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• Hydrological factors from InVEST
were firstly explored on bacillary
dysentery (BD).

• Hydrological factors significantly af-
fected BD in plain, hilly, mountainous
regions.

• The quick flow dominated the BD inci-
dence in the plain and hilly regions.

• The impact factors for mountainous re-
gion were complex.

• Baseflow & local recharge strongly
interacted with socioeconomic &
weather factors.
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The individual influence of the factors on the bacillary dysentery case number in three different regions and in
Anhui province, China (left); The top 10 pairs interaction of the hydrological factors with the other factors
(right).
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Previous studies found non-linear mutual interactions among hydrometeorological factors on diarrheal disease.
However, the complex interactions of the hydrometeorological, topographical and human activity factors need to
be further explored. This study aimed to reveal howhydrological and other factors jointly influence bacillary dys-
entery in different geographical regions. Using Anhui Province in China, consisted of Huaibei plain, Jianghuai hilly
and Wannan mountainous regions, we integrated multi-source data (6 meteorological, 3 hydrological, 2 topo-
graphic, and 9 socioeconomic variables) to explore the direct and interactive relationship between hydrological
factors (quick flow, baseflow and local recharge) and other factors by combining the ecosystem model InVEST
with spatial statistical analysis. The results showed hydrological factors had significant impact powers (q =
0.444 (Huaibei plain) for local recharge, 0.412 (Jianghuai hilly region) and 0.891 (Wannanmountainous region)
for quick flow, respectively) on bacillary dysentery in different regions, but lost powers at provincial level. Land
use and soil properties have created significant interactionswith hydrological factors across Anhui province. Par-
ticularly, percentage of farmland in Anhui province can influence quick flow across Jianghuai, Wannan regions
and the whole province, and it also has significant interactions with the baseflow and local recharge across the
Yat-sen University, No.74, Zhongshan 2nd Road, Guangzhou 510080, China.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.144609&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.144609
mailto:yanglp7@mail.sysu.edu.cn
https://doi.org/10.1016/j.scitotenv.2020.144609
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


S. Zuo, L. Yang, P. Dou et al. Science of the Total Environment 764 (2021) 144609
plain as well as thewhole province. Percentage of urban areas had interactions with baseflow and local recharge
in Jianghuai andWannan regions. Additionally, baseflowand local recharge could be interactedwithmeteorolog-
ical factors (e.g. temperature andwind speed), while these interactions varied in different regions. In conclusion,
it was evident that hydrological factors had significant impacts on bacillary dysentery, and also interacted signif-
icantlywithmeteorological and socioeconomic factors. This study applying ecosystemmodel and spatial analysis
help reveal the complex and nonlinear transmission of bacillary dysentery in different geographical regions,
supporting the development of precise public health interventions with consideration of hydrological factors.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Diarrheal disease driven by a variety of pathogens is one of several
global health problems that is unlikely to be solved by economic devel-
opment in the near term (WHO, 2014), accounting for 10–12% of all
deaths in children under five years old, and an estimated 1.57 million
deaths worldwide in 2017 (GBD 2017 Causes of Death Collaborators,
2018; Levy et al., 2016). The transmission and the dynamics of the path-
ogens causing the diarrhea varies together with land surface environ-
mental, meteorological, sociocultural and economic factors. With the
global climate change, the change in the water cycle and the hydrolog-
ical conditions has the potential to severely impact the diarrheal disease
(IPCC, 2014). Local health care professionals have perceived the higher
risks of emerging and re-emerging infectious diseaseswithin the chang-
ing climate and environment; however, they felt that insufficient
knowledge about the driving factors on the common infectious diseases
(Yang et al., 2020). Understanding the impact of the complex phenom-
ena of earth system on enteric diseases is critical for the prediction of
risks and the adoption of the prevention and intervention measures.
On the basis of recognizing the direct factors influences the enteric in-
fectious diseases, there has been call for further research to identify
the potential hydrological factors and their interactions with the other
factors across different divisions characterizing typical geographical fea-
tures (Colston et al., 2019).

Bacillary dysentery caused by shigella species is one of the causes for
the acute diarrheal disease. Since there is no effective vaccine, the
prominent popularity due to the flood or severe rainfall events has
attracted the scholars' attentions (Liu et al., 2016; Zhang et al., 2016).
Besides the factors of precipitation, the other meteorological factors
(e.g., temperature, relative humidity, air pressure, evaporation), topo-
graphical factors (e.g. altitude, land use) and socio-economic indicators
(e.g. access to water, index of poverty, age, education, human mobility)
were also considered in the water borne disease's analysis at various
temporal and spatial scales (Lo Iacono et al., 2017). Two main clusters
of methods including the process-based models (PBM) described by
mechanistic compartmentalmodels and the time-series & spatial epide-
miological methods (TS-SE) were used (Lo Iacono et al., 2017). Despite
the pathogenic principle is clear, the identification of the pathway of the
transmission is always amajor concern (Wang et al., 2019). Because the
microbial dynamics, the spread of the pathogen through the environ-
ment, and host factors and behaviors are determined by the interaction
of the hydrological, sedimentary and exposure processes (Alexander
et al., 2018).

The lack of the adequate characterization of these processes not only
results in the inconsistent analysis result, also hampers the ability to ad-
dress the population vulnerabilities. For example, the rainfall signifi-
cantly correlated with the number of dysentery cases and affected the
transmission of it in China in terms of the cases data of the period
1987–2000 (Zhang et al., 2008). Liu et al. (2016) found that the flood
significantly increased the risks of bacillary dysentery. However, the
studies conducted in rural Bangladesh and Qingdao, China found that
the flood didn't alter the risk of diarrhea (Milojevic et al., 2012; Zhang
et al., 2016). Around 60%–70% multiple studies investigated the rela-
tionship between the flood and precipitation variables with the water
borne diseases were positive (Levy et al., 2016). This indicated that
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the potential link of the pathway might be ignored. Although there
was a recent cohort study combined the meteorological and the hydro-
logical variables together to model and predict rotavirus infection
(Colston et al., 2019). It only took the total surface runoff as the hydro-
logical variable, but lacked the consideration of the underground and
long-term hydrologic cycle. Furthermore, the interactions of the nine
hydrometeorological variables were assessed, but the geographical
and human activity factors were still absent.

