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Abstract

:

Snail intermediate host monitoring and control are essential for interrupting the parasitic disease schistosomiasis. Identifying large-scale high-risk areas of snail spread after floods has been greatly facilitated by remote sensing imagery. However, previous studies have usually assumed that all inundation areas carry snails and may have overestimated snail spread areas. Furthermore, these studies only used a single environmental factor to estimate the snail survival risk probability, failing to analyze multiple variables, to accurately distinguish the snail survival risk in the snail spread areas. This paper proposes a systematic framework for early monitoring of snail diffusion to accurately map snail spread areas from remote sensing imagery and enhance snail survival risk probability estimation based on the snail spread map. In particular, the flooded areas are extracted using the Sentinel-1 Dual-Polarized Water Index based on synthetic aperture radar images to map all-weather flooding areas. These flood maps are used to extract snail spread areas, based on the assumption that only inundation areas that spatially interacted with (i.e., are close to) the previous snail distribution regions before flooding are identified as snail spread areas, in order to reduce the misclassification in snail spread area identification. A multiple logistic regression model is built to analyze how various types of snail-related environmental factors, including the normalized difference vegetation index (NDVI), wetness, river and channel density, and landscape fractal dimension impact snail survival, and estimate its risk probabilities in snail spread area. An experiment was conducted in Jianghan Plain, China, where snails are predominantly linearly distributed along the tributaries and water channels of the middle and lower reaches of the Yangtze River. The proposed method could accurately map floods under clouds, and a total area of 231.5 km2 was identified as the snail spread area. The snail survival risk probabilities were thus estimated. The proposed method showed a more refined snail spread area and a more reliable degree of snail survival risk compared with those of previous studies. Thus, it is an efficient way to accurately map all-weather snail spread and survival risk probabilities, which is helpful for schistosomiasis interruption.
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1. Introduction


Schistosomiasis is a parasitic disease that remains prevalent in Africa, Asia, and South America, with an estimated burden of 1.4 million disability-adjusted life years in 2017 [1,2]. It is caused by trematode worms of the genus Schistosoma, which depend on snail intermediate hosts for their life cycle [2]. Targeting snails has proven to be a key to successful schistosomiasis control [3,4] and is included in the World Health Organization (WHO)’s new guidelines for schistosomiasis control programs [5]. As either aquatic or amphibious, snails are closely related to water environments and can spread to surrounding areas along with floods or floating objects, thus increasing schistosomiasis transmission risk [6,7,8,9]. Carrying out snail monitoring and early warning, transmission risk assessment, and timely risk detection is essential for snail control.



Floods can cause river intrusion, river embankment bursts, and floodplain expansion. Subsequently, snail populations expand with water flow and are redistributed in new suitable environments, which is the direct cause of the formation of new endemic areas or the re-emergence of schistosomiasis in areas where it had been previously under control [6,10,11,12]. In the process of snail diffusion with floods, two conditions are implied. First, only when there are snails at the source of the flooded area is it possible for rainwater overflow to carry snails. Second, only when the environment in the snail spread area is suitable for snail survival, can the snails grow and reproduce. Otherwise, even if there are snails in the flooded area, they cannot survive in the new environment under natural conditions. Therefore, locating the original snail distribution, monitoring the flood-inundated areas, and identifying the suitable environment for snail survival and reproduction are three important factors for accurately predicting the risk of snail spread caused by floods.



First, previous studies [11,13] have lacked available data on original snail distribution; they have assumed that all flooded areas carry snails, and have then treated all flood-inundated areas as snail spread areas, so they may have overestimated the area of snail spread. The accurate extraction of snail spread areas is thus greatly urgent for present studies.



Second, accurately mapping different survival probabilities of snails in the snail spread area is also critical for locating the key snail spread areas requiring intervention. Many studies have only used a single factor, such as the normalized difference vegetation index (NDVI), to estimate the snail survival probability but have failed to analyze multiple variables to accurately locate snail habitats in the snail spread areas. It has been noted that the distribution of snails is related to many environmental factors, so merely using a single indicator may not be sufficient for accurately locating the suitable environment for snails when assessing the potential impact of flooding on snail diffusion [11,14]. Remote sensing images such as Landsat, Ikonos, GaoFen (GF), and fusion images [15] have enriched the environmental factors related to vector habitats [16,17,18]. Using multiple indicators such as the NDVI, digital elevation model (DEM), land-use type, wetness, and landscape patterns has great potential for improving the identification of suitable environment factors for snail survival and reproduction [19,20,21,22,23].



