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Abstract

Schistosomiasis, caused by the snail-borne parasite Schistosoma japonicum, remains highly prevalent in Hubei,
China, especially the central region (Jianghan Plain). Because the control of S. japonica primarily depends on the
rapid discovery and elimination of its intermediate host Oncomelania hupensis snails, the spatio-temporal
distribution of snails and the environmental factors influencing it warrant clarification. We used geographic
information system technology to investigate the spatial dynamics of snail distribution in Jianghan Plain from 2008 to
2012. A generalized linear-mixed model, with time as a random effect, was applied to characterize the relationship
between snail density at the village level and the associated environmental factors. The percentage of villages in
which the frequency of areas with <50% snail occurrence was 71.74-82.67%, which was much higher than that for
villages where snail occurrence was >50% (17.33-28.26%). Precipitation, daylight hours, land surface temperatures,
wetness index, and proportion of silt were positively associated with snail density, with precipitation having the
greatest effect. Normalized difference vegetation index and elevation were negatively associated with snail density.
Our findings can be used as a theoretical basis to develop models predicting outbreaks of snail occurrence in the
Jianghan Plain and for preventing and controlling schistosomiasis.
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Introduction

Schistosomiasis japonica is a snail-borne parasitic disease with a
documented history of over 2,100 years in China. This disease presents
a major threat to human health and negatively affects socioeconomic
development [1-4]. The snail Oncomelania hupensis is the sole
intermediary host of Schistosoma japonicum, and it has a distribution
endemic to the Yangtze River basin, including seven provinces in
central China. These provinces include Hubei, Hunan, Jiangxi, Anhui,
Jiangsu, Sichuan, and Yunnan, with the latter two occurring in
mountainous regions [1,5]. The survival and reproduction of snails, as
well as their distribution, are strongly associated with various
environmental factors in their habitats. Such factors include
temperature (e.g., air temperature, land surface temperature, and
daylight hours), vegetation (e.g., type, height, and coverage), hydrology
(e.g., precipitation, water level, and water table), soil (e.g., soil silt
granules, humidity, and pH), and elevation [6-13]. Snail habitats are
associated with the diversity of water bodies, water networks, and hill
types in the endemic region. The middle reaches of the Yangtze River
have the severest epidemics of schistosomiasis in China. Many studies
have reported the distribution of Oncomelania snails in the lakes and
marshlands of Hunan, Jiangxi, Anhui, and Jiangsu provinces
[8,10,14,15]. However, these studies only assessed snail distribution in
relation to one or a few environmental factors, such as soil humidity or

environmental factors, e.g., air temperature, precipitation, elevation,
and soil silt granules. Previous analyses of the relationship between
environmental factors and snail distribution tended to use simple
superposition analyses, statistical analyses, and linear regression
analyses, rather than considering spatio-temporal data autocorrelation
and the variation characteristics of the space model to evaluate
variation.

Thus, the current study evaluated the spatio-temporal dynamics of
the occurrence rate of Oncomelania snails at the village level
throughout the Jianghan Plain and assessed how these dynamics are
associated with environmental factors. Specifically, we used the
normalized difference vegetation index (NDVI), wetness index (WI),
and land surface temperatures (LSTs) at high spatial resolutions (30 m)
over consecutive years as substitutes for vegetation cover, soil humidity,
and temperature, respectively. By conducting multi-factor
comprehensive analysis, we attempted to quantify the relationship
between changes in snail dynamics (density and distribution) and
environmental factors. We developed an optimal GLMM by using a
space-time distribution model to evaluate snail density and
distribution, as well as the risk of snails diffusing to other areas. In this
model, year was used as a random effect based on the time-series data
of snails at the village level in Gong’an County from 2008 to 2012. Our
analyses are expected to provide technical support for the accurate and
quick planning of snail control measures and countermeasures by the
health administration department. Therefore, the findings of this study
will be of value at a national scale.
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Materials and Methods

