org/10.1371/journal.pntd.0011884.9003
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Fig 4. Habitat suitability map for Anopheles lesteri in China. The darker colors depict areas of high suitability while lighter colors depict areas of low
suitability. The base layer of the map is sourced from the National Catalogue Service For Geographic Information of the Ministry of Natural Resources of the
People’s Republic of China (https://www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%E5%9B%BD%E5%AE%B6%
E5%9F%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=
BA420C422A254198BAASABABICAAFBCI).

https://doi.org/10.1371/journal.pntd.0011884.9004

Through a detailed review of the literature in recent years, we obtained new sampling rec-
ords for the three vectors. The aggregated results are shown in Fig 1. The distribution range of
An. minimus was little changed from that reported in previous studies [25,31]. The prevalence
area of An. lesteri has decreased, being particularly severe in Yunnan, Fujian, Zhejiang, and
Anhui provinces, probably due to malaria control and environmental changes in recent years
[44,45]. The northernmost location of An. sinensis has been extended to Heilongjiang Province
(around 49°N), further expanding its range. This is consistent with simulations by Ren et al.
that climate change will lead to the increase of climate-suitable areas of An. sinensis in northern
China [31].

Using new sampling records, as well as climatic and topographic data, ecological niche
models were developed for the three malaria vectors. Tables 2-4 and S2-54 Figs show the
important variables of the model and the rough trends in their influence on the occurrence
probability of Anopheles mosquitoes. In terms of contribution and permutation importance,
both monthly precipitation and mean monthly temperature play crucial roles in the distribu-
tion of the three species of Anopheles. Temperature affects the physiology of mosquitoes,
including development speed, breeding behavior, and mortality [46]. Precipitation provides
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Fig 5. Monthly habitat suitability map for Anopheles lesteri in China. The darker colors depict areas of high suitability while lighter colors depict areas of low
suitability. The base layer of the map is sourced from the National Catalogue Service For Geographic Information of the Ministry of Natural Resources of the
People’s Republic of China (https://www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%E5%9B%BD%E5%AE%B6%E5%9F
%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=BA420C422A254198BAASABABICAAFBC1).

https://doi.org/10.1371/journal.pntd.0011884.g005
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Fig 6. Habitat suitability map for Anopheles minimus in China. The darker colors depict areas of high suitability while lighter colors depict areas of low
suitability. The base layer of the map is sourced from the National Catalogue Service For Geographic Information of the Ministry of Natural Resources of the
People’s Republic of China (https://www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%E5%9B%BD%E5%AE%B6%
E5%9F%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=

BA420C422A254198BAASABABICAAFBCI).
https://doi.org/10.1371/journal.pntd.0011884.9g006

mosquitoes with the water necessary for their larval and pupae habitats, and their presence is
strongly regulated by (usually seasonal) rainfall [47,48]. Warm and suitable temperatures and
high humidity effectively extend the life span of adult mosquitoes and shorten their blood-
sucking intervals, leading to faster transmission of the virus [49].

In addition to climatic variables, topographic variables also influence the distribution of
Anopheles mosquitoes to some extent. The variable response curves show that all three species
of Anopheles favor lower altitudes, indicating that they are better suited to survive in areas of
lower terrain (S2-S4 Figs). The higher the altitude, the lower the density and humidity of the
air, and the lower the temperature, conditions that are not conducive to the development and
breeding of Anopheles mosquitoes [50]. For land cover variables, construction promoted the
occurrence of An. sinensis and An. lesteri (S2 and S3 Figs). Construction is in densely popu-
lated and active areas such as cities or villages, where the presence of humans and livestock
attracts Anopheles mosquitoes to feed. The probability of occurrence of An. lesteri was posi-
tively correlated with the cropland (S3 Fig) because the crops and small reservoirs within the
cropland provide suitable habitats for An. lesteri to breed. However, the forest has a negative
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Fig 7. Monthly habitat suitability map for Anopheles minimus in China. The darker colors depict areas of high suitability while lighter colors depict areas of
low suitability. The base layer of the map is sourced from the National Catalogue Service For Geographic Information of the Ministry of Natural Resources of
the People’s Republic of China (https://www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%E5%9B%BD%E5%AE%
B6%E5%9F%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=
BA420C422A254198BAASABABICAAFBCI1).

https://doi.org/10.1371/journal.pntd.0011884.g007
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impact on the occurrence of An. lesteri (S3 Fig), which is contrary to the previous research
[51]. Wang et al. pointed out that while rice fields and forests constitute the natural habitat of
mosquitoes, the role of human settlements for individual species is significant [52]. It is specu-
lated that the reason why the forest is not conducive to the survival of An. lesteri may be that
the plants are too luxuriant, the people are rarely visited, and the An. lesteri lacks blood food
for survival.