In this paper, a more systematic framework for predicting high-risk areas of snail spread after floods is proposed. By comprehensively considering the aforementioned three key aspects (i.e., snail distribution survey data, flood area, and snail habitat environment) based on multisource satellite imagery and spatial information technologies, especially remote sensing and geospatial modeling, we conducted an experiment in Jianghan Plain, China. Here, snails are predominantly linearly distributed along the tributaries and water channels of the middle and lower reaches of the Yangtze River. The fully comprehensive perspective and method effectively improved the prediction accuracy and met the requirements of accurate and timely schistosomiasis prevention and control [24]. The study, with its sufficient assumptions and a combination of multiple environmental factors for snail spread risk assessment, was the first of its kind, to the best of our knowledge. The contributions of this paper can be summarized as follows:



(1) It maps snail spread areas from flooding maps based on the assumption that only inundation areas that spatially interact with (i.e., are close to) the previous snail distribution regions before flooding are identified as snail spread areas, in order to reduce the misclassification in snail spread area identification.



(2) It analyzes multiple environmental factors related to snail habitats and uses multiple logistic regression to quantify the degree of snail survival risk in snail spread areas.




2. Materials and Methods


2.1. Study Area


China is an endemic area of schistosomiasis, and snails are widely distributed in the middle and lower reaches of the Yangtze River, occupying 364,950.24 hm2 in 2020 [25]. We conducted our study in Xiantao, Honghu, and Jianli, in a total of 66 townships located in the Jianghan Plain of the middle reaches of the Yangtze River and Hanjiang River in Hubei province, China (Figure 1). The climate (seasonal precipitation) and hydrological environment (dense waterway networks) are suitable for snail breeding, and snails were linearly distributed along the rivers and water channels (main canals, branch canals, lateral canals, agriculture ditches, and sublateral canals) [21].




2.2. Snail Distribution Dataset through Snail Field Surveys


Snail data were mainly used to model the snail habitat and identify the snail spread area. The data were collected by health professionals through snail field surveys in 2016, including the georeferenced locations (latitude–longitude) of several snail habitats obtained from Google Earth [26] and the global positioning system (GPS), and sketch maps of the snail distribution without a geographic coordinate system at the township or village level, covering the whole study area.




2.3. Remote Sensing Datasets


GaoFen-2 (GF-2) images, Sentinel-1A radar images, and Landsat 8 OLI images were used to identify the distribution of environmental factors in the snail diffusion process (Table 1 and Figure 2). The GF-2 images (multispectral band spatial resolution: 4 m, panchromatic band spatial resolution: 0.8 m) in 2020 were downloaded from Hubei data and an application network of the high-resolution earth observation system (http://hbeos.org.cn/ (accessed on 5 July 2021)). The Sentinel-1A data collected on 19 June 2020, and 12 July 2020, corresponding to the time before flooding and the peak of the flooding, respectively, were obtained from the European Space Agency (ESA) Earth Online database (https://earth.esa.int/ (accessed on 4 May 2021)). A multispectral image of Landsat 8 OLI over the study areas on 3 and 26 August 2020, respectively, was obtained from the United States Geological Survey (https://earthexplorer.usgs.gov/ (accessed on 25 July 2021)). All remote sensing images were geometrically corrected based on Landsat 8 OLI images.



