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Abstract. The progress of the integrated control policy for schistosomiasis implemented since 2005 in China, which is
aiming at reducing the roles of bovines and humans as infection sources, may be challenged by persistent presence of
infected snails in lake and marshland areas. Based on annual parasitologic data for schistosomiasis during 2004–2011 in
Xingzi County, a spatio-temporal kriging model was used to investigate the spatio-temporal pattern of schistosomiasis risk.
Results showed that environmental factors related to snail habitats can explain the spatio-temporal variation of schistosomiasis. Predictive maps of schistosomiasis risk illustrated that clusters of the disease fluctuated during 2004–2008; there
was an extensive outbreak in 2008 and attenuated disease occurrences afterwards. An area with an annually constant
cluster of schistosomiasis was identified. Our study suggests that targeting snail habitats located within high-risk areas for
schistosomiasis would be an economic and sustainable way of schistosomiasis control in the future.

along the Yangtze River,13 and there is a concern that they
might spread again, possibly resulting in extensive re-emergence
of infections among humans and domestic animals. Therefore, a
study assessing the progress of the integrated control strategy
within those regions where infected snails were found is
needed, but longitudinal data for re-emergence are sparse.14
There has been progress in modeling burden of disease
during recent decades by using geographic information systems, remote sensing, and geostatistics. These methods have
been applied to a range of diseases, such as, malaria,15,16
schistosomiasis,9,17 and Loa loa filariasis.18 However, much of
the work used modeling aiming to investigate patterns of those
diseases across space, as well as time separately. Recent
advances in space-time statistics19,20 enabled us to analyze such
patterns not only in separate temporal and spatial domains, but
as a whole. Investigating spatio-temporal (ST) patterns of epidemics could help to generate new information for further
etiologic studies;21 construct hypotheses on the different mechanisms of transmission involved in disease spread;22 and identify risk areas in which to focus surveillance and allocate
resources (e.g., antibiotics, rapid diagnostic tests).23
ST kriging, an extension to (purely spatial) kriging,24 offers
a variety of techniques to make optimal use of measurement
information for interpolating variables in space and time.
Over the past decade, progress has been made in building ST
geostatistical models in several scientific disciplines (e.g.,
environmental science,25 meteorology,26 and soil science27).
In this study, we applied the ST kriging method to model the
ST pattern of schistosome infections in Xingzi, China, a typical schistosomiasis-endemic area of lake and marshland, by
using annual parasitologic data obtained through standardized surveys during 2004–2011 and assessing the effect of snail
habitats on the ST pattern of schistosomiasis.

INTRODUCTION
Chronic schistosomiasis, which caused by the parasitic blood
flukes Schistosoma haematobium, S. mansoni, S. intercalatum,
S. mekongi, or S. japonicum, is among the most common
human parasitic diseases; more than 230 million persons are
affected worldwide.1 In China, zoonotic schistosomiasis
japonica is associated with chronic liver and intestinal fibrosis.
It is estimated that more than 50 million persons in China are
at risk; approximately one million persons and several hundred
thousand livestock are infected.2 Major foci of endemicity are
found in marsh and lake areas (Poyang Lake and Dongting
Lake) along the Yangtze River basin, where elimination of
transmission has proven difficult.3,4
China was one of the first countries in eastern Asia to initiate
a national schistosomiasis control program, and achievements
in schistosomiasis control have reduced by more than 90% the
peak estimates of human prevalence in the mid 1950s,5 which
ranged between 10.5 and 11.8 million.6 In a renewed attempt
to reduce the burden of schistosomiasis in China, a 10-year
World Bank Loan Project (WBLP) was launched in 1992.7 It
used large-scale chemotherapy and additional interventions,
such as health education, chemical control of snails, and other
environmental exposure modifications, to reduce exposure.
However, studies suggested that schistosomiasis re-emerged
shortly after the WBLP.8,9 Because of high rates of reinfection, progress toward further reduction in prevalence or
disease elimination was difficult.10
To reach the aggressive control target that the rate be less
than 5% and 1% by 2008 and 2015,11 respectively, a national
control program with a revised strategy to control schistosomiasis using integrated measures was implemented in 2005,
which is aiming at reducing the roles of bovines and humans
as infection sources.12 Unfortunately, infected Oncomelania
hupensis snails were still found recently in certain locations

MATERIALS AND METHODS
Study area. Xingzi County, located on the northwest corner
of Poyang Lake (Figure 1), is one of the areas in Jiangxi
Province to which schistosomiasis is highly endemic. Ten of
12 townships are in schistosomiasis-endemic areas, including
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Figure 1. Location of sample villages during 2004 in Xingzi, Jiangxi, China. The geographic layer of a water body was overlaid. The map was
created by using AcrGIS software version 10.0 (ESRI Inc., Redlands, CA).