Therefore, this study explored the direct and the interactive impacts
among the various hydrological, topographical, meteorological and
human activity factors on the bacillary dysentery cases of Anhui
Province, China in 2015 applying the spatial statistical method. The in-
vestigation would be carried out in three geographical divisions
representing the plain, hilly and mountainous terrain respectively, to
have the deep insights on the diversity of the complex interactions
under the homogeneous climate and geographical characteristics.
With the focus of the short- and long-term hydrological variables, our
research fills in the literature gap, by providing explorative evidence-
based of the associations between the hydrological process andbacillary
dysentery disease, and favoring the more credible assessment on risk
associations of exposures.

2. Data and methodologies

To quantify the drivers for the bacillary dysentery dynamics which
are closely coupled with the hydrometeorological, topographical
and anthropic variables across the aquatic-terrestrial interface, the
Geodetector model was used to measure the direct and interactive im-
pact powers of the hydrological variables (Wang et al., 2010; Wang
et al., 2016; Wang and Xu, 2017). This method takes the spatial config-
uration and composition of landscape into account and evaluates the
similarity and causal relationship among the geographical objects. The
ecosystem service evaluation model – Integrated Valuation of Ecosys-
tem Services and Tradeoffs (InVEST) was adopted to evaluate the hy-
drological variables in order to help understand the hydrological
processes in the year, in particular the partition between quick flow
(include runoff, interflow and direct precipitation), baseflow
(the longer-term discharge derived from natural storages) and
local recharge (Hamel et al., 2020; Sharp et al., 2015).

2.1. Study region

Anhui province (114.9–119.6 E°, 29.4–34.6 N°) is located in the cen-
tral China, with the Yangtze and Huai Rivers running through its hinter-
land. The province (140,100 km2) has 105 counties/districts, including a
population of 61.43million in 2015. The terrain of the province is high in
the southwest and low in the northeast. According to the topography
and natural environment, the province can be divided into three geo-
graphical divisions: Huaibei plain, Jianghuai hilly and Wannan moun-
tainous region (Anhui Provincial Government, 2013). The plain area
accounts for 45%, while the hilly and mountainous area accounts for
55% of thewhole province. The four distinct seasons, which is character-
ized by warm and fickle spring and concentrated rainy summer, domi-
nate the precipitation. Huaibei (The north of Huai River) plain has a
warm temperate semi-humid monsoon climate. In the south of Huai
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River, there are mainly subtropical humid monsoon climate. The
Huaibei plain and Jianghuai hilly regions are the traditional grain pro-
duction areas in China. In 2015, the annual average temperature was
16.2 °C and the annual precipitation was 1386 mm, nearly 20% higher
than that of the common situation (Anhui Climate Center, 2015). During
the plum rain season (24th June-25th July), because of the intense rain-
storms, the flash floods occurred in Chu River basin in the east of the
Jianghuai hilly region and Dabie mountain area in the west of Jianghuai
hilly region. There was heavy rainfall in the Wannan mountainous re-
gion as well. The annual incidence rate of bacillary dysentery in Anhui
province fluctuated from 10.26/100 thousand to 29.13/100 thousand
in 2004–2017 years, with an annual incidence rate of 19.55/100 thou-
sand (J. Zhang et al., 2019). Specifically, Anhui province's incidence
rate of bacillary was 15.8/100 thousand in the year of 2015, which
was higher than national incidence rate of 10.11/100 thousand. High in-
cidence rate was found in densely populated areas, such as northern
Anhui province and Hefei city.

According to local topography, Huaibei plain region is mainly cov-
ered by a northwestern side of watershed of the middle reach of the
Huai River with a pinnate parallel and typical floodplain river network
over 30 counties/districts. Jianghuai hilly region characterizingdendritic
river network and the transition from plain to mountain has 40
counties/districts covering both southeastern side of middle reach of
the Huai River's watershed and a part of the Yangtze River's watershed
which faces northwest, including 19 counties/districts in the Dabie
Mountains. Wannanmountainous area of Southern Anhui and covering
a part of the Yangtze River'swatershed facing southeastwith a dendritic
pattern catchment across 35 counties/districts (Fig. 1). Hefei as the cap-
ital of Anhui Province locates in the central part of the Jianghuai hilly re-
gion and has the highest GDP (566.03 billion yuan) and second highest
capita GDP in the province. Wuhu city only accounting for the half GDP
of Hefei city ranks the second, followed byMaanshan city accounting for
only one forth GDP of Hefei city (Anhui Provincial Bureau of Statistics,
2016).

2.2. Data sources and pre-processing

The anonymous individual incidence data of bacillary dysentery dis-
ease was from the National Disease Surveillance System (NDSS), and all
the infected cases were clinically confirmed (Fig. 2). According to the
National Law on Infectious Diseases Control, once every case of infec-
tious diarrhea was confirmed, it should be reported to the local health
department, which must then update the information within 24 h in
the public health system. Therefore, compliance dimension of disease
notification was consistent over the period of our study. Disease data
was provided by the Anhui Provincial Center for Disease Control and
Prevention of China, and ethical approval for the study was achieved
from the Ethics Review Board of School of Public Health, Sun Yat-sen
University, China. The data we obtained were recorded uniformly by
county/district administrative code. Therefore, there was no accurate
information of the patients' addresses.

We quantified the following annual total hydrological variables at
1 km resolution using simulation results from the Seasonal Water
Yieldmodule (SWYM) of InVEST in 2015: Baseflow (BF); Local recharge
(LR); and Quick flow (QF) which is the sum of the 12 monthly QFs. The
outputs of the module represent the aquifer hydrological dynamic that
underline the short-term surface and long-term groundwater water re-
sources. For example, we use the yearly quickflow,which is also known
as stormflow or direct runoff, as an indicator for surface runoff. Because
rapid increases of quickflowdue to the increase of surface runoff and in-
terflow (lateral movement in the soil profile) during the rainfall event
scoured and moved the surface pathogens. Meanwhile the fast-rising
river height might reverse the hydraulic gradient towards the stream.
Therefore, we used the baseflow and local recharge as indicators for
groundwater dynamic. Since groundwater discharge from the shallow
unconfined aquifer is commonly assumed to be the main contributor
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to baseflow (Brodie and Hostetler, 2005). Baseflow is the portion of
streamflow. In the model's output, it was only the delayed shallow
subsurface flow, doesn't include the deep subsurface flow and the
evapotranspirated amount before it reaches the stream. Moreover, dur-
ing the dry period, the unconfined aquifer or other storages (e.g. lake,
wetland…) needs to be fully replenished and has enough water to
maintain the flow to the river. The local recharge represents this process
contributed from upslope area.