By combining the results of previous studies on environmental factors associated with snail habitats [19,20,22,23], the NDVI, wetness, paddy land proportion (PL_pro), river and channel density (RC_density), and landscape index extracted from remote sensing images were included (Table 1). In particular, based on Landsat 8 OLI images, we calculated the NDVI and wetness via band math (the ratio of the difference between the near-infrared band and the visible band and the sum of the two bands) and tasseled cap transformation [27] separately, which have been proven to be associated with snail distribution [20,21,23]. The land use in 2020 was extracted by expert knowledge-assisted human–computer interaction interpretation methods, based on Landsat 8 OLI and GF-2 remote sensing images [28]. Paddy fields were selected from land-use data, and their proportions in each administrative village were calculated. Rivers and channels were extracted by expert knowledge-assisted human–computer interaction interpretation methods based on GF-2 images, and then the river and channel densities were calculated by dividing the length of the ditches by the village area. The landscape metrics were calculated using the Patch Analyst version 5 (http://www.cnfer.on.ca/SEP/patchanalyst/ (accessed on 20 May 2021)) based on land-use and water net distribution. Based on their ecological significance and to avoid information redundancy, the edge density (ED), mean patch size (MPS), median patch size (MedPS), patch size coefficient of variation (PSCoV), patch fractal dimension (FD), mean shape index (MSI), mean patch fractal dimension (MPFD), and area-weighted mean shape index (AWMSI) were selected to model the snail habitats [20]. We resampled the environmental data layers mentioned above to a 5 m resolution.




2.4. Methods


The proposed method includes three main parts: flood inundation area mapping, snail-infested river and channel identification, and snail-suitable environment extraction. The flowchart of the method is shown in Figure 2.



2.4.1. Mapping Flood-Inundated Areas Using Sentinel-1 SAR Imagery


Flood-inundated areas were mapped using Sentinel-1 SAR imagery and thresholding. Histogram thresholding methods [29,30], an improved local thresholding approach [31,32,33], or multitemporal thresholding with SAR observation data are usually employed to discriminate water from non-water features. Based on the relatively consistent flat terrain, precipitation, land-use patterns in the study area, and the successful application of the simple empirical threshold method for water area information extraction in similar areas (e.g., the Poyang Lake area [14,34], also located in the middle and lower reaches of the Yangtze River), we extracted flood-inundated areas in this study. Sentinel-1 images processed by the Sentinel Application Platform (SNAP) were used to map flood-inundated areas. The Level-1 Ground Range Detected (GRD) Sentinel-1 images were preprocessed (Figure 2) in the Sentinel Application Platform (SNAP), including radiometric calibration, speckle-filter, terrain correction, multi-look, terrain geocoding, and terrain-flattening and then converted to decibels [35]. The polarized index R used for the water body data extraction was calculated based on the backscattering coefficients for vertical transmit and vertical receive (VV) and vertical transmit and horizontal receive (VH) polarizations using the following formula:


  R = ln  (  10 × V V × V H  )   



(1)




where R is the logarithmic operation of VV and VH, applied to better display the difference between land and water. Based on the characteristics of the R histogram, the segmentation threshold of the preprocessed image was determined.



Cloud-free Sentinel-2 and Landsat images of the same period as the Sentinel-1A images were used to visually compare extracted water bodies, and randomly generate 200 sampling sites (100 water bodies and 100 non-water bodies). The classification accuracy of water and non-water was quantitatively evaluated by the confusion matrix method.




2.4.2. Mapping Snail Spread Areas Based on Inundation Map and Snail-Infested Rivers and Channels


Based on the assumption that the snail distribution is the precondition for determining snail diffusion, snail spread areas were mapped using the snail-infested river and channel data and flood-inundated areas data. Snail-infested rivers and channels were extracted through human–computer interactive interpretation based on the snail survey data and GF-2 remote sensing images (Figure 2). Specifically, the sketch maps of snail distribution with an unregistered geographic coordinate system were coregistered with the town or village administrative division vector layer and GF-2. Then, snail-infested rivers and channels were vectorized through artificial digitization based on adjusted sketch maps and GF-2 remote sensing images. About 12,000 water channels, including main canals, branch canals, lateral canals, agriculture ditches, and sublateral canals in Xiantao, Honghu, and Jianli, were interpreted from GF-2 remote sensing images. They are widely distributed throughout the region, and of these, a total of 1906 river or channel segments were geographically identified as snail-infested areas (Figure 3).



