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Abstract
Cholera, as an acute, high-risk and widespread infectious disease, has been studied by
many scholars. Based on the data from <Annals of Epidemics in China over the Past 3000
Years>, this research investigated the spatial distribution of the cholera epidemic and natural environment mechanism of the cholera epidemic in the Jiangnan area, from the year
1820 to 1821. We applied a set of spatial statistical analyses to investigate the spatial heterogeneity and the factors that influence the cholera epidemic in the Jiangnan area. Results
show that: 1) Spatial distribution of cholera epidemic lied at different geographical scales.
The cholera epidemic was highly concentrated in Shanghai, Nanjing and Hangzhou; There
was a north-south difference of cholera epidemic distribution at the regional scale. The cholera epidemic was more concentrated in the north part than in the south part of the Jiangnan
area; Meanwhile, there was an east-west difference in cholera epidemic distribution where
the intensity of the cholera epidemic decreased from east to northwest and southwest. 2) A
land-sea distribution of cholera can be also found. The Chang-Hang line and the Hu-Jia line
were the two boundaries of the cholera epidemic in the Jiangnan area. 3) There was a close
relationship between the distribution of the cholera epidemic and natural environment in the
Jiangnan area. The influence intensity of natural factors on epidemic disasters followed the
order of temperature (0.760) > precipitation (0.663) > river distance (0.413) > river density
(0.398) > elevation (0.395). The present investigation is conductive to establish a prevention
system for public health emergencies, which contributes to the sustainable development of
society and human health.

1. Introduction
Cholera is an acute diarrheal infectious disease, induced by Vibrio cholerae [1, 2] pollution of
food and water. According to the definition of epidemic disaster [3], a large-scale cholera epidemic is called a cholera disaster. From the historical records, a cholera epidemic broke out in
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China during the Jiadao period from the year 1820 to 1821 [4, 5], which can be regarded as
the first large-scale cholera disaster in China. The cholera epidemic occurred in the Jiangnan
area, leading to a highly mortality. The cholera epidemic has been studied extensively from
the perspectives of history [6] and sociology [7, 8]. Previous research of the historical cholera
epidemic [5] was primarily focused on the epidemic’s origin [4], frequency and significance
[9].
Jiangnan area is located in the Yangtze River delta. It is dominated by plains and low hills,
and the south part is higher than the north part. Jiangnan area has a subtropical monsoon climate, experiencing humid and rainy weather all the year. Because of the natural environment,
the Jiangnan area is densely covered with rivers and lakes, and enjoys a reputation as a “water
village”. Flood, drought, and other natural disasters in this area occurred frequently in ancient
times [10–12]. Jiangnan area is one of the most populous and important regions in China,
with a long history of culture, which has a significant influence on China’s society [13]. In the
Jiangnan area, many infectious diseases are environment-related and have existed for hundreds of years, such as malaria [14] and schistosomiasis [15]. The local environment not only
affects food security, but also has a great impact on people’s health status [16, 17]. The humid
warm weather, densely distributed water systems, and rampant flies in the Jiangnan area are
the main causes for the outbreak of the cholera epidemic.
Through combined comprehensive and interdisciplinary analyses, this research investigated the spatial distribution and the mechanism of the cholera epidemic in the Jiangnan area
from 1820 to 1821, to establish a prevention system for infectious disease and public health
emergency.