56 villages and communities.28 Physical environments
around the Poyang Lake region make Xingzi one of the major
schistosomiasis-endemic areas in China. Poyang Lake is connected to five rivers (Ganjiang, Huhe, Xinjiang, Raohe, and
Xiuhe) and the Yangtze River through a narrow passage at
Hukou. During spring (April–June), the lake fills up with water
from these five rivers and covers all lowland marshlands. During summer (July–September), water levels in the lake reach
their peak by back flowing of flooding from the Yangtze River.
During winter (November–March), water levels decrease and
vast grass-covered marshlands emerge. These changes form a
special scenery of land in winter and water in summer in the
lake. In addition, there are numerous water bodies in the
region, such as Beng Lake, Liaohuachi Lake, and Shixia Lake
(Figure 1). The annual average temperature is 16–18°C, and
annual rainfall ranges from 1,340 mm to 1,780 mm.29 Thus,
climate, geographic environment, and marshland characteristics in the lake area are ideal for snail growth and reproduction.
Parasitologic data. Schistosoma japonicum infection data
for 2004–2011were provided by the local anti-schistosomiasis
station in Xingzi. For each year, the database consisted of a
random sample of villages (range = 30–42), but with human
prevalence data in each village included. These data were
collected through village-based field surveys by using a twopronged diagnostic approach (all residents 5–65 years of age
were screened by using a serologic test and then confirmed by
using a fecal parasitologic test [Kato-Katz technique]).30
Additional details describing the process of data collection
have been reported.31
Ethics statement. Approval for oral consent and other
aspects of this survey was granted by the Ethics Committee of

Fudan University (ID: IRB#2011-03-0295). Written informed
consent was also obtained from all participants.
Environmental data. The location of snail habitats was
recorded by using a handheld Global Positioning System
instrument (MobileMapper™; Thales Navigation Inc., San
Dimas, CA). Water body data, including lake and wetland,
were extracted from the World Wildlife Fund’s Conservation
Science Data Sets (http://worldwildlife.org). For each sample
village, the Euclidian distances to nearest snail habitat and the
nearest water body were calculated by using AcrGIS software
version 10.0 (ESRI Inc., Redlands, CA).
Statistical analysis. First, a spatial error model (SEM) for
each year implemented in GeoDA 1.4.5 was used to measure
the relationships between the human prevalence of schistosomiasis and environmental determinants (i.e., distance to snail
habitat and distance to a water body). In this model, spatial
neighbors of a village were defined as those within 5 km
around the village, and elements in the weight matrix were
given a value of 1 if two villages were neighbors and 0 otherwise. An ordinary least squares (OLS) regression model was
also used to fit the data, and a likelihood ratio (LR) test was
then conducted to compare the OLS model with the SEM. If
this test shows no significant difference, the OLS model was
chosen; otherwise, the SEM was used. To detect temporal
variation of the disease, we took time into account as a covariate in the OLS model by combining data from all years and
using time as an ordinal variable. Collinearity diagnostics was
conducted before regression, and indicator of variance inflation factor for the both covariates showed that no collinearity
exists (variance inflation factor = 1.03). A conceptual framework of the data analysis is shown in Figure 2.

549

MODELING SPATIO-TEMPORAL PATTERNS OF SCHISTOSOMIASIS

Figure 2. Workflow of data analysis. ST = spatio-temporal; SEM = spatial error model; Y = significantly different; LR = likelihood ratio;
N = non-significantly different; OLS = ordinary least squares.

