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Simple Summary: Oncomelania Hupensis is the exclusive intermediary host of Schistosoma japonicum in China.
The alteration of its habitat and population distribution directly affects the safety of millions of individuals
residing in the middle and lower regions of the Yangtze River, as well as the ecological stability of the Yangtze
River Basin. In this study, we used species distribution modeling (SDM) methods to predict the potential
distribution of O. Hupensis in the Yangtze River Economic Belt and found that with climate change, there would
be a tendency to decrease in the distribution area and a northward shift of the distribution centre in the future.

Abstract: Oncomelania Hupensis is the exclusive intermediary host of Schistosoma japonicum in China. The
alteration of its habitat and population distribution directly affects the safety of millions of individuals residing
in the Yangtze River Economic Belt (YREB), and the ecological stability. Therefore, it is crucial to analyse the
influence of climate change on the distribution of O. Hupensis in order to achieve accurate control over its
population. This study utilised the MaxENT model to forecast possible snail habitats by utilising snail
distribution data obtained from historical literature. The subsequent outcomes were achieved: The primary
ecological factors influencing the distribution of O. Hupensis are elevation, minimum temperature of coldest
month, and precipitation of wettest month; Furthermore, future climate scenarios indicate a decrease in the
distribution area and a northward shift of the distribution centre for O. hupensis; Specifically, those in the
upstream will move northeast, while those in the midstream and downstream will move northwest; These
changes in suitable habitat area, the average migration distance of distribution centers across different climate
scenarios, time periods, and sub-basins within the YREB, resulting in uncertainty. This study offers theoretical
justification for the prevention and control of O. hupensis along the YREB.

Keywords: snail; schistosomiasis; climate change; environmental factors; species distribution
modelling; MaxEnt

1. Introduction

Schistosomiasis, commonly referred to as "big belly disease", is an infectious or parasitic ailment
that arises when people or mammals, such as cattle, sheep, and pigs, become infected with
Schistosoma japonicum[1]. Based on the 2020 data from the World Health Organization,
schistosomiasis is predominantly prevalent in sub-Saharan Africa, affecting approximately 230
million individuals worldwide[2]. China was previously among the nations with the most severe
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transmission of schistosomiasis globally, and the disease primarily occurs in the Yangtze River basin
inside China[3]. A comprehensive survey undertaken in the mid-1950s revealed that schistosomiasis
was widespread in the Yangtze River region and in 12 provinces located to the south[4]. The survey
also indicated that the number of affected individuals exceeded 10 million[4]. Currently, China has a
low prevalence of schistosomiasis, with slightly more than 30,000 individuals infected[5]. The
infected area and the number of people affected by the disease have been greatly reduced. China has
made significant advancements in preventing and managing schistosomiasis and other diseases
transmitted by snails. However, in recent years, there has been an expansion of snail habitats due to
various factors including development along the Yangtze River Economic Belt, wetland ecological
protection, aquaculture, land use, and climate change. As a result, the transmission of schistosomiasis
has intensified in certain areas where the disease is prevalent[6].

In the regions of China affected by schistosomiasis, the Oncomelania hupensis is the sole
intermediate host of S. japonicum[7]. This organism is an amphibious freshwater creature. Snail
distribution dynamics can serve as an early warning indicator for the resurgence of
schistosomiasis[8]. Hence, regulating the reproduction and dissemination of the snail is a paramount
approach in the management of schistosomiasis[9]. There are three types of mollusciciding: physical,
chemical, and biological[7]. Nevertheless, the enactment of the "Law of the People's Republic of China
on the Protection of the Yangtze River" in 2021 has brought about significant challenges for
conventional methods of snail control, such as the use of medicinal molluscicides and the
establishment of snail control forests, due to their potential harm to the wetland ecology[10,11]. The
law places a strong emphasis on the protection and restoration of the Yangtze River's ecological
environment. Hence, accurate anticipation and management of snail dispersal are pivotal actions to
mitigate environmental hazards.