Study area

Hubei province is located in the middle of central China, in the
middle reaches of the Yangtze River and north part of Dongting Lake.
The geographical coordinates of the site are 108°21'42"-116°07'50"E
and 29°01'53"-33°16'47"N. The area is situated in the northern part of
a temperate subtropical zone. The average annual precipitation range
of the last 10 years in this area was 1100-1300 mm. Hubei Province has
had the highest incidence of schistosomiasis in the country for the last
10 years. Thirty-three percent of patients with schistosomiasis in China
were documented in Hubei Province alone, and 90% of snail-infested
areas inside embankments occurred in this province in 2012. The
Jianghan Plain, also in the middle reaches of the Yangtze River, is in the

central and southern part of Hubei Province. The plain encompasses
50 counties and cities, among which 40 counties and cities fall in the
endemic area of schistosomiasis (Jingzhou, Sha’shi, Jiang’ling,
Gongan, Jian’li, Shishou, Honghu, Songzi, Xiantao, Qianjiang,
Tia'men, Jiangan Han'yang, Wuchang, Qing'shan, Hongshan,
Dong’xihu, Han'nan, Jiang’xia, Caidian, Huang’pi, Xinzhou, Xiaonan,
Hanchuan, Yingcheng, Yun'meng, Zhongxiang, Dong’bao, Duodao,
Qujialing, Jing’shan, Sha’yang, Yuanman, Yidu, Dang’yang, Zhijiang,
Yr'ling, Wu’jiagang, Dian’jun, and Xiao'ting; Figure 1), and covers a
terrestrial area of about 46,000 square kilometers. Seventy-percent of
patients and snail-infested areas in Hubei Province occur in the
Jianghan Plain, making it one of the worst affected areas in China.
Ethical approval was not required as the study used data provided by
the project cooperation of National Science and Technology Support
Plan (2003-2008).
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Figure 1: Location of the Jianghan Plain, Hubei Province, China.

Data sources

Snail data: Snail data at the village level for 2008 to 2013 were
provided by the National Science and Technology Support Plan. The
collected data included snail occurrence rate (OR) and snail
distribution areas at the village level in the Jianghan Plain, snail density
at the village level in Gongan County during 2008-2012, and snail
distribution areas at the county level in the Jianghan Plain for 2013.
These data were originally collected by the local authorities involved in
schistosomiasis control.

Field investigations of snail density data were conducted. Systematic
sampling was conducted each year from March to May in
schistosomiasis endemic villages of Gong'an County. During the field
investigation, several square frames were randomly specified in each
schistosomiasis endemic village, and the number of snails per frame
was recorded. The sampling area of each square frame was
approximately 0.11 m2. The number of square frames in Gongan
County was 398,743, 669,086, 621,511, 702,475, and 581,084 in 2008,
2009, 2010, 2011, and 2012, respectively. The OR and mean snail
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density at the village level were calculated by using formulae (1) and
(2), respectively.

OR = A,/A, (1)

Where, OR is the rate of occurrence of snail-infested areas in the
investigated village; A, is the area with snails in the investigated village;
and A, is the area investigated in the village.

D =N/N, (2)

Where, D is the mean snail density; 2V, is the total number of snails
collected in one schistosomiasis endemic village; and N2 is the total
number of sampling frames in this village.

Environmental data

The time-series data of various environmental factors were collected
at high spatial resolution (30 m) consecutively, including the NDVI,
WI, and LST, which were used as substitutes for vegetation cover, soil
humidity, and temperature, respectively.

Meteorological data (monthly daylight hours and precipitation from
March to May) were provided by the Meteorological Bureau of Hubei
Province. These two village-level meteorological parameters were
obtained by using an inverse distance weighting method in ArcGIS
10.1 (ESRI Inc., Redlands, CA, USA) based on 16 meteorological
stations in the Jianghan Plain [16].

Landsat TM/ETM images were selected to extract remote sensing
indices, including NDVI, WI, and LST, because these images are open
access and are available at high spatial resolution. The Landsat data
(path: 124, row: 39) collected from March to May were acquired from
the United States Geological Survey [17]. To obtain actual reflectivity
data of the land surface, we processed the Landsat data through
radiometric calibration and atmospheric correction. The NDVI tool
and tasseled-cap transformation were employed to derive NDVI and
WI, respectively. The infrared band was selected to retrieve LST by
using the radioactive transfer equation [18, 19]. Because the
resolutions of the infrared band for Landsat TM and Landsat ETM are
120 m and 60 m, respectively, the LST-retrieved images were resized at
a spatial resolution of 30 m for consistency. These operations were
carried out in ENVI 5.1.