To obtain the ST pattern of schistosomiasis, a ST kriging
model was used. The equations for kriging in the ST domain
are exactly the same as the standard spatial kriging equations.
Kriging is a method of interpolation that predicts unknown
values from data observed at known locations.32 This method
uses variogram to express the spatial variation, and it minimizes the error of predicted values, which are estimated by
spatial distribution of the predicted values. Variogram is
defined as the variance of the difference between field values
at two locations across realizations of a spatial random field.
Three parameters are used to describe variograms: nugget,
the height of the jump of the variogram at the discontinuity
at the origin; sill, the limit of the variogram tending to infinity
lag distances, and range, the distance at which the difference
of the variogram from the sill becomes negligible.
Ordinary kriging, one type of kriging, filters the mean from
the simple kriging estimator by requiring that the kriging
weights sum to one.33 This feature results in the following
ordinary kriging estimator:
n

Z* ðx0 Þ ¼

( li Zðxi Þ
i¼1

ð1Þ

where Z* (x0) is the predicted value spatially located at x0,
li is the weight, and Z (xi) is the observed value located at xi.
The standard error (SE) of predicted value equals
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n

SE ¼

( li gðx0  xi Þ þ m
i¼1

ð2Þ

where g(x0 − xi) is the variogram between x0 and xi, and m is
the Lagrange multiplier.
One should be aware of the consequences of kriging in the
T domain. Future measurements influence present predictions, just as much as past measurements, because they are

both weighed using the same variogram. At the ST domain,
the variogram is given by
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where g is the same variogram as in equation (2). For the ST
variogram structure, we choose a product-sum covariance
model34 as follows:
gðs, tÞ ¼ gs ðhs Þ þ gt ðht Þ  kgs ðhs Þgt ðht Þ,  

ð4Þ

where gs(hs) and gt(ht) are valid variogram functions in ..
(spatial domain: D) and ℜ (time domain: T), respectively,
and k is a real coefficient. For prediction, the study area was
divided at the level of 1-km resolution. A Box-Cox transformation35 of the crude prevalence was performed to apply the
Gaussian model before implementing ST kriging. The precision of the kriging interpolation would be poor if the spatial
stratification is strong and spatial autocorrelation is weak.36
Therefore, we also checked the spatial heterogeneity (defined
as an attribute whose statistical properties, e.g., mean and
standard deviation, change in space) of the yearly prevalence
of schistosomiasis, using an indicator of power of determinant
(PD) in the geographic detector.37 The main idea of the geographic detector is that the disease will exhibit a spatial distribution similar to that of an environmental factor if the
environment contributes to disease transmission and PD is used
to quantify this similarity. The value of PD ranges from 0 to 1,
where closer to 1 means the disease has more similar spatial
stratification with that of the factor and closer to 0 means
the spatial stratification of the two are different. The spatial
distribution of distance to snail habitat and distance to a
water body can be characterized by buffer zones, which are
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Table 3
Ordinary least square regression model estimations for schistosomiasis
in Xingzi, Jiangxi, China, 2004–2011*

No. sample villages

Minimum

Mean

Median

Maximum

SD

Parameter

30
37
35
36
42
36
35
42

0
0
0
0
0
0
0
0

0.15
0.93
0.29
0.56
1.48
0.33
0.05
0.12

0
0.08
0
0
1.07
0
0
0

3.90
7.20
6.96
13.10
9.12
2.86
1.02
1.92

0.01
0.02
0.01
0.02
0.01
0.01
0.002
0.004

Distance to snail habitat
Distance to water body
Time

classified into four buffers: 0–5 km, 5–10 km, 10–20 km, and
> 20 km.
The performance of the ST kriging was evaluated by using
leave-one-out cross-validation. In the process of this crossvalidation, one sample village was retained as the validation
data for testing the ST kriging model, and the remaining sample
villages were used as training data to construct the model. This
procedure was repeated such that each sample village is used
once as the validation data. An indicator of root-mean-square
error was used to quantify the accuracy of the model. PD
values were calculated by using software available at http://
www.sssampling.org/Excel-GeoDetector/. ST kriging and crossvalidation were implemented in the R package gstat,38 and
mapping of predicted prevalence of schistosomiasis and its
corresponding SE were performed by using AcrGIS software
version 10.0 (ESRI Inc.).
RESULTS
As shown in Table 1, the mean observed prevalence of
S. japonicum infection generally increased from 0.15% in
2004 to a peak of 1.48% in 2008 (with an abrupt increase in
2005) and then decreased to 0.12% in 2011. The KruskalWallis test showed that the mean prevalence differed significantly by year (c2 [7, n = 298] = 108.00, P < 0.01). The median
prevalence of 0.08% in 2005 and 1.07% in 2008, combined
with the corresponding mean prevalence (of 0.93% in 2005
and 1.48% in 2011), suggests a more severe burden of schistosomiasis compared with the remaining years.
Results from a model for each year separately are shown in
Table 2. The LR test showed that there was no significant
difference between the OLS and the SEM in fitting the data
for each year except 2011. Therefore, OLS was used to fit the
data for 2004–2010, and the spatial autoregressive error
model was used for 2011. The spatial regression results show
that the distance to snail habitats was significantly negatively