The distribution patterns of O. Hupensis are significantly influenced by global climate change.
According to the Intergovernmental Panel on Climate Change (IPCC), global warming is projected
to reach a minimum of 1.5 °C, resulting in substantial changes to the strength, occurrence, and length
of extreme weather occurrences[12]. In light of global warming, forecasting alterations in species
distribution patterns as a result of climate change has emerged as a significant field of ecological
investigation in China, particularly in the upper regions of the Yangtze River, this area is particularly
susceptible and responsive to climate change in China[13]. The Coupled Model Intercomparison
Project (CMIP) is commonly employed for projecting future climate change. Additionally, numerous
studies have demonstrated that climate change, including high precipitation, extreme droughts, and
warming, directly affects the spread of O. Hupensis[14-17]. Hence, it is crucial to forecast the
forthcoming alterations in the spatial arrangement of O. Hupensis in diverse climate scenarios to
effectively prevent and manage the danger of schistosomiasis in China and the Yangtze River Basin.

Ecological niche modelling is frequently used to analyse the range, trend, and area of species, it
has become a popular method for predicting how species distribution may alter due to climate
change[18-20]. A suitable predictive model for snail population distribution can effectively forecast
the spread of S. japonicum[21], so facilitating precise snail control and minimising the ecological risk
in the Yangtze River Economic Zone. The Maximum Entropy Modelling (MaxEnt) is a species
distribution model that uses species distribution data and environmental variables to estimate the
possible distribution of species in a specific area. The MaxEnt model exhibits a strong predictive
capacity and is extensively employed for simulating the potential distribution ranges of species [20].
Research on the determinants of snail populations and their management strategies has revealed that
environmental factors, including temperature, precipitation, elevation, and sun radiation, can impact
the development and breeding of O. hupensis [22-25]. Consequently, these parameters can serve as
predictors for the snail's distribution, thereby simplifying the utilisation of the MaxEnt model to
forecast appropriate habitats and changes in distribution due to global climate change [26].

This work uses historical occurrence data of O. hupensis and applies the MaxEnt model together
with ecological predictive parameters to create an environmental suitability model for the snail. The
model is then used to map the probable regional distribution of the snail under various climate
scenarios. Following that, it examines the changes in the locations of the snail's distribution centres,
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with the goal of answering the following important inquiries: 1) What are the primary environmental
elements that influence the distribution of O. hupensis? 2) What is the impact of various climate
scenarios on the distribution of snails in the Yangtze River Economic Belt? This study is the inaugural
attempt to integrate projections of the spatial distribution of O. hupensis in the Yangtze River
Economic Belt with the phenomenon of climate change. The results will furnish theoretical
substantiation and empirical evidence for the prevention and management of snails in the Yangtze
River Economic Belt. Additionally, they will give a logical foundation for the allocation of
government resources in disease prevention and control, as well as the formulation of policies for
snail population management.

2. Materials and Methods

2.1. Study Area

The Yangtze River Economic Belt (YREB) is the region in China with the highest prevalence of
schistosomiasis. The Yangtze River, the lengthiest river in China and the third lengthiest globally,
possesses a primary channel that extends around 6,400 km[27]. The Yangtze River basin spans a large
region where the primary channel and its tributaries flow, it is situated between 90°30"-122°25’E and
24°30'-35°45'N, encompassing a total area of 1.8 million km?[28]. This area represents 18.8% of China's
whole land area. The YREB encompasses 11 provinces and cities, namely Shanghai, Zhejiang, Jiangsu,
Anhui, Jiangxi, Hubei, Hunan, Chongqing, Sichuan, Yunnan, and Guizhou, it spans a total area of
around 2.05 million square kilometres[29]. The upstream of the Yangtze River traverse the provinces
of Sichuan, Yunnan, Guizhou, and Chongqing. The midstream pass through Hubei, Hunan, and
Jiangxi. The downstream extend through Anhui, Jiangsu, Zhejiang, and Shanghai. This region not
only occupies a crucial strategic location in China's economic development but also garners
significant interest due to its ecological security[30].

