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The long-distance migration of Oncomelania snails mainly occurs by attaching to floating objects during floods. However, the processes, characteristics and effects of migration are not fully understood. Here, a motion equation for floating objects with attached Oncomelania snails was constructed using the Lagrangian method. The equation can be numerically solved to simulate the movement of floating objects after parameter calibration. Then, the calibrated parameters were used to simulate the migration of Oncomelania snails in the lower Jingjiang River, where they had spread over a large area. The effects of flood conditions on the migration and spread of Oncomelania snails have been studied to a certain extent, but the impact of wind conditions on snail migration has rarely been reported. Therefore, based on the distribution of Oncomelania snails in China, the difficulties and key areas for the control of schistosomiasis and Oncomelania snails, and the morphological characteristics of the river reach, the Lower Jingjiang River section was selected as a practical application case. A theoretical model of the migration and spread of Oncomelania snails was established, and the characteristics of the Oncomelania snail migration were simulated and analyzed based on flood and distribution patterns under different wind conditions. The results indicate that wind conditions have little influence on the longitudinal spreading of Oncomelania snails but have a relatively large influence on the lateral spreading of snails. Compared with calm wind conditions, both northeasterly and southerly wind conditions can lead to longer longitudinal migration distances of snails, thereby increasing the risk of snail spreading and schistosomiasis transmission.
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1 Introduction

Schistosomiasis is a contagious disease that seriously endangers human health and harms socioeconomic development (Jean et al., 2022; Lo et al., 2022). Due to its high contagiousness, long communication links and wide endemic distribution (Song et al., 2017; Ghazy et al., 2022; Lv et al., 2022), schistosomiasis is listed by the World Health Organization as one of the most widely distributed parasitic diseases (Li et al., 2016; Liu et al., 2021). Schistosomiasis mainly infects people who have come into contact with infected water through skin and mucous membranes (Yuan et al., 2017; Zhang and Zhao, 2023). The infected water contains the cercariae of schistosomiasis, which are released from Oncomelania snails. As the only intermediate host of Schistosoma japonicum (Sokolo et al., 2017; Agola et al., 2021), the migration of Oncomelania snails is directly linked to the distribution of schistosomiasis (Wang et al., 2016; Wang et al., 2017). Therefore, controlling the migration of Oncomelania snails is the most important and effective way to control the spread of schistosomiasis.

The migration and diffusion behaviors of Oncomelania snails are complex because they are related not only to the physical properties of the snails, including the geometry and density of their bodies, but also to water flow and meteorological conditions and are further affected by the survival activities of the snails (Belizario et al., 2017). Yang et al. (2005), He et al., 2016 and Zhang et al. (2004) studied the settlement and incipient motion of Oncomelania snails in laboratory flumes and proposed formulas for the settling velocity and incipient velocity. Field surveys and sampling have commonly been used to explore the spatiotemporal distribution patterns of Oncomelania snails in the Changjiang River basin (Liu et al., 2011; Liu, 2013) and to assess the effect of various water projects, such as water system connection projects and water diversion projects, on snail migration and diffusion (Perez Saez et al., 2016; Hu et al., 2017; Hu et al., 2019).

Studies have shown that floods and floating debris play an important role in the migration of Oncomelania snails (Yang et al., 2009). Chen et al. (2007) investigated the schistosomiasis epidemic in Fengyizhou Township, Zongyang County, Anhui Province, where the river burst its bank during a flood, and found that flooding had a significant impact on the spread of Oncomelania snails. The density of live snails, the density of infected downstream snails and the infection rate of humans and animals increased after the breach of the bank. Based on a long-term field survey and on-site observations of the Dongting Lake area, Ma et al (Maszle et al., 1998). found that in July and August, when the water level increased, Oncomelania snails outside the polders could attach to floating objects and drift long distances with the water current, which resulted in the spread of snails to nonsnail areas inside the polders. Through field surveys, Zhang et al. (2008) found that Oncomelania snails were first spotted on floating debris in lowland areas at the northeast corner of the Chenjiazhounan shoal in the Anhui section of the Changjiang River. This corner served as a snail source, and the Oncomelania snails quickly spread throughout the shoal.