In terms of the references, we proposed the conceptual diagram il-
lustrating the transmission mechanisms of the water borne pathogen
(e.g. bacillary dysentery) (Ding et al., 2016; Levy et al., 2016). Excepts
for the flood event, there are three potential pathways for the quick
flow and the baseflow to influence the pathogen transmission (Fig. 3).
The first pathway of the transmission was the contamination of the
drinking water by the movement of the pathogen caused by the runoff
scouring. The second one modified the reason of the movement of the
pathogen by the surface soil water saturation because of the precipita-
tion and runoff. The third onewas the runoff or the streamwater distur-
bance brought out the water turbidity which results in the failure of
the water treatment capacity. The fundamental cause of the infection
is the contact of the contaminated drinking water which is influenced
by the movement of the pathogens and the failure of the water treat-
ment capacity (Mellor et al., 2016). The variation of the pathogens
(including the location and quantity) is dominated by the interaction
of the hydrological variables, the landscape pattern (land use composi-
tion), and the other geographical variables (Colston et al., 2019). There-
fore, 5 land use indicators (percentages of agricultural land, forest, lawn,
waterbody, the built-up area accounting for the whole county/district)
and 2 topographical indicators (elevation and slope degree) were se-
lected to measure the virus' dispersal mechanism. Besides the above
variables, the socioeconomic factors (number of the medical institutes,
number of the medical staff, hospital bed number, and population)
were selected tomeasure themediation between the primary exposure
and the second transmission process. Finally, the virus survival mecha-
nism was measured by the meteorological variables, such as pressure,
temperature, relative humidity, wind speed, precipitation, and evapora-
tion. Please see the Table 1 for all the data sources and Figs. S1–S3 for the
distribution of the meteorological, topographic, socioeconomic factors
(shown in the Appendix file).

The hydrological variables were the output of the SWYM of the In-
VEST model. The soil hydrologic group which is determined from hy-
draulic conductivity and soil depths were converted from Chinese
standard to American standard for the suitability of the model. The
study area was divided into 18 climate zones through the Tyson poly-
gons created by the 18meteorological stations. In terms of the observa-
tion data, we calculated the rain events for each climate zones.
Biophysical table containing two parameters used for the calculation
of the quick flow and evapotranspiration. The curve number (CN) was
tabulated as a function of the local LULC, and soil group. The Kc used
to calculate the potential evapotranspiration (PET) is the vegetation co-
efficientwhich could be obtained by the leaf area index (LAI). The values
of CN and Kcwere guided by themanual of InVest software (Sharp et al.,
2015). Please see the Table 2 for descriptions of all the input data. Expla-
nations of each of the parameters can be found on the website (http://
data.naturalcapitalproject.org/nightly-build/invest-users-guide/html/
seasonal_water_yield.html).
2.3. InVEST SWYM description and the accuracy assurance

InVEST is a toolset including various models for quantifying, map-
ping, valuing the benefits provided by the ecosystem. In this study, we
used the version 3.7.0. The SWYM simulates the hydrological process
in the catchment. In this model, the quick flow represents the genera-
tion of streamflow with watershed residence times of hours to days.
The baseflow is defined as the contribution of a pixel to slow release

http://data.naturalcapitalproject.org/nightly-build/invest-users-guide/html/seasonal_water_yield.html
http://data.naturalcapitalproject.org/nightly-build/invest-users-guide/html/seasonal_water_yield.html
http://data.naturalcapitalproject.org/nightly-build/invest-users-guide/html/seasonal_water_yield.html


Fig. 1. The location of Anhui province by geographical regions.
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flow in themodel. The local rechargemapused in this study refers to the
available quantities which could flow out from this pixel.

Based on the Curve Number (CN) approach (Fangmeier et al.,
2005), where the model uses the mean event depth, the precipita-
tion of each rain events at a given pixel, and assumes an exponen-
tial distribution of daily precipitation depths on days with rain to
calculate the quick flow. The curve number is an experience coeffi-
cient capturing the soil and land cover properties. The higher
4

values of CN have higher runoff potential (e.g. clay soils and low
vegetation cover), lower values are more likely to infiltrate (e.g.
sandy soils and dense vegetation cover). However, the quick flow
for pixels located in streams is set to the precipitation on that
pixel, which assumes no infiltration, only runoff. The module calcu-
lated the monthly QFs values as the intermediate outputs and then
sum them up to export the annual quick flow (QF) as the final
output.



Fig. 2. Distribution of bacillary dysentery cases across Anhui province, 2015.
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Precipitation infiltrate the soil to become local recharge, which can
be negative if a raster pixel does not receive enough water to satisfy
its vegetation requirements (determined by Kc). Therefore, the water
generated upslope of the pixel was calculated as the baseflow of this
pixel which is a function of the amount of flow leaving the pixel and
of the relative contribution to recharge of this pixel. The negative local
recharge represents the zero baseflow. The annual local recharge was
the accumulation of the monthly water budgets.
5

We applied two ways to ensure the simulation accuracy. Firstly,
since the meteorological parameters are the sensitive input parame-
ters of the seasonal water yield module (Sahle et al., 2019). We com-
pared the spatial interpolation methods, such as the inverse distance
weighted (IDW), Kriging, radial basis functions (RBF), global polyno-
mial interpolation (GPI), interpolation with barriers (IWB) through
the “leave-one-out cross validation” and found that the optimal inter-
polationmethod for precipitation (172.23mm) and evapotranspiration



Fig. 3. The conceptual diagram illustrating the relationship between bacillary dysentery and hydrological factors.
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(87.22 mm) was the Kriging method of which the root mean square
error (RMSE) between the predicted and observed values was the
smallest among all the other methods. Please see the appendix table
S1 and S2 for detail information. Secondly, since the flow accumulation
threshold (TFA) controlled the density of the river network (Redhead
et al., 2018), we calibrated it by comparing the real and the simulated
regional river map.
Table 1
The geographical, hydrometeorological, socioeconomic variables, data feature and
sources.