2.2. Data Acquisition

2.2.1. Occurrence Data for Oncomelania Hupensis

This paper employed the literature review method to gather data on the specific locations where
the O. Hupensis is found. The data was extracted from published literature in both English and
Chinese, obtained from Google Scholar (https://scholar.google.com/) and China National Knowledge
Infrastructure (https://www.cnki.net/). Additional data was supplemented from the Global Atlas of
Parasitic Infections (GAHI) (http://www.thiswormyworld.org/). The specified search term was
"Chinese snails" without any defined time range. Criteria for inclusion in this study were: (1) the snail
sampling location was in the Yangtze River Economic Zone; (2) the survey time was clearly specified,
atleast up to a certain year; (3) the survey locations were specified to the level of villages or sandbanks
and smaller units; (4) the article had to be an original research article, not a review article; (5) the full
text of the article was required. Any criteria that do not meet these conditions should be excluded[31].
Google Maps was utilised to enhance the coordinate information of sample points by associating
them with place name records. Points with incomplete distribution information and unlocatable
coordinates were excluded. The geographic data of the obtained distribution points was imported
into ArcGIS software for verification. Ultimately, a total of 367 valid nailing snail distribution points
were identified within the study area. These points span from 1972 to 2022 and are recorded at the
village level. They all represent natural distribution sites (Figure 1, Table S1).
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Figure 1. Snail occurrence records of Oncomelania hupensis in the Yangtze River Economic Belt of
China. Red circle represents the Oncomelania hupensis and the blue line represents the first-class river.

2.2.2. Environmental Data

The environmental factor data used in this study were obtained from the WorldClim database
(http://www.worldclim.org/). The data has a spatial resolution of 2.5 minutes per layer.

Environmental data of snail current distribution

This article examines the impact of 19 bioclimatic parameters, solar radiation from January to
December, and elevation on the distribution of species. These environmental variables were chosen
under the current climate scenario (1970-2000, from wc 2.1) and are presented in Table S2. Using
ArcGIS 10.8, all environmental layers were masked based on the administrative boundaries of the
YREB. Subsequently, the geographic coordinate system of each environmental layer was unified as
GCS_WGS_1984, and finally the environmental layers were unified and exported to ASCII format for
MaxEnt modeling operations using the Extract by Mask tool in the SDM toolbox to establish the initial
model.

In order to mitigate the influence of multicollinearity among predictor variables on the accuracy
of model predictions, we computed the correlations between environmental variables using the
Raster Correlations and Summary Statistics tool available in the SDM toolbox. Variables with an
absolute correlation coefficient less than 0.8 and a contribution rate of more than 1% to the initial
model were retained.

Future climatic data

The screened bioclimatic factors were selected from the Beijing Climate Center Climate System
Model (BCC-CSM2-MR) as part of the Global Coupled Model Intercomparison Project Phase 6
(CMIP6), to serve as the climatic data for the prediction of the future distribution of Oncomelania
hupensis (all the parameters of the model were improved compared with the BCC-CSM 1.1 model in
the CMIP5 which can better simulate the climate distribution[32] and is applicable to China's climate
change[33,34]). Four shared socioeconomic paths (SSPs) under the model were selected: SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5, and four future time periods for each scenario were selected: 2021-
2040, 2040-2060, 2061-2080, and 2081-2100. In order to maintain the comparability of the model in the
time series, elevation and solar radiation factors were kept constant in modeling the potential future
distribution. The environmental layers are treated in the same way as in the appeal.
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2.3. Methodology

2.3.1. Establishment and Evaluation of the Species Distribution Model for O. hupensis

The MaxEnt 3.4.3 program was utilized to do predictions on the likely distribution zones for the
species. The data on the distribution points of O. hupensis and the environmental layers needed for
modeling were loaded into MaxEnt. The software utilized the Jackknife test to examine the primary
environmental parameters that impact the dispersion of the snail. Additionally, response curves were
generated to assess the appropriateness of habitat conditions for the snail. The predictive
performance of each model was evaluated using the Area Under the Receiver Operating
Characteristic Curve, based on the specified criteria[35]. An AUC (Area Under the Curve) value
between 0.5 and 0.6 suggests very low simulation accuracy and is not suitable for further analysis. A
value between 0.6 and 0.7 indicates poor results, but it can still be marginally used. An AUC value
between 0.7 and 0.8 suggests average results and is considered usable. A value between 0.8 and 0.9
indicates good results, while an AUC value between 0.9 and 1.0 indicates excellent results. In order
to estimate the spatial distribution of species using accurate models, we conducted 10 replicate runs
with a checked random seed, while keeping all other parameters at their default settings.