The meteorological and environmental factors analysed in this study
were consistent with those observed during snail sampling. These
factors are presented as the average values between March and May of
each year for each village. The proportion of clay, sand, and silt, which
represent the soil texture, was provided by the Institute of Remote
Sensing and Digital Earth, Chinese Academy of Sciences. Elevation
data at a spatial resolution of 30 m using a digital elevation model
(ASTER GDEM V2) were downloaded from the International
Scientific and Technical Data Mirror Site, Computer Network
Information Center, Chinese Academy of Sciences. The minimum
distance of the center of each administrative village to the nearest
water source was calculated by using the “Near” tool in ArcGIS10.1
(ESRI Inc.).

Methods

Descriptive analysis

The spatial distribution of areas with snails at the village level in the
Jianghan Plain from 2008 to 2012 was displayed visually using the
ArcGIS 10.1 mapping technique (ESRI Inc.).

Generalized Linear Mixed Models

Generalized linear mixed models (GLMMs) are used extensively in
infectious disease epidemiology to analyze various types of data,
including repeated measures data [20]. Snail density in each village
over consecutive years within a changing geographical environment
constitutes longitudinal data of the OR repeated measures. In contrast
to traditional models, such as standard linear regression models (LMs)
and generalized linear models (GLMs), GLMMs allow the modeling of
longitudinal non-normally distributed data. Therefore, GLMMs were
used to identify the environmental factors regulating snail distribution
(IBM SPSS Statistics 20). These GLMMs are presented as follows
[21,22]:

Yopteu=gl)=glXB+7y) ()

where Y is a response variable of length n; X and Z are n x pand n x
g matrices of explanatory variables associated with fixed and random
effects, respectively; p and y are the vectors of fixed and random effect
parameters, respectively; g() is a monotonic differentiable link
function; g'(n) is the inverse function of g(n); y is distributed as
N(0,G) (normal with mean 0 and covariance matrix G); and ¢ is the
vector of the errors.

Before our analysis, variables with high collinearity were removed,
and the results were verified by validating variance inflation factors
(VIFs). VIFs of <10 correspond to low collinearity [23]. We selected
different combinations of error distributions (gamma or normal
distribution) of snail density and link functions (log or identity) as
components of GLMMs to fit the snail density data. Information
criteria (namely, Akaike information criterion corrected (AICC) and
Bayesian information criterion (BIC)) were used to compare the
goodness-of-fit of models with the same error distributions and to
select the optimum model [24,25]. When different error distributions
were used for the GLMMs, scatter plots of predictions versus
observations were applied to compare the goodness fit of the resulting
model. If the regression coefficients of the variables were statistically
significant (p<0.05), these variables were confirmed to influence snail
density. All the variables were standardized using Z-score
transformation to compare their effects on snail distribution.

Results

Spatio-temporal variation in the rates of snail occurrence

The distribution of occurrence rates of snail-infested areas at the
village level in the Jianghan Plain from 2008 to 2012 is shown in Figure
2. The occurrence rates differed with time and significantly varied
according to spatio-temporal distributions. Overall, villages with
higher occurrence rates of snail-infested areas exhibited a spatial
distribution pattern of moving east to west gradually, and the number
of the villages with higher occurrence rates of snail-containing areas
decreased in 2008-2012. Over the five-year period, the villages in the
southern part of Xian'tao City and the western part of Shi’shou City
showed higher occurrence rates. From 2008 to 2010, the distribution
pattern of the villages in the northern part of Hanchuan City, which
had higher occurrence rates of snail-infested areas, changed into
dispersion distribution. However, there was a significant increase in the
number of areas with high snail occurrence rates in the western part of
Qianjiang City, Songzi City, Sha’shi District, and Jiang’ling County. In
2011, the number of villages that had the highest occurrence rates of
snail-containing areas significantly declined throughout the study area,
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but the rates again increased in 2012. Areas harboring snails showed a
greater decrease in 2012 than in the previous three years.
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Figure 2: Occurrence rates of snail-infested areas at the village level
in the Jianghan Plain from 2008 to 2012.