Despite the abundance of studies and surveyed data, most studies of Oncomelania snails have been based on field observations and qualitative analyses. Some scholars have used mathematical and statistical methods for further analysis and established functional relationships between the Oncomelania snail distribution and environmental factors. For example, Li et al. (1997) generalized the vertical migration of Oncomelania snails in a shoal after changes in the water level and described the functional relationship between the distribution of snails and the water level. Only a few studies have simulated the trajectory of Oncomelania snails based on motion equations. Xue (Xue et al., 2015) used a 3D Reynolds-averaged numerical simulation (RANS) model to simulate the flow field in a spiral flow snail elimination device and derived the speed of individual snail particles based on a force balance; then, the trajectory of the snails was calculated. In that study, the snails were not controlled, and the simulation of their trajectories considered only the influence of the mean flow velocity and not the random effect of turbulence. In natural conditions, uncontrolled movement is not the primary mode of snail migration. In contrast, Oncomelania snails proactively attach to floating objects, which could result in large-scale migrations of Oncomelania snails. The drifting process of floating objects is affected not only by the mean flow and turbulent water flows but also by the wind.

Numerical simulation is one of the main methods used to study the motion of substances. Currently, numerical simulation methods can be roughly divided into two types: Eulerian methods and Lagrangian methods (also known as particle tracking methods). Eulerian methods are based on a field view and are suitable for simulating the movement of spatially and continuously distributed substances. Lagrangian methods directly describe the motion of particles and are suitable for simulating the motion of discrete objects. As the temporal and spatial distributions of Oncomelania snails are obviously discontinuous, Lagrangian methods based on particle tracking are naturally more suitable than Eulerian methods for simulating the migration of Oncomelania snails.

Lagrangian methods have been widely applied in studies of the surface water environment, such as the transport of soluble pollutants (Xue et al., 2021), fish eggs (Li et al., 2016; Sun et al., 2017), and oil substances (Hata et al., 2017; Moendeg et al., 2017); water exchange (Song et al., 2016);and vegetated flows (Yang et al., 2018). However, considering the current understanding of Oncomelania snails and the professional backgrounds of schistosomiasis researchers, to the authors knowledge, no study has been conducted using Lagrangian methods to simulate the migration of Oncomelania snails in natural environments.

To better understand the migration behavior and physical mechanism of snail movement, a governing equation of snail migration is established in this work. The equation is based on the Lagrangian method, and numerical solution techniques are applied to build a numerical model. The effects of the mean and turbulent water flow velocities are considered, as are the effects of wind forces. Then, the numerical model is used to study the migration of snails.

The main objective of this study is to develop a tool capable of evaluating the influences of advection and turbulent diffusion for water and wind forces on the transport and dispersal pattern of Oncomelania snails. Therefore, a Lagrangian numerical model that considers the effects of mean and turbulent water flow velocities and wind speed on the movement of Oncomelania snails is formulated and applied. This model can be used to not only evaluate the migration of Oncomelania snails but also to simulate the transport of other passive particles.




2 Materials and methods

The symbols and units used in this paper are shown in Table 1.


Table 1 | Symbols and units used in this paper.





2.1 Motion equation for an individual particle

As stated, Oncomelania snails mainly migrate on large spatial scales by attaching to floating objects. Therefore, the migration of snails can be described by the displacement of floating objects. By treating a floating object as an individual floating particle, its motion can be determined by the water flow and wind patterns. The motion of a floating particle caused by the actions of wind and water can eventually be decomposed into mean motion and random motion. The position of a floating particle Si is set at time ti. The particle moves to a new position Si+1 after a time step Δt. Thus,



where   denotes the displacement caused by the mean velocity during Δt and   is the random displacement during Δt.



2.1.1 Mean velocity

The displacement caused by the mean velocity during Δt can be obtained from

 

where   denotes the mean velocity of the snail at time ti. Because all analyses are based on time step i, all subscripts i here and later are omitted for convenience. Thus, Equation (2) is rewritten as Equation (3).

 

The floating object moves under the effects of wind and water. The drag forces of wind and flowing water can be described Equation (4) and Equation (5).