2.3.2. Change in Potential Distribution and Centroids

The projected data for future climate scenarios were inputted into the "Projection layers
directory/file", and the calibrated species distribution model was utilized to forecast future species
distribution. The methodology employed for the analysis was as follows: First, the Jenks' natural
breaks categorization approach was employed to categorize the existing distribution of O. hupensis
into four distinct groups: Low suitability (0-0.10), General suitability (0.10-0.31), Moderately
suitability (0.31-0.62), and Highly suitability (0.62-1.00). Uniform classification criteria were used to
manually divide the snail's projected distribution zones into segments. Secondly, for each scenario
and time period, the distribution of highly suitable areas in the three reaches of the Yangtze River
was condensed into a single central point using the 'Spatial Statistics Tools-Measuring Geographic
Distributions-Median Center' in ArcGIS. The straight-line distance and the annual distance of the
distribution centers of O. hupensis moved in the three basins in each 20-year period were calculated
according to the formula. In addition[36]. This analysis was used to study the changes in future
potential distribution areas and the trajectories of distribution centers. Habitat suitability
reclassification, distribution center calculation and mapping were done in ArcGIS software.

2.3.3. Regionalization and Analytical Methods

The distribution of O. Hupensis exhibited three unique clusters in the YREB. In order to
accurately represent this, the YREB was partitioned into three distinct categories of regions: upstream
(Sichuan, Yunnan, Guizhou, and Chongqing Municipalities), midstream (Hubei, Hunan, and Jiangxi
Provinces), and downstream (Anhui, Jiangsu, Zhejiang, and Shanghai Municipalities). An analysis
was conducted to examine the habitat changes of the snail in the upstream, midstream, and
downstream between 2020 and 2100, considering each region separately.

3. Results
3.1. The Establishment and Effect of the Model

3.1.1. Filtering of Environment Variables

The selected environmental variables for constructing the O. hupensis distribution model were
determined by combining the correlation coefficients between the 32 environmental variables (Table
S3) and the relative contribution of each variable to the initial model (Table S4). The selected variables
include elevation, minimum temperature of coldest month, precipitation of wettest month,
precipitation seasonality, and solar radiation in May, July, and October (Table 1).
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Table 1. Percent contribution and permutation importance of the environmental variables in the

MaxEnt model.
Code Environmental Variable Pel.'cenf I?ermutatlon
contribution importance
elev Elevation 40.1 46.8
bio6 Min Temperature of Coldest Month 18.1 13.3
biol3 Precipitation of Wettest Month 11.9 6.5
srad07 Solar radiation in July 11.3 17.9
srad05 Solar radiation in May 8.7 7.9
biol5 Precipitation Seasonality 8.0 6.3
srad10 Solar radiation in October 1.9 1.4

3.1.2. Evaluation of Modellings

Figure 2 demonstrates that after 10 iterations of the model, the average test set AUC value of the
model was determined to be 0.915, with a standard deviation of 0.010. These results indicate a high
level of simulation accuracy. The MaxEnt model accurately predicts the possible distribution area of
the O. Hupensis with high reliability and no unpredictability. This prediction may be utilized to assess
the snail's distribution in the YREB.
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Figure 2. Reliability test of the distribution model created for Oncomelania hupensis. The receiver
operating characteristic (ROC) curve and average area under curve (AUC) values for the optimized
model over 10 replicate runs were shown in red, while blue margins show + standard deviation (SD)
calculated for 10 replicates.