Table 1 lists the percentage of villages with six grades (each of 25%)
of occurrence rates of snail-containing areas in the Jianghan Plain
from 2008 to 2012. The percentage of villages with >50% occurrence
rates were divided into three grades: 50-75%, 75-100%, and 100%,
which continued to increase from 2009 to 2010. In 2011, the
percentages of the three grades decreased significantly, but again
increased in 2012. In contrast, the percentage variation of villages with
<50% of occurrence rates of areas with snails (including 0%, 1-25%,
and 25-50%) decreased from 2009 to 2010. In 2011, the number of
areas with snail occurrence increased significantly, but again decreased
in 2012. During the research period, the percentage of villages with

percentage of villages with <50% occurrence rates of snail-containing
areas ranged between 71.74% and 82.67%, which was much higher
than that the percentage of villages with >50% occurrence rates of
snail-containing areas (17.33-28.26%).

Occurrence rate of

snail-containing areas | 2008 2009 2010 2011 2012
(%)

0 37.55 33.44 34.53 33.8 34.55
(1-25) 29.93 24.7 23.8 29.87 26.38
(25-50) 14.44 13.95 13.41 19 17.55
Subtotal <50 81.92 72.09 71.74 82.67 78.48
(50-75) 7.52 9.41 9.56 8.58 9.88
(75-100) 5.36 10.5 10.9 5.52 7.26
100 52 8 7.8 3.23 4.38
Subtotal >50 18.08 27.91 28.26 17.33 21.52
Total 100 100 100 100 100

Table 1: Percentage of villages with different occurrence rates of snail-
containing areas in the Jianghan Plain from 2008 to 2012.

Snail density in Gong’an county

Figure 3 and Table 2 present the spatial distribution of snail density
and the associated descriptive statistics at the village level in Gongan
County from 2008 to 2012. Snails were detected in about 60% of the
villages. Snail density ranged from 0 to about 2/0.11 m2. Only some
villages had high snail densities (>3/0.11 m?) in 2009, 2010, and 2012,
and were widely dispersed within villages (i.e., not concentrated in any
one area). In 2008, 2009, and 2010, the minimum snail density was
0.01/0.11 m? overall; however, the maximum density increased over
the three years. The density of snails fluctuated the most in 2010,
ranging between 0.01/0.11 m? and 7.0/0.11 m?2. Hence, the mean,
median, and variance of snail density increased significantly with each
successive year. In 2011 and 2012, the minimum overall snail density
was 0/0.11 m?. The range of snail density was smaller in 2011, with a
maximum density of 2.81/0.11 m?. However, the maximum snail
density increased again in 2012, reaching 4.14/0.11 m?.
Correspondingly, the mean, median, and variance of snail density
decreased significantly, with an increment in the maximum density
over this two-year period compared with the previous three-year
period. In addition, the values of skewness and kurtosis exceeded 1,

areas where snail occurrence was 0% was 33.44-37.55%. The suggesting that snail density was not normally distributed.
Year Range Mean Median Variance Skewness Kurtosis
2008 0.01~2.21 0.36 0.28 0.12 2.26 6.76
2009 0.01~3.21 0.72 0.46 0.47 1.41 1.56
2010 0.01~7.0 0.88 0.53 1.08 2.99 11.58
2011 0~2.81 0.56 0.36 0.29 1.39 1.67
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2012 0~4.14 0.49 0.23 0.45 2.53 7.86
Table 2: Descriptive statistics of snail density in Gong’an County.
Model 2845.32
3 Normal Identity | 9 2860.15 | 0 Y
2009 2010 P N
A Model 2861.55 | 2871.43
4 Normal Identity | 5 9 0 N
Model 3723.60 | 3738.42
5 Normal Log 1 2 0 Y
Model 3898.31 | 3908.19
6 Normal Log 4 9 0 N
Legend
2012 & Snail density (no./0.11 m?) 1
. B o-0.01
4 I 0.01-0.1
N 04-0.3
0306 Table 3: Information criteria of models in which different error
Ho distributions and link functions were combined.
N 1520
B 2.0-3.0
- 30
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Figure 3: Spatial distribution of snail density at the village level in
Gong’an County from 2008 to 2012.