Type Variable Data feature

Hydrological Baseflow, BF 1 km grid raster data, with the unit
mm/km−2 Three variables were the output
of the InVEST model.

Local recharge, LR
Quick flow, QF

Topographical Elevation, ELE 1 km grid raster data, with the unit m.
Slope degree, SD Derived from Digital elevation model

(DEM) data, with the unit degree.
Meteorological Mean Pressure, PRS 1 km grid raster data were interpolated by

the Kriging method in terms of the station
observation data, with the unit hPa, °C, %,
m/s, mm, mm respectively.

Mean Temperature,
TEM
Mean Relative
humidity, RH
Mean Wind speed,
WS
Total Precipitation,
PRE
Total
Evapotranspiration,
EVA

Socioeconomic Land use/land
cover, LULC

The proportion of 5 different land use
types in each county, including agricultural
land, forest, lawn, and construction land
percentage was from the Resource and
Environment Science Data Center, Chinese
Academy of Sciences (http://www.resdc.
cn).

Number of the
medical institutes,
NMI

The statistics data for each county/district
from the 2016 China Cities Statistical
Yearbook.

Number of the
medical staff, NMS
Bed number, BN
Population, POP

6

2.4. Multiple source data integration and Geodetector model

2.4.1. Multiple source data integration
According to the literature investigation, we selected 4 categories of

variables consisted of the statistical and raster data as the factors affect-
ing the incidence of bacillary dysentery. We used the correcting and
conversion methods (e.g., resampling, coordinate transformation, and
geometric correction) on different types of data to build the multi-
source dataset with the uniform coordinate projection system. After
obtaining the spatial distribution of 6meteorological variables, 3 hydro-
logical variables and 2 topographic variables, based on the county/dis-
trict administrative boundaries, we used the zonal statistics function
of Arcmap 10.1 to calculate the average, variation range, minimum
and maximum values for each county/district. Then the case numbers
and the 9 socio-economic variables including 5 land use type percent-
ages indicators and the 4 indicators for the sanitary andmedical services
conditions from the statistical yearbook of each county/district were
combined with the other variables. After this step, the final input data
of Geodetector model was prepared. Each counties/districts of this
dataset had the attributes including topography, meteorology, hydrol-
ogy and human activity. Since the Geodetector method could be used
to analyze category variables (Zuo et al., 2018). The Jenks natural breaks
classified method (Dent, 1999) was applied to the continuous variable
in order to meet the strata requirement of the model.
2.4.2. Geodetector model
The spatial heterogeneity is one of characteristics of the geographical

objects. When the sum of the variances of each strata is less than the
sum of the variances of the whole research area, the stratified heteroge-
neity exists. The similarity of the spatial distribution of the two variables
(e.g. case number vs quick flow) which could be measured by the
Geodetector model demonstrated the causal relationship. Since the
lack of the exact the address and the mobile trajectory of the patients,
the dependent variable of our study is the case number of the county/
district which conforms to the stratification premise of the Geodetector.

In terms of the three geographical divisions, the output (q) of the
factor detection of Geodetector was used to analyze the influence of
the individual factor to the spatial distribution of case numbers, and
the p value of F test was used to determine the significance level

http://www.resdc.cn
http://www.resdc.cn


Table 2
The parameters and the input data of the Seasonal Water Yield module.

Parameters and input
data

Data sources Data description and preprocess Units

Monthly precipitation The China Meteorological Data Service Center
(CMDSC) (http://data.cma.cn)

The average monthly precipitation station data were interpolated by the Kriging
to get the raster dataset without the default values.

1 km resolution

Monthly ET0
(evapotranspiration)

The CMDSC (http://data.cma.cn), Kriging
interpolation

The average monthly evapotranspiration data calculated by Penman-Monteith
formula were interpolated by the Kriging to get the raster dataset without the
default values (Allen et al., 1998).

1 km resolution

LULC (land use/land
cover)

Resource and Environment Science Data
Center, Chinese Academy of Sciences
(http://www.resdc.cn)

The raster data with 6 LULC types and 25 subtypes, including agricultural land,
forest, lawn, water body, construction land, and unused land.

1 km resolution

Elevation Geospatial Data Cloud (http://www.gscloud.cn) The DEM raster data with an elevation value for each pixel. Resample 30 m to
1 km resolution

Soil group Scientific Data Center for Cold and Dry Areas
(http://westdc.westgis.ac.cn)

The raster data with 4 soil hydrologic groups (A, B, C, or D) was classified by the
user's guide (Sharp et al., 2015).

1 km resolution

Climate zones The China Meteorological Data Service Center
(http://data.cma.cn), zoning by building
Tyson polygon

The study region was divided by Tyson polygon in terms of the meteorological
stations. Each polygon as the climate zone was assigned an integer code.

NA

Rain events The CMDSC (http://data.cma.cn) A table with monthly rainfall frequency of each climatic zone for 12 months. A
rain event is defined as >0.1 mm.

Frequency

Threshold flow
accumulation (TFA)

Sensitivity analysis and calibration of the
model

The number of upstream cells that must flow into a cell before it is considered
part of a stream.

NA

Biophysical table Curve number (CN) and Kc CN for each hydrological soil group of 25 subtypes LULC. Kc for each month of 25
subtypes LULC.

NA

Calibration data The CMDSC (http://data.cma.cn) Station observations of the precipitation and evapotranspiration in the study region. mm

Fig. 4. The monthly case number (left axis) and the precipitation (right axis) in Huaibei
plain, Jianghuai hilly and Wannan mountainous regions. (Note: The error bar of the
precipitation is the standard error.)
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(Wang et al., 2016;Wang et al., 2018). If the p value is less than 0.01, the
double asterisk would be used to mark the q value in this study. The q
value could be expressed by the equation as follows (http://www.
geodetector.org/):

qx ¼ 1−
∑
m

p¼1
nσ2

D,p

Nσ2
D,z

ð1Þ

where, qX represents the influence power of each impact variable;
p = 1, 2, …,m is the strata of factor x; D is the potential impact fac-
tor; n and N are the number of samples in the strata and entire re-
gion respectively; σD, p

2 is the variance of the variable in the D
strata; and σD, z

2 represents the variance across the study area.
Assuming σD, z

2 ≠ 0, the model is established. The qx value equates
to 1− sum of discrete variances

discrete variance of population. The large value indicates that the ex-
planatory variable factor has a great influence on the explained var-
iable. The larger the q value is, the stronger the independent variable
X explains the case number, and vice versa.