 

 

where i represents the time step,   and   are the drag forces exerted by the wind and water flow, respectively; Sa and Sc represent the sectional areas of the floating object above and below the water surface; ρa and ρc denote the densities of air and water; Da and Dc are the resistance coefficients of the air and water flow; and  ,   and   are the mean velocities of the wind, water flow and floating object, respectively.

The water flow information, including the mean flow velocity and turbulence intensity, can be obtained from computational fluid dynamics (CFD) models. The wind speed and direction can be derived from observations.

It is assumed that the floating particle is always in a state of approximate force equilibrium. From the horizontal force balance, the Equation (6) can be obtained:

 

We take the direction of water flow as the positive direction of the x-axis and the direction perpendicular to the x-Axis s in the horizontal plane as the y-axis.

The force balance in the x direction gives



where the symbols with x subscripts (and y below) represent the components in the x (and y below) direction.

Based on the definitions of directions x and y, the water flow velocity of the component in the y direction is 0, which suggests that vcx = vc and vcy = 0. Because the density of air is much smaller than the density of water, it is reasonable to assume that the difference between the velocities of the floating object and the water flow is relatively small and that the y component of the velocity of the floating object is much smaller than that of the wind speed. This assumption means that   and  . Therefore,





 

Substituting Equations (8)–(10) into Equation (7) results in

 

In the y direction, the Equation (12) can be obtained:

 

Under the same assumption, the above equation can be simplified to

 

Additionally,   is set so that

 

and

 

By substituting Equations (14) and (15) into Equations (11) and (13), we can obtain

 

and

 

By combining these two equations, we can obtain Equation (18):

 

Therefore,

 

Dividing Equation (17) by Equation (16) results in Equation (20):

 

Assuming c1>0,

 

By substituting Equations (19) and (21) into Equations (14) and (15), we obtain vx and vy, which are expressed as

 

To solve Equation (22), we need to know the value of Sc, which is related to the shape of the floating object. Because several parameters are involved in force analysis, the floating object is assumed to be an ellipsoid to keep the modeling process from being overly complicated. In the vertical direction, the floating object is mainly affected by gravity G and buoyancy Fbuoy, which are expressed as Equation (23) and Equation (24).

 

 

where ρf is the density of the floating object; Vf and Vc are the total and submerged volumes of the floating object, respectively; and b is the semimajor axis of the ellipsoid.

Based on the force balance of G and Fbuoy, we can obtain the following formula.

 

In addition, we have

 

where S is the sectional area of the floating object. Based on Equations (25) and (26), we obtain Equation (27).

 




2.1.2 Random velocity

Random displacement is caused by turbulence and can be expressed as follows (Zhang et al., 2020):

 

where R is a standard normally distributed random number in the range of (-1, 1) with a mean = 0 and a variance = 1 and k is the turbulence diffusion coefficient.

The random velocity is purely for horizontal motion and not vertical. Similarly, the turbulent diffusion coefficient   is a function of the horizontal position only in this study.

We do not consider the random effects of wind because (1) in inland rivers, the water surface is relatively narrow, and a floating object is mostly submerged in the water; thus, the wind has a limited effect on the floating object. Additionally, (2) there is no widely recognized expression for the effects of wind on the random motion of floating objects.





2.2 Numerical calculation

The numerical calculation includes the following steps.

	(1) Select a study area, and divide it using an unstructured triangular mesh. The grid size should be determined according to the water flow and wind conditions and the expected accuracy.

	(2) Set the initial conditions and parameter values, including the simulation time interval, the calculation time step, and the initial position of each snail. River flow information, such as the velocity, depth and turbulence diffusion coefficient, should be obtained in advance. Other information, such as the resistance coefficients of the wind and water flow and densities of air and water, should also be known before conducting the calculation.

	(3) Calculate the displacement   caused by the mean velocity and the random displacement ΔXd during the ith time step according to Equations (2) and (28).

	(4) Substitute  , ΔXd and the snail’s position Si at the present time ti into Equation (1) to obtain the new position Si+1 at time ti+1. The time step Δt should be determined based on the hydrodynamic conditions, the geometric and mechanical characteristics of the floating object and numerical experience.

	(5) Repeat steps (4) and (5) until the end of the calculation.