Whether the flood carries snails depends on whether there are snails in the source of the flooding area. Based on this assumption, if there were snails at the source of the flooding area, the corresponding flooding zone was defined as the snail spread area in the proposed method. With the snail-infested rivers and channels identification map and the flood-inundated map, the suspected snail spread areas could thus be identified (Figure 2). In particular, the geometric intersection features of the flood-inundated layer that overlapped the snail-infested layer obtained the properties of the snail-infested layer, through the Identity (ArcGIS Analysis tool) operation based on their proximity. Then, snail spread areas were extracted by selecting features with snail-infested properties in the flood-inundated layer and erasing snail-infested areas.




2.4.3. Mapping Breeding Risk in the Snail Spread Areas Based on Multiple Variances and Univariate Logistic Regression


Sample points were used to model potential snail habitats. Sample points for snail habitat modeling, including 115 samples with snails (positive sites) and 345 samples without snails (negative sites), were obtained from the identified snail distribution (Figure 3). Positive sites (snail-infested) were evenly selected in snail distribution areas, negative sites (no snail-infested) were randomly selected in other areas, and the distance between the nearest two points was at least 400 m.



Univariate logistic regression analyses were initially conducted to examine the effect of each environmental variable (Table 1) on snail distribution (Figure 2), and variables with p < 0.1 were included for further analyses. The univariate logistic regression analyses were performed based on 460 sample points from the identified snail distribution. The values of environmental factors of 460 sample points were extracted; 75% of the data were randomly selected for logistic regression analysis, and the remaining 25% of the data were used for accuracy verification. Variables with relatively high collinearity were excluded, as assessed by examining the correlation coefficient and the variance inflation factors (VIFs). VIFs < 10 indicate low collinearity. The remaining significant independent variables were subjected to multiple backward-LR logistic regression to construct a final model with a significance level of p < 0.05. The goodness-of-fit of the model was evaluated by the Hosmer–Lemeshow test. The area under the curve (AUC) of the receiver operating characteristic (ROC) plots was used to indicate model performance.



In this paper, the snail breeding risk of the whole study area was mapped according to the predictive model derived from the multivariate logistic regression analysis and revealed environmental risk factors (Figure 2). The snail survival probability in snail spread areas depended on the degree of an environment suitable for their growth and reproduction. Accordingly, the final distribution map of snail spread and survival risk was obtained by the superposition of snail spreading areas and snail breeding risk (ArcGIS Spatial Analyst tool—Extract by Mask, Figure 2).






3. Results


3.1. The Flood-Inundated Area Map


The images of polarized index R from Sentinel-1B satellite images captured before and during the period of peak flooding are shown in Figure 4a,b, respectively. A clear water–land boundary was seen on R images in which the water and land were well differentiated; specifically, water body areas appeared white or grayish white, and land areas appeared dark or black.



By analyzing the R histograms (Figure 4c,d) of the images before and during the period of peak flooding, we found that the water body index in the study area had an obvious bimodal structure. Therefore, the thresholds of water segmentation were set at 8.25 (before the flood) and 8.20 (peak flood), respectively. The distribution of water bodies before the flood (Figure 4e) covered 1346.7 km2. The expansion of water bodies during peak flooding (Figure 4h), with 700.9 km2, was produced by comparing the two water maps before and after the flood (Figure 4e,f). The water area expanded by approximately 52.0% during the period of peak flooding relative to the water areas before flooding, with the increase occurring primarily around the Yangtze River, Honghu Lake, and Dongjing River, as well as around the ponds and paddy fields in Xiantao. A visual comparison of Landsat 8 OLI image acquired on 16 June, 2020, within 3 d of the Sentinel-1A data, and a Sentinel-1A-derived classification map (Figure 4e) shows that the extracted water area was maximized, while the noise (such as paddy fields, etc.) was minimized. Moreover, the user accuracy of water and non-water classification was 0.91 and 0.90, respectively, and the Kappa coefficient was 0.82.




3.2. Snail Spread Area Map


Unlike traditional studies that used all inundation areas as the snail spread areas, such as the map in Figure 4h, the proposed method refines the map and eliminates inundation areas that are not related to snail-infested rivers and channels. The result of suspected snail spread areas after flooding are shown in Figure 5. Only the flood-inundated features adjacent to the snail-infested features were identified as suspected snail spread objects. The suspected snail spread areas covered a total of 231.4 km2, accounting for 33.0% of the flood-inundated area, mainly distributed along the Yangtze River, Dongjing River, and the ponds and paddy fields in Xiantao. In contrast, for the methods assuming the entire flood-inundated area are snail spread areas, the snail spread areas occupied 700.9 km2 (Figure 4h), which is two times larger than that predicted by the proposed method.