In order to investigate the interaction effects from the hydrological
factors and the other factors, we used the interaction detection of
Geodetector. The interaction effect of Geodetector is measured by the
similarity of the new variable distribution (X12 = X1∩X2) formed by in-
tersection of variables X1 andX2. Then the comparison between the sum
of q values of the X1 and X2with that of X1∩X2 indicateswhether the in-
teraction between factors X1 and X2 increases or decreases the explan-
atory power of the explained variable Y, or whether the influences of
these factors on Y are independent of each other. Please see the
Eq. (2) for the details.

Weaken, nolinear— : q X1∩X2ð Þ<Min q X1ð Þ, q X2ð Þð Þ
Weaken,uni— : Min q X1ð Þ, q X2ð Þð Þ<q X1∩X2ð Þ<Max q X1ð Þ, q X2ð Þð Þ

Enhance, bi— : q X1∩X2ð Þ>Max q X1ð Þ, q X2ð Þð Þ
Indepent— : q X1∩X2ð Þ ¼ q X1ð Þ þ q X2ð Þ

Enhance,nonlinear— : q X1∩X2ð Þ>q X1ð Þ þ q X2ð Þ

9>>>>>>=
>>>>>>;

ð2Þ

X1 and X2 are two selected independent variables. There are five
types of the comparison results. Usually, the variable with the big single
7

influence is the strong impact factor for the dependent Y.When the sin-
gle and interactive effects of the variable are both large, it should be
the dominant factor. However, the variable with the small single in-
fluence and the big interaction with the other factors needs further
investigations.

3. Results

3.1. Bacillary dysentery cases profile

In 2015, 9734 infectious bacillary dysentery cases were identified in
Anhui province. Among the total cases, the average age was 34.5 years
old (std 28.3), and women cases accounting for 45.0%. There are 2750
cases as children under five years old (28.3%), and 1932 elders over
65 years old (19.8%).

There were obvious seasonal and geographic heterogeneity in the
incidence rate (Fig. 4). The case number in Huaibei plain accounted for
63.32% of the incidence in the whole province. There were obvious

http://www.geodetector.org/
http://www.geodetector.org/
http://data.cma.cn
http://data.cma.cn
http://www.resdc.cn
http://www.gscloud.cn
http://westdc.westgis.ac.cn
http://data.cma.cn
http://data.cma.cn
http://data.cma.cn
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seasonal changes, which were mainly manifested as that the incidence
of the disease remained at a low level from December to April, and in-
creased significantly from May to the first peak in July, and the second
peak occurred in October. The average annual rainfall in Huaibei plain
regionwas low, only 707.1mm,with the peak occurring in June, August
and November (Fig. 4). The case numbers of the Jianghuai hilly and
Wannan mountainous areas accounted for 23.22% and 13.46%, respec-
tively. There were certain seasonal variations with the single peak
shape curve. The highest incidence was in July and June. The average
annual precipitation in these two regions were 1321.6 mm and
1907.6 mm, respectively, with peaks in June and November (Fig. 4).

3.2. Hydrological factors

The spatial distribution of quick flow, baseflow and local recharge of
Anhui Province in 2015with 1 km resolutionwere obtained through the
InVEST model (Fig. 5).The annual average of quick flows for the whole
province (n=105 counties/districts), Huaibei plain (n=30), Jianghuai
hilly (n = 40) and Wannan mountainous (n = 35) regions were
626.09 ± 253.62 (mean ± std), 406.45 ± 95.92, 584.98 ± 174.71, and
861.32 ± 228.86 mm, respectively. The annual average of baseflow for
the whole province was 557.60 ± 291.82 mm. There was the largest
baseflow in the Wannan mountainous region (735.07 ± 317.50 mm),
flowed by the Jianghuai hilly (346.27 ± 106.52 mm) and Huaibei
Fig. 5. Spatial distribution maps of the quick flow, baseflow and local recharge in Anhui Provi
Wannan mountainous (WN) regions and the whole province (ALL) are shown, including t
(whiskers). VR: variation.
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plain regions (560.82± 261.05mm). In the same order as the baseflow,
the annual average of local recharge for the Wannan mountainous re-
gion was the largest (727.75 ± 325.78 mm), flowed by the Jianghuai
hilly (548.58 ± 268.18 mm) and Huaibei plain regions (346.83 ±
105.00 mm). The local recharge for the whole province was 550.66 ±
295.44 mm.

Since theminimum values of the quick flow and the baseflow in dif-
ferent divisions were small which were around 1 to 10 mm. The maxi-
mum values of these two factors were similar with their variations. In
terms of the boxplots, the 5%–95% range of three factors in the Jianghuai
Plain regionwas the smallest representing that the small heterogeneity.

3.3. Individual influence of multiple factors on bacillary dysentery case
number

Huaibei plainwas greatly affected by the extreme value, range of hy-
drological factors, and human activities. For example, the main impact
factors were the maximum and the variation of the local recharge
(q = 0.436⁎⁎ and 0.444⁎), the maximum and the variation of the
baseflow (q= 0.433⁎⁎ and 0.372⁎), population (q = 0.335⁎). Jianghuai
hilly regionwas successively affected by the extreme value of hydrolog-
ical factors, human activities and meteorological factors. For example,
the major impact factors were minimum of quick flow (q = 0.412⁎),
built up area percentage (q = 0.387⁎), minimum of relative humidity
nce. The boxplots of three hydrological factors in Huaibei plain (HB), Jianghuai hilly (JH),
he mean (dot), median, inter-quartile range (25%–75% in the box) and 5% - 95% range
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(q = 0.229⁎). The impact factors for Wannan mountainous region
were complex. While the influences of hydrological factors and me-
teorological factors were greater than the others. For example, the
major impact factors were minimum of quick flow (q = 0.891⁎⁎),
maximum and variation of wind speed (q = 0.517⁎⁎ and 0.403⁎⁎),
built up area percentage (q = 0.399⁎⁎), average baseflow (q =
0.398⁎⁎). As to the whole province, the hydrological factors lost
their influences. Because the population (q = 0.338⁎⁎), agriculture
land (q = 0.329⁎⁎), highest temperature (q = 0.316⁎⁎), the number
of the medical staff (q = 0.311⁎⁎), variation of evaporation (q =
0.289⁎⁎) were the top five individual factors (Fig. 6, Table S3).
Fig. 6. The individual influence of the factors on the bacillary dysentery case number in three d
ELE represents the elevation, SD represents the slope degree, PRS represents the pressure, TEM
speed, PRE represents the precipitation, EVA represents the evapotranspiration, QF represents t
the number of the medical institutes, NMS represents the number of the medical staff, BN rep
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3.4. Interactive impacts of hydrological factors on bacillary dysentery case
number