Standard deviation maps of habitat suitability for the three species of Anopheles show little
difference between the replicated models, indicating that the models are relatively robust (S5-
S7 Figs). The predictions from the model output reveal that the most widespread malaria vec-
tor in China remains An. sinensis, with a wide region from the northeast (Heilongjiang prov-
ince) to the southwest (Yunnan province) suitable for its survival. The second is the An. lesteri,
with suitable habitat areas concentrated in the central, eastern, and southern regions of China.
The suitable habitat areas of An. minimus are the smallest, which are only distributed in the
border provinces of southern China. From 2011 to 2020, malaria cases were reported in all
provinces of China, mainly in the provinces of Yunnan, Guangxi, Jiangsu, Sichuan and Henan
[22]. These regions are all located in areas of high habitat suitability for malaria vectors and
will have a high risk of local transmission in the event of a malaria case.

As precipitation and temperature are important climatic factors influencing mosquito pop-
ulation dynamics, we explored seasonal trends in the distribution range of Anopheles mosqui-
toes based on the habitat suitability maps output by the maxent model, using fluctuations in
the mean monthly temperature and monthly precipitation to obtain monthly habitat suitabil-
ity maps for three species of Anopheles (Figs 3, 5 and 7). Taken together, the monthly trends in
the distribution ranges of the three species of Anopheles from January to December were simi-
lar, presenting a general pattern of moving from south to north with a gradual increase in area,
and then moving from north to south with a gradual decrease in area. However, the habitat
suitability areas of the three species of Anopheles peaked at different times, with An. lesteri and
An. minimus in the summer (June-August) and An. sinensis in the autumn (September). This
phenomenon is caused by the difference in the suitable temperature and precipitation of the
three species of Anopheles. One area worthy of attention is Liaoning Province in Northeast
China. During the malaria pandemic, the peak months of the season in Liaoning Province
mostly fluctuate between July and August [53]. From our prediction map, it is concluded that
Anopheles mosquitoes (An. lesteri and An. sinensis) reaches its seasonal peak in Liaoning Prov-
ince from June to August, which is generally consistent with the epidemiological pattern of
malaria in the province.

There are certain limitations to our study. First of all, this study did not consider the inter-
action between organisms. In nature, the Anopheles mosquito has a predatory or competitive
relationship with other species in their range (e.g. fish and shrimps). It is a biological instinct
to avoid harm, so mosquitoes rarely survive in habitats with predators and competitors
[54,55]. Second, official monitoring data are confidential, so all Anopheles mosquito occur-
rence data used in our study were obtained from journal publications. The Anopheles mos-
quito occurrence data used in our modeling may not be comprehensive, leading to a possible
underestimation of habitat suitability areas for Anopheles mosquitoes. Another point is that
human distribution data were not included in the modeling process. As a source of blood meal
for mosquitoes, the distribution of human populations may be influencing the growth of vec-
tor populations and thus the spread of disease [56]. A lack of this data may underestimate the
probability of the presence of Anopheles mosquitoes in areas with high human density and
make it difficult to assess the specific impact of human activities on the distribution of Anophe-
les mosquitoes. In addition to human blood, the three species of Anopheles also feed on the
blood of livestock, foraging mainly in human houses and livestock barns [57]. Although we
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used the construction variable, which can roughly reflect the distribution of human houses
and livestock barns. However, this may still lead to some bias in the prediction results. In
future work, joint species distribution models could be considered to explore how the interac-
tions between Anopheles mosquito and other species affect their distribution and to include a
population density map to assess the human contribution to Anopheles mosquito population
growth or decline. In addition, linking historical disease data to vector data may be more
meaningful than simply predicting the distribution of vectors. Where data allow, the addition
of detailed information on imported malaria cases helps to further accurately model the risk of
the spread of imported malaria in China.