3.3. Snail Breeding Risk Probability Estimation Result


The univariate logistic regression models identified NDVI, Wetness, PL_pro, RC_density, FD, AWMSI, MSI, MPS, and PSCoV as significant risk factors (p < 0.1) (Table 2). After collinearity analysis, all nine factors were kept in multivariate analysis (p < 0.05). NDVI (OR 1.517 (95% CI: 1.187–1.940)), Wetness (OR 1.253 (95% CI: 1.077–1.457)), RC-density (OR 1.080 (95% CI: 1.020–1.143)), and FD (OR 1.174 (95% CI: 1.139–1.210)) showed positive effects in multivariate analysis, which revealed that higher NDVI, Wetness, river and channel density, and FD all increased the probability of snail breeding risk. The Hosmer–Lemeshow chi-square type goodness-of-fit test of the model was 5.50 (p = 0.70), revealing that the model fitted well. The ROC curve assessed the predictive power of the model, and the AUC was 0.953 (95% confidence interval: 0.932–0.974). According to the four factors and their coefficients (B) of multivariate analysis results (Table 2), the final prediction model for the risk of snail habitats was as follows:


        P r e d i c t i v e   r i s k   o f   s n a i l   h a b i t a t s   = 1 / ( 1 + e x p ( − ( − 28.763 + 0.417 × N D V I × 10 + 0.225 × W e t n e s s × 100       + 0.077 ×   R C _ d e n s i t y   + 0.160 × F D × 100 ) ) )      



(2)







The predicted risk of snail habitats was the exponential function of NDVI, Wetness, RC_density, and FD.



Figure 6 shows the risks of snail habitats covering the entire study area. High-risk areas were mainly located on the river beaches and crisscrossed ditches. Owing to vegetation and temperature, the snail breeding probability was also different in different locations of the same beach or ditch.




3.4. Final Potential Snail Spreading and Breeding Risk Map


Figure 7 shows the potential snail spreading and breeding areas after the flood were extracted by clipping the snail spread lay (Figure 5) using the snail breeding probability lay (Figure 6). The risk probability was divided into three levels: low risk, from 0 to 0.2; medium risk, from 0.2 to 0.5; and high risk, if greater than 0.5. The low-risk area was 230.7 km2, accounting for 99.7% of the entire suspicious snail spread areas. The medium-risk area was 0.7 km2. The high-risk areas were mainly distributed in the flood areas of the Yangtze River, Tongshun River, Dongjing River, Sihu Main irrigation channel, and Pailao River. Although the area was 0.06 km2, only making up 0.02% of the suspicious snail spread areas, the length was about 12 km according to the 5 m average width of rivers and water channels.





4. Discussion


There are hysteresis and long-term effects on the spread of snails after floods. Some studies have indicated that a flood may affect the distribution of snails in the next 3 to 5 years [36], so it is necessary to strengthen snail monitoring after the disaster, as well as discover and deal with new snail areas in a timely manner. Heavy rainfall, the existing distribution of snails, and a snail-suitable environment are three important links affecting the spread and survival of snails after a flood. To accurately locate the area where snails potentially spread and survive, we comprehensively analyzed these three factors and established a potential snail spread risk assessment method based on remote sensing. The results show that the area of suspected spread risk area of snails accounted for 33.0% of the flood-inundated area. Although the area where the snails spread and the survival risk value was greater than 0.5 was only 0.06 km2, the length was about 12 km, as snails tended to be linearly distributed along the rivers and water channels. These results reveal that snails had a risk of spreading and breeding in the flooded area, and our method could more effectively shorten the monitoring range of snail spread.