From the perspective of each region (Fig. 7, Table S4), quick flow in
Huaibei plain only interacted statistical significantly with hydrological
factors, while baseflow and local recharge interacted significantly with
human activity factors, such as agriculture area percentages (q =
0.735⁎⁎ and 0.737⁎⁎), hospital bed number (q = 0.624⁎ and 0.740⁎⁎),
and the metrological factors, such as temperature (q = 0.734⁎⁎ and
0.730⁎⁎). In addition to the strong interactions with other hydrological
factors, the hydrological factors in the Jianghuai hilly region also had
ifferent regions and in the whole province. (Note: VR represents the variation of the range,
represents the temperature, RH represents the relative humidity,WS represents the wind
he quick flow, BF represents the baseflow, LR represents the local recharge, NMI represents
resents the bed number, Pop represents the population, PCT represents the percentage.)



Fig. 7. The top 10 pairs interaction of the hydrological factors with the other factors (QF: quick flow, BF: base flow, LR: local recharge).
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significant strong interactions with many other different factors, such as
the farmland (q= 0.683*) and urban (q = 0.700⁎⁎ and 0.679⁎) percent-
ages,which indicated that the leading factors varied greatly. The baseflow
and local recharge both interacted strongly with the minimum of quick
flow in Wannan mountainous region (q = 0.906⁎⁎ and 0.914⁎⁎). More-
over, the three hydrological factors all had strong interactions with the
wind speed (q = 0.929 ⁎⁎, 0.873⁎⁎, 0.872⁎⁎) in Wannan region.

From the perspective of hydrological factors (Fig. 7, Table S4), quick
flow interacted intensely with other hydrological factors, such as the
variation of local recharge in Huaibei (q = 0.531⁎), mean baseflow in
Jianghuai (q = 0.689⁎) and Wannan regions (q = 0.923⁎⁎). Except for
that, agriculture area percentage (0.683⁎ in Jianghuai region and
0.926⁎⁎ in Wannan region) and relative humidity (0.491⁎ in Jianghuai
region and 0.928⁎ in Wannan region) both had significant interactions
with quick flow in Jianhuai and Wannan regions where the river net-
work shape changes with the increase of the elevation. Baseflow and
local recharge had the similar interaction effects on bacillary dysentery.
For instance, both baseflow and local recharge had the strong interac-
tions with agriculture area percentages in the Huaibei plain (q =
0.735⁎⁎ and 0.737⁎⁎), with built up area percentages in the Jianghuai re-
gion (q= 0.700⁎ and 0.679*), and with the minimum quick flow in the
WannanMountainous region (q=0.906⁎⁎ and 0.914⁎⁎). But in different
regions, the interactions between them and other factors varied. In the
Huaibei and Jianghuai regions, they mainly interacted with human ac-
tivity factors (e.g. agriculture area and built up area percentages, num-
ber of medical staff). While in the Wannan regions, they preferred the
meteorological and hydrological factors (e.g. q of wind speed =
0.873⁎⁎ and 0.872⁎⁎, q of quick flow = 0.914⁎⁎ and 0.906⁎⁎).

From the perspective of thewhole province (Fig. 7, Table S4), the in-
teractions among hydrological factors were weaker than that of the
three regions. The three hydrological factors usually had the strong in-
teractions with the number of medical staff and the agriculture land
10
percentages among the human activity factors. In addition, like the
Wannan regions, the interaction pattern of quick flow in the whole
province had the strong interaction with the relative humidity (q =
0.537⁎⁎). And baseflow and local recharge both interacted strongly
with the maximum temperature (q = 0.566⁎⁎ and 0.558⁎⁎). However,
baseflow of the whole province had the similar interactions pattern
with that of the Huaibei plain, which usually strongly interacted with
population (q = 0.636⁎⁎), agriculture land percentage (q = 0.627⁎⁎),
and temperature (q = 0.566⁎⁎). While interaction pattern of local re-
charge was similar to that of the Huaibei and Jianghuai regions, which
usually strongly interacted with number of medical staff (q =
0.629⁎⁎), agriculture land percentage (q = 0.604⁎⁎), and temperature
(q = 0.558⁎⁎).

4. Discussion

Although prior studies of impact factors of bacillary dysentery infec-
tious diseases have incorporated multiple climatic, hydrological, topo-
graphical, socioeconomic variables, to the best of our knowledge, this
study is the first to quantify impacts of the typical surface and under-
ground hydrological factors together with the various factors under
the consideration of the spatial landscape pattern. Since the causal rela-
tionship between climate and disease not only strictly dependents on
specific ecological mechanisms associated with transmission routes,
also depends on the regulation of the other secondary transmission
routes (Gong et al., 2019; Kraay et al., 2018). Many environmental con-
ditionswhichwere influenced by the degree of country development or
the natural ecological process have the complex and non-linear impacts
on the pathogen community and exposure dynamics (Carlton et al.,
2014; Collender et al., 2019). Our study quantified the direct and inter-
active impact powers of the quick-flow, baseflow and local recharge and
other factors on bacillary dysentery diseases.
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4.1. The single effects of hydrological factors varied in three geographical
regions