2.3 Model validation



2.3.1 Determination of k

It is difficult to determine k exactly. Here, we used the inverse method to determine a reasonable value for k based on the guaranteed rate and the confidence region. The confidence region refers to the estimated region of the overall parameter constructed by the sample statistics and shows the degree to which the true value of this parameter has a certain probability of falling around the measurement result. For example, (1) assume that 10,000 particles were released at the start of a numerical simulation at the location where the in situ experimental floating objects were released. (2) Apply the numerical model to simulate the trajectories of the particles under the effects of the mean flow, turbulence and wind. (3) Set the confidence level to 95%. (4) For each time step, check whether the experimental floating object is inside the area that includes 95% of the densely populated released particles. Using 10,000 particles as an example, the area is the one that includes the 9500 densely populated particles. If the probability that the experimental floating object falls within the corresponding confidence region, i.e., the guarantee rate, is greater than 95%, then k is reasonable. In other words, the greater the guarantee rate, the more reasonable the value of k is.

The 95% confidence region is where the particle concentration is greater than 5 × 10-2/km2, and this region is shown by the dark blue areas in Figure 1. Figure 1 illustrates the distribution of the particles at the end of 5 h. As shown, as time progresses, the role of random movement becomes apparent, and the distribution region of the 10,000 particles is extended. Meanwhile, the highest concentration decreased to 7.1 × 10-2/km2.




Figure 1 | Particle concentration distribution at the end of 5 h.



Table 2 lists the validation results for k. The total simulation time was 40 h. Table 2 indicates that as the confidence level increased, the included confidence region also increased; thus, the length of time that the experimental floating object remained inside the confidence region increased. On the other hand, with the same confidence level, the longest time a floating object remained in the confidence region was also when the largest guarantee rate occurred, i.e., when k = 1.2 m2/s. Therefore, k = 1.2 m2/s is a more reasonable value.


Table 2 | Statistical results of the experimental floating object in the confidence region with various k values.






2.3.2 Comparison of experimental and simulated trajectories

We conducted a field test of floating objects in the middle Changjiang River to validate the proposed model. The experiment was conducted during the flood season. Common floating branches were collected, and GPS positioning modules were attached. Then, the floating objects were released into the river. The drifting trajectories of these objects were recorded through a GIS platform. Environmental information, such as the flow discharge, water level, wind, and water temperature, was recorded.

The corresponding numerical simulations were conducted. The parameters used in the simulations are given as follows: the air is at the standard atmospheric pressure, the air temperature is 20°C, the air density is 1.205 kg/m3, the water temperature is 23°C, and the water density is 997 kg/m3. The density of the floating branches is approximately 556 kg/m3. The resistance coefficients of the wind and water flow should be related to the configuration of the floating object. However, in this work, they were set to 1.

The sectional areas of the floating object above and below the water surface were assumed to be equal. The error of the simulation results relative to the experimental data was assessed based on the averaged deviation E defined below Equation (29). The smaller the value of E was, the closer the simulated trajectory was to the field test, and vice versa.

 

where j is the ID of the floating object being investigated,   and   represent the simulated position of object j at time ti, and   and   represent the experimental position of object j at time ti.

Figure 2 illustrates a comparison between the simulated and experimental trajectories. Although the simulated trajectory generally matches the experimental data, some errors remain. The average deviation (E) is 1.3 km according to Equation (26), which is quite small relative to the scale of the experiment.




Figure 2 | Trajectories of the experiment and simulation.








3 Model application

Initial conditions of the river currents modeling included water surface elevations, flow discharge and bed elevation, while boundary conditions consisted of atmospheric forcing, surface wind stress and inflows and outflows. Flow discharge and water surface elevations were initialized with observed values obtained at The Jianli Station and The Chenglingjin Station. Meteorological data were also obtained from the Jingzhou monitoring platforms and included wind speed and direction, relative humidity, air temperature and barometric pressure. This derive from the same wind field also used to advect the Virtual snails.

The Lagrangian modeling includes invirtual individuals (snails) and fluvial environmental and hydraulic characteristics. Virtual snails are characterized by the state variables: location (x, y) in [m] and total number. The hydraulic state variables include: water depth [m], the velocities of water flow in the x direction [m/s] and the y direction [m/s] which were obtained from the river currents model. The fluvial environmental state variables include wind speed[m/s] and direction[°].