In predicting the risk of snail diffusion with the flood, we proposed an assumption that only when there are snails at the source of the flooded area is it possible for rainwater overflows to carry snails [11,13,14]. Although this assumption is obvious, it has often been ignored in practical studies. In this case, if it was also not considered, the size of the suspected snail spread area would be overestimated by two times. Thus, the existing snail distribution (latitude and longitude rather than administrative statistical units) is an extremely important basic data point for snail spread monitoring. However, the current snail distribution data are incomplete, unsystematic, and unavailable, which cannot meet the scientific needs of the precision control of schistosomiasis. In this study, we integrated the georeferenced locations (latitude–longitude) of snail habitats based on Google Earth, sketch maps of the snail distribution in towns and villages, and high-resolution satellite images to identify the snail distribution, which is a method that makes up for the lack of basic data of the snail distribution. Moreover, we call for the improvement of accurate investigation and continuous observation of snail distribution.



The development of radar remote sensing and the water index method has turned out to be powerful in ushering in a diverse set of applications across disciplines, including disease mapping and prediction [13,37]. These methods have clear advantages over traditional epidemiological survey techniques and optical remote sensing techniques. The traditional snail survey is often laborious and costly, and optical remote sensing is often limited by the weather. We used the histogram threshold method to distinguish water bodies and non-water bodies, and compared with the cloud-free Landsat 8 OLI image area in the same period of Sentinel-1 images, water body information was effectively extracted. The submerged areas were mainly distributed around the Yangtze River and Dongjing River, corresponding to the climatic and hydrological characteristics of rainy summers and abundant runoff in this area [38].



There have been various studies related to risk prediction in snail habitats [16,20,21,23,39,40,41,42]. Different types of snail habitats (lake/marshland, inner embankment, and hilly areas) have shown different key environmental factors and impact intensities. Specifically, distance to the nearest river was found to be the most important variable when measuring the risk for lake/marshlands, while the climatic variables were more important for hilly endemic areas [23]; vegetation such as NDVI and FD reflecting the landscape pattern were more important for plain regions with waterway networks (inner embankment) [20]. Fortunately, almost all the environmental factors related to snail habitats can be obtained directly or indirectly through remote sensing, which is an important tool for the rapid monitoring of snail habitat distribution and evolution. In this study, four remote sensing environmental factors (NDVI, wetness, RC_density, and FD) were found to be related to snail habitats. In plain regions with waterway networks, because of the diversity of vegetation types (e.g., vegetables, rice, cotton, grass), a single remote sensing environmental factor could not accurately identify snail habitats, although it may be suitable for a lake/marshland area with the single vegetation (mainly grass) and planar distribution of snails [14].



Our study has two key limitations. First, water conservancy and schistosomiasis control projects such as snail settling pools have some effect on snail spread control [43,44]. Our study did not consider the blocking effect of snail settling ponds on snail spread but assumed that flood areas with snail distribution at the source are snail spread areas. Second, after the flood, schistosomiasis prevention and control departments often take emergency response measures based on experience, such as spraying snail insecticides in suspected snail spreading areas. Coupled with the hysteresis and long-term effects on the spread of snails after floods, this posed a challenge to the validation of risk mapping for snail spread and survival. The blocking effect of snail settling ponds on snail spread, and coordination of snail control and risk verification, are worth further investigation.