Conclusion

In addition to precipitation and temperature, which are important variables affecting the dis-
tribution of Anopheles mosquitoes, topographic variables also have an impact on the distribu-
tion of Anopheles mosquitoes. An. sinensis is the most widespread malaria vector in China,
with a wide region from the northeast (Heilongjiang Province) to the southwest (Yunnan
Province) suitable for its survival. Suitable habitat areas for An. lesteri are concentrated in the
central, eastern, and southern regions of China. The suitable habitat areas of An. minimus are
the smallest and are only distributed in the border provinces of southern China. Based on the
results of the ecological niche model, we further assessed the current seasonal variation in hab-
itat suitability areas for the three major malaria vectors in China. Considering that resources
for vector monitoring may be limited, the results of this study may provide some reference for
vector control strategies to optimize the use of resources to address the risk of re-transmission
of imported malaria.

Supporting information

S1 Fig. Results of the model evaluation based on the area under the receiver operating
characteristic curve. The curves show the mean ROC of the 10 replicate maxent runs (red)
and the mean +/- one standard deviation (blue). The black line indicates random prediction.
(a) Anopheles lesteri model. (b) Anopheles minimus model. (c) Anopheles sinensis model.
(TIF)

S2 Fig. Response curves for important variables in the Anopheles sinensis model. The curves
show the mean response of the 10 replicate maxent runs (red) and the mean +/- one standard
deviation (blue). (a) pre. (b) construction. (c) tmp. (d) elev.

(TIF)

S3 Fig. Response curves for important variables in the Anopheles lesteri model. The curves
show the mean response of the 10 replicate maxent runs (red) and the mean +/- one standard
deviation (blue). (a) pre. (b) construction. (c) cropland. (d) elev. (e) forest. (f) tmp.

(TIF)

S4 Fig. Response curves for important variables in the Anopheles minimus model. The
curves show the mean response of the 10 replicate maxent runs (red) and the mean +/- one
standard deviation (blue). (a) pre. (b) tmp. (c) elev.

(TIF)

S5 Fig. Standard deviation map of habitat suitability for Anopheles sinensis. The map
shows the standard deviation of output rasters of 10 repeated maxent runs. The darker colors
depict areas of high standard deviation while lighter colors depict areas of low standard devia-
tion. The base layer of the map is sourced from the National Catalogue Service For Geographic
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Information of the Ministry of Natural Resources of the People’s Republic of China (https://
www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%
E5%9B%BD%E5%AE%B6%E5%9F%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%
A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=BA420C422A254198BAASABABICA

AFBC1).

(TIF)

S6 Fig. Standard deviation map of habitat suitability for Anopheles lesteri. The map shows
the standard deviation of output rasters of 10 repeated maxent runs. The darker colors depict
areas of high standard deviation while lighter colors depict areas of low standard deviation.
The base layer of the map is sourced from the National Catalogue Service For Geographic
Information of the Ministry of Natural Resources of the People’s Republic of China (https://
www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%
E5%9B%BD%E5%AE%B6%E5%9F%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%
A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=BA420C422A254198BAA5S5ABABICA
AFBC1).

(TIF)

S7 Fig. Standard deviation map of habitat suitability for Anopheles minimus. The map
shows the standard deviation of output rasters of 10 repeated maxent runs. The darker colors
depict areas of high standard deviation while lighter colors depict areas of low standard devia-
tion. The base layer of the map is sourced from the National Catalogue Service For Geographic
Information of the Ministry of Natural Resources of the People’s Republic of China (https://
www.webmap.cn/mapDataAction.do?method=forw&resType=5&storeld=2&storeName=%
E5%9B%BD%E5%AE%B6%E5%9F%BA%E7%A1%80%E5%9C%B0%E7%90%86%E4%BF%
A1%E6%81%AF%E4%B8%AD%E5%BF%83&fileld=BA420C422A254198BAA5ABABICAA
FBC1).

(TIF)

S1 Table. Coordinates of distribution points of Anopheles mosquitoes after purification
based on ENMTools software.
(XLSX)
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