3.2. The Influence of Environmental Factor

The primary elements determining the species distribution patterns are environmental factors,
which collectively account for about 60%. The distribution of O. hupensis is primarily influenced by
elevation (elev), the minimum temperature of the coldest month (bio6), precipitation of the wettest
month (biol3), and precipitation seasonality. Among these factors, elevation has the highest
contribution rate of 40.1% (Table 1). In addition, the results of the Jackknife test indicate that when
elevation is employed as the only variable, it achieves the highest values for training gain, test gain,
and AUC. In contrast, when elevation is excluded and only other factors are considered, there is a
significant fall in training gain, test gain, and AUC values. This suggests that elevation is not only the
most useful variable, but it also provides distinct information that other factors lack. Elevation plays
a critical role in limiting the dispersion of the snail (Figure 3).
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Figure 3. Results of jackknife testing of each variables' contribution to modeling the O. hupensis habitat
suitability distribution.

The response curves for each environmental variable demonstrate the impact on the MaxEnt
predictions, revealing how the likelihood of presence fluctuates with changes in each environmental
variable, while keeping other variables at their average values. It is well acknowledged that when the
probability of distribution exceeds 0.5, the corresponding ecological factor value is considered
favorable for species expansion[37]. The findings indicated that an elevation range of 0-50 m is
suitable for the survival of the O. Hupensis. Additionally, a precipitation level of 70-130 mm during
the wettest month and a variation in the minimum temperature of the coldest month between -32-
17°C had a predictive value of less than 0.1 for the probability of the O. Hupensis' existence.
Furthermore, the relationship between elevation and the minimum temperature of the coldest month
resulted in a single-peaked curve, as shown in Figure 4.
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Figure 4. Response curves of MaxEnt models for environmental variables. The red curves represent
the average value over 10 replicate runs, while blue margins represent + SD calculated for 10
replicates: (A) elev, (B) bio6, (C) biol3.

Furthermore, the acceptable range for solar radiation in July was found to be between 12400-
15200 k] m ™ “d"'. Similarly, the acceptable range for precipitation seasonally was determined to be
98-116mm. Additionally, the projected values for solar radiation in both May and October were
below 0.1.(Figure 1)

3.3. Current Prediction of O. hupensis

A study was performed to analyze the distribution range and region of O. hupensis under the
present climate conditions. Figure 5 illustrates the distribution of the snail under the current climate
scenario. The snail is primarily found in northwestern Yunnan Province and eastern Sichuan, and is
densely populated in the middle and lower regions of the Yangtze River Basin, including Poyang
Lake, Dongting Lake, the Jianghan Plain, tributaries of the Yangtze River in Anhui Province, and
Shanghai. The habitat areas for each type are as follows: 127.095x10*km? (unsuitable), 32.431x10km?
(low suitable), 15.733x10*km? (moderately suitable), and 13.816x10*km? (highly suitable) (Table S5).
The areas most appropriate for O. hupensis are vast and primarily located in regions with a strong
presence of agriculture and fisheries, as well as substantial concentrations of humans involved in
water-related activities.
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Figure 5. Distribution range predicted by Maxent model for Oncomelania hupensis in the Yangtze River
Economic Belt. Habitat suitability classes include Low suitable (0-0.11), General suitable (0.11-0.34),
Moderately suitable (0.34-0.62), and Highly suitable (0.62-1).

3.4. Future Prediction of O. hupensis

The spatial distribution of O. hupensis in the YREB is illustrated in Figure 6 (Supplementary Table
S6) for four shared socioeconomic paths. Global warming will greatly decrease the distribution of O.
hupensis in all types of habitats in the future. This reduction in suitable areas will vary depending on
different climates. Specifically, the area of highly suitable areas for O. hupensis in SSP1-2.5 will be the
smallest compared to other habitats, while SSP5-8.5 will have the largest area of highly suitable areas.
Over time, the high suitability zones in SSP1-2.6 and SSP5-8.5 expanded, with SSP5-8.5 experiencing
a particularly significant increase. The area of SSP2-4.5 initially decreased and then increased, but it
remained lower than the initial period. The suitable habitat in SSP3-7.0 remained relatively stable
without much change. The highly suitable habitat area is primarily found in the eastern part of
Sichuan Province and the northern parts of Jiangsu and Anhui Provinces. There is only a small
amount of distribution in Hubei Province, which is shifted northward compared to the current
climate scenario.
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Figure 6. Spatial distribution for Oncomelania hupensis in the Yangtze River Economic Belt under four
shared socioeconomic pathways (SSPs). Habitat suitability classes include Low suitable (0-0.11),
General suitable (0.11-0.34), Moderately suitable (0.34-0.62), and Highly suitable (0.62-1).
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Figure 7. Mean area of suitable areas of O. hupensis under current and future climate conditions, as
predicted by Maxent based on BCC-CSM2-MR climate model.