Influencing environmental factor

Collinearity analysis confirmed that the proportion of clay and sand
in the soil was excluded at VIFs of >10. Eight other environmental
factors were involved in the model, with year as the random effect.
Table 3 presents the fitting results of the GLMMs, in which different
error distributions and link functions were combined. These models
were statistically significant (p<0.001) and might indicate the factors
influencing snail density. Models with the intercept and year as
random effects (i.e., models 1,3 and 5) provided smaller values of
information criteria than the corresponding models that only used the
intercept as a random effect (i.e., models 2,4 and 6). When using
models 3 and 5 with “Normal” as the error distribution, the former
yielded smaller AICC and BIC values than the latter. Model 1 was
compared with model 3 by using the predicted value in the observed
plots. Figures 4 (a) and (b), respectively, presented the predicted value
in the observed plots of model 1 (a gamma distribution and a
logarithmic link function) and model 3 (a normal distribution and an
identity link function). The findings in these figures support those
presented in Table 4. The points in model 1 were much closer to 45°
than model 3; therefore, model 1 is the most appropriate model out of
all analysed models in this study.

Predicted Value (snails/0.11m?)
BTN T T T W A

@~

34

Predicted Value (snails/0.11m?)
[

o

01z

3 4 5

Observations (snails/0.11md)

0 1 2 3 4

Observations (snailsf0. 11md)

Figure 4: Scatter plots of predicted versus observed values of snail
density between models 1 and 3.

El 6 T

Model 1 Model 2
Variables Coefficient p-value Coefficient p-value
Intercept -7.507 0 -5.478 0
Precipitation 0.021 0 0.015 0
Daylight hours | 0.015 0 0.01 0
NDVI -1.025 0.013 -10.73 0.015
LST 0.015 0.028 0.009 0.215
WI 2.342 0.013 2.218 0.028
DEM -0.003 0 -0.004 0
Silt proportion 0.079 0.002 0.068 0.014
Near_dis 0.01 0.721 0.008 0.8

Error Link p-
Model | distributio | functio valu
s n n AlCC BIC e Random effect1
Model 2702.29 | 2717.11
1 Gamma Log 5 6 0 Y
Model 2713.47 | 2723.36
2 Gamma Log 7 2 0 N

Table 4: Estimated parameters of the fixed variables of the models.

All the tested environmental factors that previous studies and
schistosomiasis projects identified as potentially influencing snail
density were included in the model. Table 4 shows the estimated
parameters of the variables associated with snail density that were
determined using model 1 (gamma distribution and a logarithmic link
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function), in which the effect of time was considered as a random
effect. The results of model 2 (in which the effect of time was not
considered) are presented in Table 4 for comparison. In model 1, the
intercept and year were random effects; in model 2, only the intercept
was the random effect. The coefficients of the models showed the
relationship between each variable and snail density. Model 1 included
the following statistically significant variables (p<0.05): precipitation,
daylight hours, NDVI, LST, WI, DEM, and silt proportion. The
distance to the nearest water body was not statistically significant.
Precipitation, daylight hours, LST, WI, and silt proportion were
positively related to snail density, with regression coefficients of 0.021,
0.015, 0.015, 2.342, and 0.079, respectively. By contrast, NDVI and
DEM were negatively associated with snail density, with regression
coeflicients of -1.025 and -0.003, respectively. However, the variance in
the residual and random effects was statistically significant (p<0.001)
after the model was fitted. LST was not statistically significant when
model 2 was established, using only the intercept as the random effect.
The significance levels of NDVI, WI, and soil proportion in model 2
were higher than those in model 1; however, the regression coefficient
values of the significant variables in model 2 were less than those in
model 1.