We found that the impacts of the single hydrological factor on the
bacillary dysentery across the aquatic-terrestrial interface were differ-
ent for the surface and underground water dynamics. However, all the
hydrological factors had the largest impact powers for the three differ-
ent geographic regions. The baseflow as representing the long-term
water dynamic, had the largest impact power on bacillary dysentery
in the plain region with the parallel shape river network. The condition
inverted in the regionwith the dendritic pattern river network, thatwas
the quick flow dominated the morbidity. The Huaibei plain region with
the parallel shape river network had the majority of bacillary dysentery
cases of the whole province. Although the shape of the river network in
the Huaibei Plain was a pinnate parallel river network that was more
prone to flooding, the rainfall in this area was not much in the province.
Combined with the results showing that the quick flow factor had little
influence in the plain region, we speculate that the movement of path-
ogens caused by shallow surface water flow due to relatively gentle
slope across the landform was not rapid (Anhui Hydrographic Bureau,
2016); therefore, the increase of suspended matter in the river dis-
charge and the loads of water infrastructure facilities were not large.
In contrast, the movement of pathogens caused by long-term dynamic
changes in the plain area had a greater impact on the number of pa-
tients, possibly due to infiltration rate and local porosity of soil. This is
consistent with the finding that there was a lag between the peak of
the bacillary dysentery case number and the time of rainfall in Huaibei
plain.

In the Jianghuai hilly region, quick flow occupied a dominant posi-
tion in the incidence of bacillary dysentery. As it is comprised by the
parts of the watershed of Yangtze and Huai River, ecological flow of
the river discharge and surface runoff nearby the mainstream could in-
volve with a large sediment transport and high turbidity. For the hilly
upstream, as the rainfall in this region was between the plain areas
and mountains regions of the province, the deeper annual runoff
depth and steeper slope's setting than the plain can create a higher
river velocity with larger turbulence (Anhui Hydrographic Bureau,
2016). Therefore, we observed that all counties/districts across this
hilly region had the greatest influence of the minimum quick flow
on bacillary dysentery. This indicated that the surface runoff and
interflow in this area, even if the rainfall was not large, could lead a
significant health risk to the local population. We speculate that
rainstorm-dominated quick flow had a great influence on the move-
ment of pathogens caused by surface scour. This was consistent with
the “runoff effect” proposed by researchers, that is, precipitation
causes short-term “runoff effect” by flushing pathogens into surface
water, re-suspending pathogens in sediments, and making sewage
overflow (Levy et al., 2016).

In the rainy mountainous area of Southern Anhui, the influence of
the minimum quick flow was the largest similar with that of the
Jianghuai Plain region. This showed that even small quick flow of the
surface in mountainous areas had the great effect on the health of
residents caused by themovement of pathogens. The influence of max-
imum wind speed and variation range was also large, but the possible
mechanism behind it is not clear. The influence of the proportion of
urban area in this regionwas also significant. Thismaybe like the reason
that the area ratio of cities in the Jianghuai hills had a greater influence,
or itmay bedue to the drastic change ofmicroclimate. Aswe known, the
impervious surface in urban area increase the surface runoff, and re-
duces the infiltration rate as well as ground-surface water interaction.
Besides, on one hand, the asymptomatic transmission reservoir and
higher rates of infection contribute to the incidence pattern in urban
areas tended to be more epidemiological than in the rural area
(Martinez et al., 2016; White and Greer, 2006). On the other hand, the
impact of landscape pattern on the interface between land and water
(e.g. water quality) was more complex and multi-scale in urban area
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(Shen et al., 2015). Generally, urban land use plays a primary role in
degrading water quality in adjacent aquatic systems (Tong and Chen,
2002; White and Greer, 2006). The influences of baseflow and local re-
charge were smaller than quick flow in this region, suggesting that the
long-term influence of groundwater conditions may still influence the
bacillary dysentery incidence.

Other meteorological factors, such as the significant influence of
temperature on infectious diarrhea, have also been reported (Coffey
et al., 2019; Hao et al., 2019; Moors et al., 2013). Temperature has the
significant influence on the reproduction and transmission of patho-
gens, because the pathogen's own survival conditions are closely af-
fected by temperature. In general, there was a positive correlation
between temperature and diarrheal diseases, except for viral diarrhea
(Levy et al., 2016). One possible explanation for the apparent impact
of the temperature range is that there is an optimum temperature
range for the diarrheal pathogens (Colston et al., 2019).
4.2. The interactive effects in three different geographical regions maintains
robust

From the perspective of interaction effects, the interaction between
quickflow, local recharge and baseflowmaintains the strong robust cor-
relation in the three geographical regions. There is a consistent synergy
between surface and groundwater quality indicators in the same geo-
graphical and meteorological characteristics, which indicates the im-
portance of treating surface and groundwater as an integrated
hydrology and biogeochemistry (Qiu and Turner, 2015).With the eleva-
tion of topographic factors and the change of river network shape, the
interaction between quick flow and other non-hydrological factors be-
comes more and more complex. This trend is also consistent with the
province-wide observation that quick flow interacts strongly with
non-hydrological factors within the province.

Baseflow and local recharge interact strongly with social, economic
and meteorological factors, and the variation trend is not consistent.
From the overall trend, baseflow and local recharge mainly interact
with many human activity factors in Huaibei plain and Jianghuai hill.
However, the acting force of farmland area in Huaibei plain changed
from insignificant as a single factor to strong interaction with baseflow
and local recharge factors. This phenomenon also occurred in the
Jianghuai hill, and the farmland area factor changed from an insignifi-
cant single factor to a significant interactive effect. This may be due to
agricultural irrigation have diversely impacted the river ecosystems
and intensified the water degradation (Levy et al., 2016). As one of the
main grain-producing areas in China, low-rain Huaibei and high-rain
Jianghuai regions have vast dry land and paddy land, respectively.
Since the water withdrawal and irrigation brought by the application
of agricultural facilities lead to water losses from the stream, the use
and management of such water resources will significantly affect the
baseflow regime (Smakhtin, 2001).