According to the distribution of Oncomelania snails and considering the key area of snail control and schistosomiasis prevention, the lower Jingjiang reach of the Changjiang River was selected as the application zone. The reach is 78 km long and covers the distance from the Jianli hydrological station to the Chenglingji hydrological station. To study the effects of wind conditions on the migration and spreading of Oncomelania snails with floating objects during the flooding period, calm winds, namely, the dominant summer southerly wind (2.4 m/s) and the dominant usual northeasterly wind (2.6 m/s), were selected to establish free surface conditions and typical floods were used to established hydrodynamic conditions. It was assumed that 200 floating objects were located on the beach at the right bank of the upper reach of the test zone (as shown in Figure 3) at the beginning of the simulation. The time step Δt=3s, the densities of air was ρa=1.29Kg/m³, the densities of water was ρc= 999.87kg/m3.




Figure 3 | A geographical sketch of the study area located in the lower Jingjiang River and the bottomland with snails.



Based on previous research, snails can stick to floating objects for as long as 4 days. Although our simulation lasted only 3 days, the snails were assumed to not fall from the objects to which they were attached.




4 Results and discussion

As the water level of the Yangtze River rises, the dead branches and leaves on the beach become objects floating on the water surface, snails adhering to the floating objects are transported through drifting and spreading, and snails mainly migrate with the water current or randomly.



4.1 Analysis of longitudinal migration and the spreading characteristics of snails



4.1.1 Characteristics of the snail migration trajectory

The migration trajectories of snails under different wind conditions are shown in Figures 4–7. Figures 4–7 show that during the flooding period, snail movement is mainly driven by the flood dynamics, and the longitudinal migration trajectory is generally consistent with the mainstream trend. The Oncomelania snails inhabiting the beach on the opposite bank of Wuguizhou are transported by the flood and migrate downstream with floating objects. When reaching the bend near Yinmazhou, the water flow is divided into two branches (left and right) by Jiangxinzhou in the middle of the river; the right branch is the mainstream, which is first close to the left bank and then close to the right convex bank, and the left branch is close to the left bank and moves at relatively low speeds. Under the action of the two currents, most of the snails move with the mainstream from the left bank to the right bank, and some of the snails migrate downstream with the current close to the left bank. As the two currents converge at the next bend, the snails migrating separately on the left and right banks also converge at the bend and gradually migrate downstream with the mainstream. Because the studied river reach is a typical continuous curved river reach, the mainstream is sometimes close to the left bank and sometimes close to the right bank; therefore, the snails transported by the mainstream migrate close to the left bank at times and close to the right bank at other times.




Figure 4 | Oncomelania snail migration trajectory (full studied reach).






Figure 5 | Oncomelania snail migration trajectory under the calm wind [(A) reach and (B) reach].






Figure 6 | Oncomelania snail migratory trajectory under the northeasterly wind [(A) reach and (B) reach].






Figure 7 | Oncomelania snail migratory trajectory under the southerly wind [(A) reach and (B) reach].






4.1.2 Spatial distribution characteristics of snails

Figure 8 shows the distribution map of the retained snails in the studied river reach. Notably, under calm wind conditions, approximately 41% of the snails stay in the river reach from the snail breeding site to within 40 km downstream, and approximately 78% of the snails stay in the river reach from the snail breeding site to within 78 km downstream; under northeasterly wind conditions, approximately 39% of the snails stay in the river reach from the snail breeding site to within 40 km downstream, approximately 76.5% of the snails stay in the river reach from the snail breeding site to the to within 78 km downstream, and approximately 23.5% of snails migrate and spread farther downstream; and under southerly wind conditions, approximately 38% of the snails stay in the river reach from the snail breeding site to within 40 km downstream, approximately 75.5% of the snails stay in the river reach from the snail breeding site to within 78 km downstream, and approximately 24.5% of snails migrate and spread farther downstream. Both northeasterly and southerly winds increase the risk of snail spreading downstream to a certain extent, which is mainly due to the drag effect of the wind.




Figure 8 | Schematic diagram of the positions of the retained snails under different wind.