Estimate

−0.21
−0.53
−0.44

10–2
10–2
10–1

Standard error

0.05
0.48
0.32

+ + +

Year

2004
2005
2006
2007
2008
2009
2010
2011

+ + +

Table 1
Human prevalence (%) of schistosomiasis in sample villages in
Xingzi, Jiangxi, China, 2004–2011

10–2
10–2
10–1

t

P

−4.81
−1.11
−1.41

< 0.01
0.27
0.16

*Time (i.e., 2004–2011) was used as ordinal variable in the model.

associated with schistosomiasis (P < 0.05), and the distance to
a water body also showed a negative association with schistosomiasis, except in 2008, when there was a positive association.
The OLS model estimates for all years combined, including
time as a covariate, are shown in Table 3. There was a significant correlation between schistosomiasis and distance to snail
habitat (P < 0.01), and no statistical association of disease with
distance to a water body was found (P = 0.27). The negative
temporal effect indicates that the prevalence of infection was
decreasing with time although the effect was not statistically
significant (P = 0.16).
The PD values of the two environmental factors for each
year are shown in Table 4. These values help to check spatial
heterogeneity of the prevalence of schistosomiasis. The PD
values of distance to snail habitat did not vary significantly,
ranging from 0.17 to 0.22 (mean = 0.20), and the PD values of
distance to a water body changed slightly, ranging from 0.12
to 0.16 (mean = 0.14).
The empirical ST variogram of the human prevalence of
schistosomiasis is shown in Figure 3. The increasing trend at
different time lags indicates that ST correlation is present
although it is not strong at higher time lags. The range of
spatial dependency and temporal dependency was 10 km and
1.64 years (i.e., 600 days), respectively. Cross-validation confirmed that the ST kriging model has a good predictive ability
(root-mean-square error = 0.98).
The annual map of predicted prevalence for S. japonicum
infection is shown in Figure 4. Prevalence of infection showed
a focal spatial pattern, and that there was a fluctuation in the
extent of areas with relative high endemicity (shaded with
yellow-to-red color) temporally, with a peak (the largest spatial extent) in 2008, and then contracting gradually until 2011.
Moreover, for each year, clusters of relatively high prevalence
occurred mostly in the middle-eastern part of the county (i.e.,
near Poyang Lake), and a constant focus (denoted by the
black circle in each panel in Figure 2) was observed near Beng
Lake each year. Corresponding estimates of the variance of
the predictions are shown in Figure 5. As expected, a lower
level of uncertainty was apparent in locations near sampled
villages and a higher level of uncertainty was apparent in

Table 2
Model estimations for the human prevalence of schistosomiasis in Xingzi, Jiangxi, China, 2004–2011*
10 (0.27)
10–2 (< 0.01)
10–2 (< 0.01)
10–2 (0.02)
10–2 (0.01)
10–2 (< 0.01)
10–2 (< 0.01)
10–2 (0.01)

Distance to water body

−0.70
−0.18
−0.03
−0.10
0.26
−0.89
−0.41
−0.12

Spatial error coefficient

Likelihood ratio test

0.64 (< 0.01)

0.81 10–3 (0.98)
0.68 (0.41)
0.45 (0.52)
0.02 (0.88)
2.06 (0.15)
3.41 (0.06)
0.03 (0.86)
8.61 (< 0.01)

–2

10 (0.92)
10–2 (0.16)
10–2 (0.78)
10–2 (0.63)
10–2 (0.36)
10–2 (0.86)
10–2 (0.81)
10–2 (0.72)