3.5. Directional Analysis of O. hupensis’s Distribution Centroid

Overall, there is a prevailing inclination for the distribution center of O. hupensis to shift towards
the north in the coming years (Figure 8). According to the projected climate conditions, the snail
distribution center upstream has shifted to the northeast of its current location, while the midstream
and downstream snail distribution centers have moved to the northwest of their current location
(Figure 8, Table S6). Examining the snails' performance in three distinct river basins under a specific
climate scenario demonstrates the following: in the SSP1-2.6 scenario, the average distance that the
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distribution center migrates is greater in the downstream compared to the upstream and midstream.
However, under different climate scenarios, the migration distance is greater in the upstream.
Specifically, in the SSP2-4.5 scenario, the average migration distance of the distribution center is
upstream > midstream > downstream. Similarly, in both the SSP3-7.0 and SSP5-8.5 scenarios, the
average migration distance is upstream > downstream > midstream. When examining individual
basins under different climate scenarios, it is observed that the average migration distance of
distribution centers in the upstream and midstream varies significantly. The order of variation, from
highest to lowest, is as follows: SSP2-4.5 > SSP5-8.5 > SSP3-7.0 > SSP1-2.6. For the downstream, the
greatest change in average migration distance occurs under the SSP5-8.5 scenario. The order of
variation, from highest to lowest, is as follows: SSP5-8.5 > SSP1-2.6 > SSP2-4.5 > SSP3-7.0 (Table S7).
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Figure 8. The core distribution shifts under four shared socioeconomic pathways (SSPs) for
Oncomelania hupensis from 2021 to 2100.

4. Discussion

Oncomelania hupensis are amphibious, making topography a well-known factor in their
distribution. The study found that elevation had the greatest impact and played a significant role in
determining the distribution of snails. Prior research has indicated that snails are primarily found at
lower elevations, Luo Zhihong and Yang Yu et al. have specifically identified that the region of
Dongting Lake beach with snails is predominantly located at elevations ranging from 24 to 32
meters[38,39]. Furthermore, they have observed that both lower and higher elevations of the beach
are unfavorable for snail breeding. Research conducted in lakes and marshes revealed that snails had
a higher chance of surviving in areas with lower elevations compared to those with higher elevations,
the average elevation at which snails were located was 17.72+8.64m[40,41]. Furthermore, the slope
also has an impact on the dispersal of O. Hupensis. For instance, Zhu et al. found that an increase in
slope leads to a decrease in the likelihood of snail breeding[42].

Climate has a crucial role in determining the geographic range of most species. The distribution
of O. hupensis is mostly influenced by the minimum temperature and maximum precipitation. This
study suggests that the precipitation of wettest month are very appropriate for the snail ranges from
around 50 to 140mm. According to research conducted by Cheng Gong, Li Dan, and other scientists,
rainfall has a significant impact on the growth and development of snails[43]. This is because rainfall
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affects the humidity of the snail's natural environment. The study found that there is a negative
relationship between the amount of rainfall in a year and the density of snails. Both excessive and
insufficient rainfall can disrupt the snail's ability to reproduce. The snail's habitat suitability modeling
is significantly influenced by the minimum temperature of the coldest month. Prior research has
revealed that cold temperatures throughout the winter season have a significant impact on the ability
of snails to enter hibernation and subsequently engage in reproduction. Tang Yang and colleagues
believe that the lowest winter temperature has the most significant influence on snail density[44]. The
ideal temperature range for snails is 20°C to 30°C, temperatures outside of this range can result in
delays or complete halt in the snails' growth and ability to reproduce[45,46]. The physiological
activities of O. hupensis can be diminished by lower ambient temperatures. Consequently, accurately
predicting the northward journey of the snail relies on the presence of low winter temperatures. In
addition to temperature and precipitation, solar radiation also has a substantial impact on the
dispersal of snails. The study found that solar radiation in the months of May, July, and October
played a substantial role in predicting the distribution of snails. Specifically, it accounted for 20% of
the overall forecast accuracy. Tai Hongyu and colleagues conducted a study on the spread of
schistosomiasis infections in sheep in Qinghai Province [47]. They discovered a direct relationship
between the infection rate of schistosomiasis and solar radiation. This correlation may be attributed
to the flourishing of algae, which serve as a primary food source for the snail hosts, under high levels
of solar radiation[48]. Liu Wenguo's research revealed that solar radiation has an indirect effect on
the distribution of snails via influencing soil moisture, in addition to its impact on algae[49].