The standardized variables showed that the coefficients of the
environmental factors were 0.528, 0.109, -0.260, 0.182, 0.025, -0.171,
and 0.213, respectively. The impact of the environmental factors on
variation in snail density was ranked as follows: precipitation>silt
proportion>LST>daylight hours>WI>DEM>NDVL Thus,
precipitation had the greatest effect on snail density, while NDVT had
the lowest effect.

Discussion

At present, the breeding habitats of O. hupensis snails are being
transformed from lakes and marshlands to water networks in the
Jianghan Plain. Irrigation and drainage networks are already well-
established, with rivers connecting to canals, which connect to ditches,
which further connect to the ponds and fields surrounding the villages.
Snails are primarily distributed along rivers but spread through canals
and ditches to paddy fields. Considering the current situation of snail
distribution, understanding the occurrence rates of areas harboring
snails by analyzing the dynamic tendency of snail distribution is
essential.

In this study, we found that the number of villages with <50%
occurrence rates of snail-infested areas was more than 70%, while 0%
occurrence rates of areas with snails was found in >30% villages. This
highlights the fact that attention should be paid to the areas with snail
occurrence rates of 1% to 50% to manage snail habitats. Therefore,
these findings might indicate the basis for monitoring and controlling
snail populations in future.

We found that villages with higher occurrence rates of snail-
containing areas were discrete from 2008 to 2012, with the number of
such villages declining over time. This result might partly be due to the
effect of countermeasures implemented over the five-year study period.
Our results also showed that the number and percentage of villages
with higher occurrence rates of snail-infested areas significantly
declined in the study area in 2011. This might be attributed to the
extreme drought in the winter of 2010 and spring of 2011. In 2012, the
number and percentage of villages with a higher occurrence rate of
snail-containing areas increased again. Thus, efforts to achieve

complete control of snail populations and to prevent their growth in
such areas must be strengthened.

In the investigations of the spatial dynamics of snails and the
identification of environmental factors influencing snail density, the
following statistically significant variables (p<0.05) were identified:
precipitation, daylight hours, NDVI, LST, WI, DEM, and silt
proportion. The distance to the nearest water body was not statistically
significant. With regard to the impact level, the environmental factors
affecting variation in snail density could be ranked as follows:
precipitation>silt proportion>LST>daylight hours>WI>DEM>NDVI.
Thus, precipitation elicited the greatest effect on snail density, and
NDVI had the lowest effect. Clarifying the relationship between
environmental factors and snail density will enable drawing out plans
and strategies for snail control.

By improving our knowledge of the spatio-temporal distribution of
snails and the associated environmental factors, it might be possible to
establish a scientific basis on which to develop effective strategies to
control and prevent schistosomiasis occurrence [12,26,27].
Investigations on the spatial dynamics of snails and the identification
of factors influencing snail density have been previously attempted by
combining the 3S technology, namely, GIS/RS/GPS with statistical
models, such as GLMs [10], Bayesian models [14,26], and multiple
logistic regression models [12,13]. However, previous approaches used
data obtained within a single year; thus, the effects of time on snail
distribution were not considered.

It is possible to control and prevent outbreaks of S. japonica
effectively by eradicating snails through environmental modification
and molluscicide application. Therefore, variation in the spatio-
temporal distribution of snail-infested areas in different regions should
be accurately described, and environmental factors associated with
snail habitats should be evaluated through a combination of
descriptive analysis and statistical methods.

The selection of a good statistical method might help provide a
scientific basis to indicate the relationship between snail density and
the environmental habitat in which they are found. The results of such
analyses could also help predict future occurrences of local
schistosomiasis epidemics. However, the effect of time has been rarely
considered in previous studies. The GLMM used in the current study
demonstrated that time has a major effect on the relationship between
snail density and associated environmental factors. For instance, model
1, which considered the intercept and year as random effects, was
superior to model 2, which only considered the intercept as the
random effect. This finding further confirms the superiority of the
model with the random effect. The structuring of the random effect has
a decisive function on the significance and interpretation of fixed
effects. Thus, adding random effects to the modelling procedure is as
important as the selection of fixed effects. Year was specified as a
random effect, and temporal correlation was applied to the modelling.
One of the main advantages of GLMMs is that they may be extended
to incorporate additional data specified as random effects [28].
Therefore, GLMMs are a preferred tool for identifying the risk factors
of snail distribution.