+

−0.92
−0.56
−0.15
−0.44
−0.32
−0.91
−0.30
−0.41

–2

+ + + + + + + +

2004
2005
2006
2007
2008
2009
2010
2011

Distance to snail habitat

+ + + + + + + +

Year

*Values in parentheses are corresponding P values. Coefficients in bold are significant at the 5% level. An ordinary least square regression model was used to fit data for 2004–2010, and a spatial
error model was used to fit data for 2011.
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Table 4
Power of determinant values of the environmental factors for each
year in Xingzi, Jiangxi, China, 2004–2011
Factor

2004

2005

2006

2007

2008

2009

2010

2011

Distance to snail habitat 0.21 0.18 0.18 0.17 0.22 0.21 0.20 0.19
Distance to water body 0.14 0.16 0.13 0.14 0.16 0.15 0.12 0.12

locations distant from sampled villages. However, the prediction uncertainty was generally low over the study area.
DISCUSSION
In this study, we have applied a ST kriging method to assess
the changing patterns in the burden of S. japonicum infection
risks in Xingzi, China. The OLS and spatial autoregressive
error model identified the important role of environmental
determinants related to snail habitats in explaining the geographic variation of infection. The ST kriging model was used
here to map the annual prevalence of schistosomiasis not only
spatially but also temporally. With the improvement of epidemic
surveillance system, it is more likely to obtain longitudinal data.
Thus, ST models, such as ST kriging, are needed to obtain
more accurate and comprehensive assessment of epidemics.
No significant difference between the OLS and the SEM
was observed during 2004–2010, as shown by LR test (Table 2),
which indicated that almost no spatial trend existed for the
residual of OLS model, or alternatively, that distance to snail
habitats and distance to a water body can adequately explain

Figure 3. Empirical spatio-temporal (ST) variogram of transformed prevalence of human schistosomiasis in each sample village,
Xingzi, Jiangxi, China. Top: ST sample variogram map; bottom: sample
variograms for each time lag. The unit of time lag is year. The figure
was produced by using the R package gstat.38
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the spatial variation of schistosomiasis risk; the SEM was
significantly different from the OLS in 2011, which indicated
that some unmeasured factors responsible for the spatial
pattern of the disease were captured by the model. These
unmeasured factors are possibly related to socioeconomic,
demographic, and environmental factors. It is impossible to
consider all the potential risk factors related with schistosomiasis because either the information is unavailable or disease
mechanisms are unclear.
The association of the two snail-related factors with schistosomiasis is interpretable according to the epidemiology of
infection and known biology of freshwater snails. As mentioned, marshlands in Xingzi are ideal places for formation of
snail habitats. With frequent flooding of the Poyang Lake,
snails in these habitats were dispersed and subsequently
deposited widely in various localities, such as lakes and wetlands. Persons living on or near the shore are more likely to
contact snails as a result of swimming, agricultural activities,
and fishing, thus increasing their exposure to S. japonicum.
The distances to snail habitats and water bodies can be
regarded as the indicators of exposure because persons tend
to contact these environments more frequently if they live
nearby. This finding is consistent with those of previous
studies, but the constantly significant association of snail habitats with schistosomiasis reminds us to adjust our focus on the
snail habitats.
The negative temporal effect, as shown in Table 3, suggested
that prevalence of the disease had a tendency of decreasing
generally, although the effect was not statistically significant.
Although causality cannot be unambiguously attributed to the
national program for schistosomiasis control implemented in
2005, we believe it is reasonable to conclude that these efforts
may have been responsible for such reductions in disease
burden. Conversely, the spatial pattern of the infection varied
annually. The extensive outbreak in 2008 indicated fluctuations in flooding areas that were related to abrupt variation of
precipitation and might also be related to an increasing trend
of infection rate of snails during that period.39 The contracted
extent of the disease since 2009 might be caused by persistently low water levels and the significant decrease of snail
densities.40 Although the schistosomiasis situation in Xingzi
County has been improved, studies showed that the infected
snails were still found,13 and this finding might potentially
affect the risk of schistosomiasis transmission, which was shown
in our study.
Ranges of spatial and temporal dependency can characterize the spatial and temporal variation of schistosomiasis.
The long spatial range (i.e., 10 km) suggested that the spatial
correlation become negligible after 10 km, and such distance
implied that transmission occurred between villages rather
than within and around them and could be attributed to distribution of snail habits located between villages. Conversely,
the small temporal correlation (i.e., 1.63 years) indicated that
temporal correlation become negligible after less than two
years, and such a short period indicated that the burden of
the disease varied significantly and quickly and could relate to
implementation of control strategies.
Kriging is based on spatial or spatiotemporal autocorrelation. The precision of the kriging interpolation would be poor
if the spatial stratification is strong and spatial autocorrelation
is weak. The mean PD value of 0.20 for distance to snail habitat
indicated that buffers of distance to snail habitat explained
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Figure 4. Annual predicted prevalence of the predictions of schistosomiasis during 2004–2011 in Xingzi, Jiangxi, China. The black circle in
each panel delineates a cluster of infection; the geographic layer of the water body was overlaid. The maps were created by using AcrGIS software
version 10.0 (ESRI Inc., Redlands, CA).