In the horizontal direction, Oncomelania snail migration is mainly affected by wind and water flow. To analyze the influence of wind drag on the migration of snails, the mainstream direction is selected as the positive vertical axis and the direction perpendicular to the mainstream direction is aligned with the horizontal axis to decompose the wind force. Figure 9 shows the decomposition of the southerly wind. Figure 9 shows that the southerly wind creates a drag force in the horizontal direction toward the middle line of the river, which obviously causes the Oncomelania snails that originally inhabit the right bank to spread to the left bank; i.e., the snails that originally gathered on the shore spread to the mainstream area at high flow velocities. Therefore, the snails easily move positions, which increases the risk of the downstream migration of snails. Figure 10 shows the decomposition of the northeasterly wind. Since the studied river reach is generally southeast trending, the northeasterly wind has a longitudinal drag component in the same direction as the main flow. Compared with the calm wind condition, under the northeasterly wind, the speed of snail spreading in the longitudinal direction is increased, so snails are less likely to stay on the shoreline, which increases the probability of spreading to the lower reaches of the river.




Figure 9 | Distribution of the percentage of retained particles along the river.






Figure 10 | Decomposition of the southerly wind.



Existing studies have shown that Oncomelania snails are the only intermediate host of schistosomiasis, the release of tailed larvae from the Oncomelania snails into the water creates schistosome-infested water, and humans and mammals may be infected when they come into contact with the schistosome-infested water. Both the northeasterly and southerly winds increase the risk of downstream spreading of Oncomelania snails to a certain extent and thus increase the risk of schistosomiasis spreading in the downstream direction to a certain extent.




4.1.3 Time distribution characteristics of snails

Table 3 shows that under calm wind conditions, the shortest time required for the Oncomelania snails to move 20 km, 50 km, and 78 km downstream is 27.65 h, 33.20 h, and 37.70 h, respectively; under the northeasterly wind condition, the shortest time required for the Oncomelania snails to move 20 km, 50 km, and 78 km downstream is 27.60 h, 33.00 h, and 37.25 h, respectively; under the southerly wind, the shortest time required for the Oncomelania snails to move 20 km, 50 km, and 78 km downstream is 27.60 h, 33.05 h, and 37.85 h, respectively. Compared with the calm wind, the southerly wind reduces the speed of snail spreading from upstream to downstream to a certain extent, and the northeasterly wind increases the speed of snail spreading from upstream to downstream to a certain extent, which is mainly due to the drag effect of the wind. Oncomelania snail migration in the horizontal direction is mainly affected by wind and water flow. To analyze the influence of wind drag on Oncomelania snail migration, the mainstream direction is set as the positive vertical axis, and the direction perpendicular to the mainstream direction is set as the horizontal axis to decompose the wind force. Figure 10 shows the decomposition of the southerly wind. Since the studied river reach is generally south-east trending, the southerly wind has a drag component in the mainstream direction opposite that of the water flow. Therefore, compared that under calm wind conditions, the speed of snail spreading in the longitudinal direction is reduced under southerly wind conditions. Figure 11 shows the decomposition of the northeasterly wind. Since the studied river reach is generally southeast trending, the northeasterly wind has a drag component in the same direction as the water flow in the mainstream direction. Therefore, compared to that under calm wind conditions, the speed of snail spreading in the longitudinal direction is increased under the southerly wind condition.


Table 3 | The shortest time required for the Oncomelania snail to migrate each distance.






Figure 11 | Decomposition of the northeasterly wind.







4.2 Characteristics of the lateral migration and spreading of Oncomelania snails



4.2.1 Characteristics of the snail migration trajectory

The water flow in the river channel is characterized by a large mainstream flow velocity and a small flow velocity on both sides of the river; therefore, the Oncomelania snails located close to the mainstream mainly migrate with the current and move downstream at a relatively fast speed under the influence of the large mainstream flow velocity. In this case, the migration trajectory is basically the same as that of the mainstream, i.e., a smooth curve. Oncomelania snails along the shoreline mainly randomly spread and move slowly along the continental beach at a slower speed, and the trajectory reflects an irregular zigzag line with a high degree of randomness (Figures 6–8).