In this study, model 1 identified environmental factors that were
significantly associated with snail density. Humidity and vegetation
coverage represent two key environmental factors affecting snail
density at a small scale [6,29]. Our results revealed that WI positively
affected snail density, whereas NDVT had a negative effect. This finding
suggests that geographical environments with high WI and appropriate
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NDVI provide favorable habitats for snails. However, this result is
inconsistent with those of some earlier studies [7,9,30], possibly
because the study scale in the GLMM was the administrative village,
belonging to a mesoscale environment. NDVI ranges from -1 to +1,
with negative value corresponding to water bodies or snow. As the
value approaches +1, vegetation cover increases. At a large scale (e.g.,
county or province or larger), an increase in NDVI indicates the
presence of suitable snail habitat. In comparison, at a small scale (such
as a village), a low NDVT and a high WI suggest the presence of water;
thus, suitable snail habitats are likely to be present [11]. Hence,
different study scales might affect the indicative function of the same
environmental factor.

Besides WI and NDVI, our study showed that other variables also
contributed to the survival of snails. After standardizing the
environmental factors, the positive effect of the average precipitation
from March to May had the greatest effect among all studied factors.
Precipitation was the direct natural cause of changes to the other
environmental factors associated with snail density. For example,
precipitation directly adds water to soil, creating wet conditions for
snail breeding. Precipitation also affects vegetation growth, thereby
indirectly influencing soil factors [31]. Under these conditions, the
range of schistosomiasis endemic areas can spread. Snail density was
positively correlated with the proportion of silt and LST, supporting
the findings of previous studies [32,33]. The average number of hours
of daylight is fairly consistent from March to May in our study area,
with this environmental factor being positively correlated with snail
density. Our findings showed that snail density was negatively
correlated with DEM, supporting a previous study showing that snails
inhabited areas with relatively low elevation [34]. As the DEM is low
and remains unchanged over the Jianghan Plain, it had a relatively
small influence on snail density. The effect of distance to the nearest
water source was not statistically significant, possibly because of the
dense river system in the Jianghan Plain, which might decrease the
importance of this explanatory variable.

This study had various limitations, which should be addressed in
future research. First, the interactions between environmental factors
and snail density are complex. Several environmental variables, such as
the water table, soil pH, and soil organic matter content, were not
incorporated into the model as explanatory variables because of the
difficulties associated with collecting long time-series data. Moreover,
not all possible factors associated with snail distribution were
considered in our models. Second, snail density and the corresponding
environmental factors were obtained as mean values at the village level
because the exact coordinates were not recorded in the historical data
of the snails. This procedure might have influenced our results to a
certain extent. Third, the impact of the spatial effects on snail density
was not considered in our GLMM because of the complexity of time-
space interactions, and should be incorporated in future research.
Under the project supported by the National Science Foundation, our
research group will continue to collect snail data at a small scale within
this area to facilitate the development of integrated models accounting
for the effects of time, space, and space-time interactions. This
approach is expected to allow the accurate identification of
environmental factors, from which snail density can be predicted for
use in mitigation programs.

Conclusions

In this study, GIS, RS, descriptive analysis, and statistical methods
were employed to investigate the spatial dynamics of the occurrence

rate of snail-infested areas and to identify the environmental factors
influencing snail density at a large scale in the Jianghan Plain, China.
By using six models, we showed that eight environmental factors
influenced snail density and distribution, with model 1 being the most
representative. As a result, a spatio-temporal distribution model was
formulated in this study. Precipitation had the highest impact on
variation in snail density, and NDVI had the lowest impact. Our
present findings can be used as a theoretical basis to develop models
predicting snail distribution in the Jianghan Plain for use in the
prevention and control of schistosomiasis.
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