20% of the variation of schistosomiasis, and the mean PD
value of 0.14 for distance to a water body suggested that
buffers of distance to snail habitat explained only 14% of the
variation of the disease. These findings implied that prevalence of schistosomiasis showed week spatial heterogeneity
within the buffers. Combined with ST correlation, this week
spatial heterogeneity of the disease justified use of ST kriging.

The predicted ST pattern of schistosomiasis risk also provided an empirical basis for identifying prior areas when
implementing schistosomiasis controls in local regions. As
shown in Figure 4, a focus area of relatively high risk (with
prevalence of 2.0–3.0%) near Beng Lake compared with other
areas, occurred constantly over the years despite implementation of the revised control strategy, and this area would

Figure 5. Annual uncertainties of the predictions of schistosomiasis during 2004–2011 in Xingzi, Jiangxi, China. The geographical layer of the
water body was overlaid. The maps were created by using AcrGIS software version 10.0 (ESRI Inc., Redlands, CA).
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definitely be a priority for targeting schistosomiasis control
in the future.
In addition to replacement of cows with machines, the integrated program included such strategies as the treatment of
night soil and the safety of the water supply,41 breeding of
domestic animals in barns,42 change of snail habitats by use
of a water conservancy project,42 flourishing forests aimed at
reducing snail populations, in addition to chemotherapy and
health education.43 This program assumes that a reduction in
transmission of the disease from humans and bovines to the
intermediate Oncomelania snail host would eventually block
the life cycle of this parasite, but transmission of S. japonicum
is relatively complicated and more than 40 species of mammalians can serve as potential zoonotic reservoirs.44 Furthermore, this complex program is time- and money- consuming
in terms of implementation. The budget for schistosomiasis
control might be reduced in foreseeable future. Therefore,
how to choose an economic, effective, and sustainable strategy is of great concern. Our analysis gives a clue: snail habitats located within areas at high risk for schistosomiasis, as
shown in Figure 4, should be key control targets.
The limitations of the current study should also be recognized. First, we were unable to unambiguously attribute
changes in schistosomiasis prevalence to the revised control
strategy implemented in 2005 because we did not have control
areas with which to compare ST patterns of disease burden.
Second, when analyzing the dynamic pattern of schistosomiasis, we only considered the effect of a water body and snail
habitat; other factors, such as climatic conditions and land
use, were not included in the study. We assumed these
changed little over the study area at each year because the
climatic conditions tend to be homogeneous at such a small
scale (village level in our study);45 the climatic conditions in
the past decade have not changed substantially;46 and the land
cover in Xingzi County is fairly homogeneous; mainly rice
paddies and a scarcity of grassland around Poyang Lake.47
Third, the sensitivity and specificity of the serologic and stool
tests are not perfect.48
In summary, this study investigated the ST pattern of schistosomiasis during 2004–2011 in Xingzi, China, a region where
infected snails were still found. Results indicated that clusters
of S. japonicum infection occurred mostly near water bodies,
but the precise location varied with time and an outbreak of
the disease occurred in 2008. The ST pattern of schistosomiasis presented in our study suggested that the revised control
policy, with more focus on snails, should be further strengthened. Snail habitats located within areas at high risk for schistosomiasis should be given a priority when schistosomiasis
control programs are implemented.
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