4.2.2 Spatial distribution characteristics of snails

The distribution map of the snails that stay in the studied river reach shows that the snails mainly remain on the concave bank in the second half of each bend, such as near Wuguizhou, Yinmazhou, Xionghuangzhou, and Baxingzhou, or on the beach at wide parts of river reaches; notably, the flow velocity is relatively low in these areas. When snails reach a location with a low water depth and a slow flow velocity along the shore, they easily swirl, spin, or become stranded and stay on the beach, which could potentially increase the distribution of snails along the river and the risk of schistosomiasis infection. According to records, the snails at Chenjiazhou South Beach in the Jingjiang reach are carried by floating objects in the Yangtze River, and the snails were first discovered on floating objects in the low-lying river water at the northeast corner of the beach. The density of Oncomelania snails was low when they were first found, and distribution areas were points or small patches; however, as the area and density of snails expand over the years, the infected snails eventually appear.

The total number of snails that remain in the studied river section, the number of snails on the left bank and the right bank, and the percentages under different conditions are counted, as shown in Table 4. Table 4 shows that snails are more likely to stay on the right bank under northeasterly wind conditions than under calm wind conditions and on the left bank under southerly wind conditions than under calm wind conditions, which is mainly due to wind drag. According to the wind decomposition diagram, the southerly wind includes a drag component in the lateral direction pointing to the left bank. Therefore, the snails are more likely to spread to the left bank under southerly wind conditions than under calm wind conditions, thus increasing the probability of snails being retained on the left bank of the river. Additionally, the northeasterly wind has a drag component in the lateral direction pointing to the right bank. Therefore, compared with calm wind conditions, the northeasterly wind increases the probability of snails staying on the right bank of the river channel.


Table 4 | Statistics for the distribution of retained snails.



The results show that for northeasterly winds, the chance of Oncomelania snails remaining on the right bank is high, and for southerly winds, the chance of them remaining on the left bank is high. Therefore, northeasterly winds increase the risk of schistosomiasis in the right bank area, and southerly winds increase the risk of schistosomiasis in the left bank area since Oncomelania snails are the only intermediate host of schistosomiasis.






5 Conclusion

Based on in-depth research on the behavior and movement mechanism of Oncomelania snails, a control equation for snail movement is proposed by integrating ecology, hydraulics, and river dynamics, and a theoretical model of the migration and spreading of snails is established based on the Lagrangian method. The impact of flooding conditions on the migration and spreading of snails has been studied to a certain extent, but the impact of wind conditions has rarely been reported. Therefore, according to the distribution of snails in China, the difficulties and key areas for the control of schistosomiasis and Oncomelania snails, and the morphological characteristics of river reaches, the Lower Jingjiang River section was selected as a practical application case, the theoretical model of the migration and spreading of Oncomelania snails was established, and the characteristics of the Oncomelania snail migration were simulated and analyzed considering the water flow and distribution patterns under different wind conditions. The conclusions are as follows:

	(1) Wind conditions have little influence on the longitudinal spreading of Oncomelania snails but have a relatively large influence on the lateral spreading of snails.

	(2) Compared with calm wind conditions, both northeasterly and southerly wind conditions can lead to longer longitudinal migration distances of snails, thereby increasing the risk of snail spreading and schistosomiasis transmission. In addition, compared with those of natural rivers, the hydrodynamics of lakes and reservoirs are greatly affected by wind conditions; thus, the influence of wind conditions on the migration and spreading of snails in lakes and reservoirs should be further studied in the future.

	(3) The studied reach is generally southeast trending, so the northeasterly wind is inconsistent with the water flow direction. Under the northeasterly wind condition, the wind hinders the migration process of Oncomelania snails from the right bank to the left bank of the studied reach, resulting in a relative reduction in the probability of snails migrating to and staying on the left bank; because the southerly wind includes a component in the same direction as the lateral velocity of the water flow, the migration process of snails from the right bank to the left bank of the studied reach is promoted under the southerly wind condition, resulting in a relative increase in the probability of snails migrating to and staying on the left bank.

	(4) Floods in areas with snail breeding could lead to the horizontal and vertical spreading of snails. Once they reach downstream land and if the natural conditions are suitable, new snail-bearing areas are created, potentially increasing the area of snails along the river and the risk of schistosomiasis infection. Therefore, to eliminate the remaining snails, it is necessary to strengthen the monitoring and protection of areas with few or no snails.
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