5. Conclusions


This paper proposed a new high-risk area of schistosome intermediate snail hosts spread mapping method from multisource remote sensing imagery. High-resolution SAR data were used for all-weather flood mapping, and the results enable all-weather snail spread risk mapping, which is helpful in timely monitoring the snail diffusion. In addition, in the mapping of snail spread areas, the proposed method incorporates snail-infested rivers and channels based on the assumption that the snail distribution is the precondition to determine snail diffusion and refined the suspected snail spread area by about 67% in the study area of Hanjiang River basin. This method also uses multiple environmental factors to better quantify the risk of snail habitats. With its refined snail spread area and more precise region identified as a snail-suitable environment, the proposed method can be used as a preparatory exercise before the implementation of traditional manual snail monitoring. This is because the rapidly generated risk map of snail diffusion can locate the key monitoring areas promptly after the flood and significantly narrow the scope of schistosomiasis epidemiological investigation. Given its simple, quick, and mature methods and procedures, the method is recommended for integration into national schistosomiasis control programs to meet the requirements of targeted interventions. In the future, we will focus on the blocking effect of snail settling ponds on snail spread and coordination of snail control and risk verification.
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Figure 1. The location of the study area. The base maps are Landsat 8 OLI images on 3 and 26 August 2020, respectively. 
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Figure 2. Workflow of the proposed model. Blue represents the data source, green represents the data processing method, and orange represents intermediate or final result data. 
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Figure 3. Distribution of snail-infested rivers and channels and sample sites for snail habitat modeling. Rivers and channels (canals or ditches) were extracted by expert knowledge-assisted human–computer interaction interpretation methods based on GF-2 remote sensing images (basemap) in 2020. 
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Figure 4. Waterbody extraction from Sentinel-1A data. The image of the polarized index R converted from (a) Sentinel-1A SAR data on 19 June 2020, before the flood, and (b) on 12 July 2020, during the peak period of the flood. (c) The histogram of R before the flood; (d) The histogram of R during the peak period of the flood; (e) Water bodies before the flood; (f) Water bodies during the peak period of the flood; (g) Accuracy display of water extraction (blue), compared with Landsat 8 OLI image on 16 June 2020; (h) Flood-inundated area. Changes in the area of water bodies before and during the peak flood period. 
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Figure 5. Suspected snail spread zone (orange) obtained by the intersection and identification between snail-infested areas (yellow) and flooded-inundated areas (blue) based on their proximity. 
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Figure 6. Snail breeding probability in the study area. The probability was greater than 0 and less than 1, with no probabilities of 0 or 1. The higher the value, the more conducive to the snail survival and reproduction. The map of snail breeding probability was set to be 50% transparent so the high-resolution remote sensing base map (GF-2) was visible. 
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Figure 7. Snail spreading and breeding probability. The higher the value is, the more conducive to the snail spread and survival after flooding. 
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Table 1. Environmental factors, data resources, and geospatial processing methods.
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	Factors
	Data Resource
	Geospatial Method





	NDVI
	Landsat 8
	Band math



	Wetness
	Landsat 8
	Tasseled cap transformation



	Paddy land proportion (PL_pro)
	Landsat 8; GaoFen-2
	Field calculator based on land-use data



	River and channel density (RC_density)
	GaoFen-2
	Human–computer interaction interpretation; field calculator



	Landscape metrics
	Land-use and ditch distribution
	Patch analyst
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Table 2. Results of the logistic regression models applied to snail habitats.
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Factors

	
Univariate Analysis

	
Multivariate Analysis




	
B

	
OR (95% CI)

	
p-Value

	
B

	
OR (95% CI)

	
p-Value






	
NDVI (×10)

	
0.852

	
2.345 (2.082–2.641)

	
<0.001

	
0.417

	
1.517 (1.187–1.940)

	
0.001




	
Wetness (×100)

	
0.096

	
1.101 (1.070–1.133)

	
<0.001

	
0.225

	
1.253 (1.077–1.457)

	
0.003




	
RC_density

	
0.103

	
1.109 (1.092–1.125)

	
<0.001

	
0.077

	
1.080 (1.020–1.143)

	
0.008




	
PL_pro (×10)

	
0.314

	
1.368 (1.298–1.443)

	
<0.001

	

	

	




	
FD (×100)

	
0.181

	
1.198 (1.165–1.233)

	
<0.001

	
0.160

	
1.174 (1.139–1.210)

	
<0.001




	
AWMSI

	
0.230

	
1.258 (1.023–1.548)

	
0.030

	

	

	




	
MSI

	
0.576

	
1.780 (1.504–2.106)

	
<0.001

	

	

	




	
MPFD

	
−0.360

	
0.697 (0.123–3.941)

	
0.683

	

	

	




	
ED

	
1.482

	
4.404 (0.242–80.029)

	
0.316

	

	

	




	
MPS

	
−0.031

	
0.969 (0.960–0.979)

	
<0.001

	

	

	




	
MedPS

	
−0.002

	
0.998 (0.995–1.001)

	
0.275

	

	

	




	
PSCoV (×0.01)

	
−0.247

	
0.781 (0.702–0.869)

	
<0.001
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