The study found that the distribution range of O. hupensis is expected to decrease under future
climate scenarios, with the distribution center shifting towards the north. These alterations in the
distribution area and range are typical among other comparable species and places. The MaxEnt
model was employed by the Abteilung Okologie and other researchers to forecast the possible
distribution of the common freshwater snail Radix balthica in the face of global change scenarios[50].
The findings indicate that the northern boundary of Radix balthica's range is expected to shift
moderately towards the north. Predictions indicate that the covering area of its existing occupancy
in regions such as France, western United Kingdom, and southern Germany will significantly decline.
Yingxuan Yin and colleagues utilized the MaxEnt model to forecast the prospective range of Pomacea
canaliculata based on projected climate conditions[51]. The findings demonstrated that precipitation
of the warmest quarter and maximum temperature in the coldest months played important roles in
the distribution of P. canaliculate. Furthermore, due to global warming, it is anticipated that the
geographical range of P. canaliculata would increase and move towards the north.

Chinese scholars have observed the possibility for the snail O. hupensis to migrate northward in
response to future climate change, according to studies on its range[52,53]. Zhou Xiaonong and his
colleagues have conducted comprehensive research on the influence of global warming on the spread
of schistosomiasis in China[15,53,54]. They utilized Geographic Information System technology to
develop a climate-transmission model, which is based on the cumulative temperature required for
the growth of O. hupensis and Schistosoma japonicum. According to their models, increasing winter
temperatures could lead to the expansion of schistosomiasis epidemic areas towards the north. The
findings suggest that the snail's expansion in Eastern China is more significant compared to Central
and Western China. The snail has the potential to spread northward to provinces such as Shandong,
Hebei, Shanxi, and even as far as Xinjiang within the next 50 years[54]. This projected range exceeds
the predictions made in this study. However, Zhou Xiaonong and colleagues solely considered
temperature as the crucial factor for their forecasts, disregarding the influence of other environmental
parameters like elevation. This oversight may have resulted in an overestimation of the projected
range. This work focuses exclusively on the Yangtze River Basin and does not investigate the
possibility of O. hupensis spreading to other water systems outside of this region. Further research is
needed to explore this topic.

Currently, there is a lack of research regarding the future migration patterns and mechanisms of
O. hupensis. The study's findings show that snails have a tendency to move towards regions with
higher latitudes and lower altitudes. Upstream migrations are distinct from those in the midstream
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and downstream. An plausible rationale for the northward movement of the snails is that as
temperatures increase as a result of climate change, the temperatures in their original habitats surpass
the highest temperature limit for their growth, compelling them to relocate to cooler regions at higher
latitudes. The snails in the Yangtze River Basin exhibit a persistent northward movement. However,
the specific directions of this migration vary between the upstream, midstream, and downstream
sections. This variation can be attributed to variances in regional precipitation patterns. During the
summer, when there is a lot of rainfall, the upstream area of the Yangtze River is mainly influenced
by the southwest monsoon[55]. On the other hand, the midstream and downstream areas, which are
located in eastern China, are primarily affected by the southeast monsoon[56]. In these areas, rainfall
often decreases as you move along the direction of the monsoon. In addition, the snails frequently
choose appropriate low-lying regions for their survival. The anticipated rise in heavy rainfall due to
global warming[57] could potentially cause snails upstream to migrate towards the drier northeast,
while snails in the middle and lower parts of the stream may move towards the less rainy northwest.
Hence, it is plausible that the observed migration patterns are primarily influenced by the collective
impact of temperature, precipitation, and elevation.