In addition, the interactions between urban and water area ratio,
baseflowand local recharge are also strong. Thismay be due to theprev-
alence of gastrointestinal disease in the surrounding areas of Hefei, the
capital city of Anhui province. The region is also home to the province's
largest lake, Chaohu Lake. The complex landscape pattern has a strong
influence not only on quickflow representing short-termwater dynam-
ics, but also on baseflow and local recharge representing long-term
water dynamics. The number of health workers and the number of hos-
pital beds representing the level of health resources in the region also
changed from the previously insignificant influence to the significant
level. The reason for this change may be related to the alteration of
the dose-response effect (Levy et al., 2016). Studies have shown that
even in placeswith better sanitation andwater treatment facilities, tem-
perature, heavy rainfall and flooding significantly affect the risk of diar-
rheal disease (Jagai et al., 2015; Morral-Puigmal et al., 2018; N. Zhang
et al., 2019).
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In themountainous area of southern Anhui, baseflow, local recharge,
quick flow, wind speed and urban area were all single factors with
strong impact powers on bacillary dysentery, and their interaction ef-
fects were always strong. The incidence of bacillary dysentery in moun-
tainous areas is mainly controlled by the single factors with strong
effects, which may be caused by the drastic changes in altitude (Ren
et al., 2016; Thompson et al., 2015).

4.3. The scale effects of different factors arose at the provincial level

At the provincial level, population was themost important factor af-
fecting the case number of bacillary dysentery disease, which is consis-
tentwith previous studies (Alexander et al., 2018;Martinez et al., 2016;
Nichols et al., 2018). The landscapepattern represented by farmland can
better explain the incidence of dysentery than the urban distribution,
and the influence of other meteorological factors was greater than
that of hydrological factors. Although the influence of hydrological fac-
tors was significant in the three geographical regions alone, the influ-
ence intensity declined at the provincial level. This is probably due to
scale (extent) variation, which refers to the overall size of the study
area (Turner et al., 1989). Many studies have reported the change in
the relationship between landscape pattern and water quality caused
by scale variation (Qiu, 2019; Tong and Chen, 2002; Xiao et al., 2016).

In this study, the maximum rainfall and the range of elevation
change were not found to have significant influence on bacillary dysen-
tery disease. However, at the provincial scale, the interactive impacts of
these two factors changed into significant, which was more consistent
with previous studies (Qiu et al., 2019). Thus, objective climate region-
alization tools can be combinedwith observation results to divide broad
geographic regions into smaller regions. The homogeneity of the subdi-
visions in crucial climatic features will facilitate the analysis of driving
forces at different scales, and the identification of the route andmecha-
nism of area-specific pathogen transmission will be enhanced (Colston
et al., 2019).

The impacts of topographic factors on the bacillary dysentery dis-
eases within the Anhui province was weak. The influence of hydrologi-
cal factors in the whole province was weak in individual factors and
their interactions, but it was always strong in three different geograph-
ical regions. It may be because the topography of Anhui province is very
different, and different factors further control the transmission route of
pathogens in more homogeneous geographical regions. The landscape
influences the hydrological process by affecting various physical and
chemical processes in the surrounding environment (Qiu et al., 2018;
Zipper et al., 2020).

We found that rainfall and average relative humidity as two weak
single factors showed a strong interactive impact on bacillary dysen-
tery across the province (q = 0.535). This is inconsistent with the
analysis results presented by Colston et al. (2019). They used the
Global Land Data Assimilation System (GLDAS) data to carry out
cross-scale cohort analysis to study important factors related to rota-
virus infection. In stepwise regression analysis, the rainfall factor
was eliminated because the interaction between rainfall and relative
humidity was not statistically significant. Heavy rain usually in-
creases the risk of diarrhea after a dry period, but decreases it after
a wet period. This is produced by alternation of the concentration ef-
fect, runoff effect and dilution effect (Levy et al., 2016). The concen-
tration effect indicates that at the low relative humidity condition,
the climate is dry enough to allow microbial accumulation in the en-
vironment. Although the runoff effect of early rainfall washes out
pathogens, the concentration of pathogens is diluted with the in-
crease of continuous rainfall, resulting in reduced exposure risk.
Therefore, potential time-dependent mechanisms explaining these
interactions between precipitation and the relative humidity.

This study has some limitations; therefore, research findings should
be cautiously interpreted when the results are applying other studies.
Firstly, although we explore the spatial similarity between various
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factors and the bacillary dysentery case number in 2015 for counties/
cities across three different types of geography areas by applying the re-
liable Geodetectormodel, this cross-sectional study could only illustrate
the spatial causal relationship in terms of the Tobler's First Law of Geog-
raphy, that is “everything is usually related to all else but those which
are near to each other are more related when compared to those that
are further away” (Tobler, 1970). The temporal spatial investigation
would further our understanding on the causal relationship between
bacillary dysentery and hydrological factors. The comparative studies
with longitudinal data could be conducted in the future. Secondly, in
terms of the research target, this study explored the direct and the inter-
active impacts of the hydrological process and bacillary dysentery dis-
ease. While hydrological factors could influence infectious diarrhea via
various linkages related to the spread and infection of pathogen, this
study has not clarified the role of these linkages on the impacts of this
water-borne disease. Future research should deeply untangle themech-
anism and process of hydrological factors affecting the incidence and
spread of bacillary dysentery.

5. Conclusion

Through spatial statistical analysis, our study found that the in-
fluence of hydrological factors on the bacillary dysentery disease
in Anhui province were the major impact factors in three different
geographical regions. Although, the hydrological factors decreased
their impact powers at the provincial level. Moreover, the effects
of short-term and long-term water dynamics factors varied in
different regions. Specifically, in low-rain high-infection Huaibei
plain, local recharge and baseflow had larger individual impact
powers than quick flow. But quick flow was more important in
high-rain low-infection Jianghuai hilly and Wannan mountainous
regions. In different geographical regions, hydrological factors
maintained strong interactions.

The interactions of quick flow with other non-hydrological factors
became more complex with the increase of the elevation and the
change of river network shape. Baseflow and local recharge interacted
strongly with socioeconomic, meteorological factors, and the variation
trend varied in different regions. Our findings revealed the importance
of the hydrological factors and provided the clues for better under-
standing the complex and nonlinear associations between the bacillary
dysentery and the risk factors. These findings will support the develop-
ment of precise public health interventions in reducing bacillary dysen-
tery among high risk geographical areas considering the hydrological
effects. The future region scale study could be improved by the compre-
hensive consideration of the impact factors (e.g. drainage density, dam
and spatializable socioeconomic factors) and the accurate location in-
formation of the patients which enable the analysis boundary to be
the watershed.
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