The alterations in species distribution within the Yangtze River Basin under future climate
change scenarios are uncertain. In this study, the alterations in the appropriate habitat area for O.
hupensis and the movements in the distance and speed of the distribution center exhibited diverse
patterns in different climate scenarios, time periods, and locations. Several research utilizing diverse
climate models in CMIP6 have demonstrated that fluctuations in climatic conditions, such as
precipitation and temperature, manifest distinct patterns across multiple climate scenarios and
spatial-temporal scales[32,57-59]. Hence, combining the alterations in climate variables within the
Yangtze River Basin using the BCC-CSM2-MR model with the observed shifts in snail distribution in
this study may provide a more comprehensive explanation for this event. Ying Li and colleagues'
research shows that in the 21st century, there is a consistent rise in rainfall in the Yangtze River Basin
under both the SSP1-2.6 and SSP5-8.5 scenarios[60]. However, the estimated increase in rainfall is
much greater in the SSP5-8.5 scenario compared to the SSP1-2.6 scenario. Increased precipitation
stress may be the reason for the heightened activity of snail migration. This study found that the
average migration distance and speed of O. hupensis in the YREB are greater under SSP5-8.5
compared to SSP1-2.6. Ying Li's research also contradicts the hypothesis that more rain causes snails
to migrate more. The research reveals that the areas with the least amount of rainfall are the LR (lower
reaches of the Yangtze River Basin, downstream of Hukou) under SSP1-2.6 and the UR (upper
reaches of the Yangtze River Basin, between Yibin and Yichang) under SSP5-8.5. This result
contradicts the discovery made in this study that snail migration in the downstream area under SSP1-
2.6 and in the upstream area under SSP5-8.5 has higher average distances and speeds compared to
other river basins under the same climate scenario. The discrepancy in precipitation conditions and
snail migration patterns between different river basins in the Yangtze River Basin may be attributed
to the use of different criteria for dividing the regions in the two studies. This complicates the
explanation of snail migration dynamics in this study.

The future distribution of the snail is uncertain due to climate change and the complicated
geographic and socio-economic conditions of the YREB. This uncertainty poses increased challenges
to the livelihoods of people in the region. This study reveals that climate change has worsened the
uncertainty in the distribution of the snail, despite a reduction in its future distribution area. The
changes in the snail's distribution area and center under different climatic scenarios, as shown in
Figures 6 and 7 and Table S6, indicate a trend of habitat shifting. This poses a risk to individuals who
rely on water for their livelihoods, as they are more susceptible to schistosomiasis. Moreover,
research suggests that the chronic diseases caused by schistosomiasis can push families living in low-
income rural areas into a "poverty trap"[61]. The projected movement trend of the O. hupensis
distribution area could jeopardize the government's efforts to support the destitute populace. Thus,
opting for the sustainable green road (SSP1), enhancing the forecasting of potential epidemiological
regions following the snail's northward migration, and establishing a more responsive and effective
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system of early warning indicators for schistosomiasis monitoring will aid in reducing snail breeding
and support the successful execution of the national policy.

5. Conclusions

In this study, we utilised the MaxENT model to forecast possible snail habitats in the Yangtze
River Economic Belt of China. Our study found that elevation, minimum temperature of coldest
month, and precipitation of wettest month are the primary ecological factors that influence the
distribution of O. hupensis. The combined effect of these factors is expected to result in a reduction of
suitable habitats for O. hupensis and a shift in the location of distribution centers towards the northeast
or northwest. Given the uncertainty surrounding the migration of O. hupensis in the context of global
warming, it is imperative to make more precise projections and implement stricter regulations on
snails. These measures align with China's ecological preservation and poverty reduction programs.

Supplementary Materials: The following supporting information can be downloaded at the website of this
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