2. Data and methods
2.1 Data sources
2.1.1 Historical data of cholera epidemic. The historical data of the cholera epidemic
mainly comes from the <Annals of Epidemics in China over the Past 3000 Years> [18], which
is the most detailed collection of epidemic records in China so far. The cholera epidemic during the Jiadao period was a serious epidemic disaster, which became a national health event.
Jiangnan area was the origin and the most affected area of this disaster. Extracted the cholera
data from historical records in the Jiangnan area from the year 1820 to 1821, this research
investigated the relationship between environmental factors and cholera epidemic
distribution.
2.1.2 Geographical environment data. Many research [19] has been conducted to stimulate the ancient natural environment based on the modern environment data. This research
adopted the same method, in which both the terrain data [20] and the climate data [21] were
collected to stimulate the natural environment in ancient times. A spatial analysis tool was
used to extract elevation of both administrative divisions and cholera-affected counties from
remote sensing image data at the county level. Hydrological data were collected from the
<Historical Atlas of China (Volume 8)> [22] for map vectorization.
2.1.3 Administrative division data. Jiangnan area is a geographical area, and a humanistic social area as well. The boundary for the Jiangnan area changes continuously [23]. In this
research, the Jiangnan area included 9 prefectures (city-level administration): Suzhou, Songjiang (Shanghai), Changzhou, Zhenjiang, Jiangning (Nanjing), Hangzhou, Jiaxing, Huzhou,
and Taicang [24]. The year 1820 was chosen as the standard year. The data from the
<Historical Atlas of China (Volume 8)> [22] and the <Comprehensive Table of the Evolution
of the Qing Dynasty’s Political Districts> [25] were collected to draw a geographical base map
to illustrate the administrative divisions of ancient Jiangnan area.
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2.2 Research methods
The cholera epidemic data of this research were collected from historical records. Because the
raw data were qualitatively described, it is difficult to run quantitative statistical analyses. This
research constructed a cholera epidemic database, converted the qualitative description into
quantitative data.
The adopted research model and geographical interpretation were summarized in Table 1.
To understand the relationship between the cholera epidemic and its spatial distribution, this
paper employed the center of gravity method, the epidemic intensity, the nearest neighbor
index, the geographic concentration index, and the imbalance index. The spatial characteristics of the cholera epidemic (i.e., spatial distribution, spatial distribution equilibrium, and spatial distribution correlation) can be assessed. This research also applied the Geographic
Information System (GIS) spatial coupling analysis tools and geographic detector to detect the
environmental influencing factors and to analyze their impact on the cholera epidemic.

Table 1. Research model and interpretation of geographical significance.
Mathematical model

Model interpretation

Geographical significance

di equals to the distance between element i and its
nearest neighbor, n equals to the total number of
points, and A is the area.

The nearest neighbor index method is a basic
method to understand the distribution of
geographical subjects [26]. There are three types of
spatial distribution of point elements: uniform,
concentrated and random [27]. When R = 1, it
tends to be randomly distributed; when R>1, it
tends to be evenly distributed; when R<1, it tends
to be aggregated.

n is the total number of regions, T is the total
number of elements i, and Xi is the number of
elements i in the region.

The geographic concentration index is an
important indicator that reflects the concentration
of geographic subjects [28]. G2(0–100), the larger
the G value, the more concentrated the distribution
of elements; the smaller the G value, the more
dispersed the distribution.

(3)

n is the total number of regions, and Yi is the
cumulative percentage of the place. After all
elements in the region are sorted following a
descending order. It reflects the balanced degree of
the distribution of elements in the region.

The imbalance index reflects the degree of
equilibrium of the distribution of research objects
in different regions [29]. If S = 0, it is evenly
distributed in each city; if S = 1, it is all
concentrated in one city, and the spatial
distribution is extremely unbalanced, where S 2(0–
1).

wi yi

xi and yi are the coordinates of element i, n is the
total number of element i, and wi is the weight of
element i.

The geographic center of gravity method can
identify the geographic center (or density center) of
a group of geographic subjects, and can be used to
analyze the distribution and change of geographic
subjects.

Epidemic intensity: I ¼ 0:25F þ 0:25B þ 0:25D0 þ 0:25T 0 (5)

F is the frequency of the epidemic, B is the breadth
of the epidemic, D is the density of the epidemic, T
is the thickness of the epidemic [30–34], and F’, B’,
D’ and T’ are their standardized values.

The intensity of the epidemic reflects the severity of
the epidemic in a specific area during a specific
period [35].

Differentiation and factor detection:
L
X
Nh s2h
SSW
q ¼ 1 h¼1 2 ¼ 1
SST (6)
Ns
L
X
SSW ¼
Nh s2h ; SST ¼ Ns2

h = 1,. . ., L is the stratification of variable Y or
factor X, that is, classification or partition; Nh and
N are the number of units in layer h and the whole
area, respectively; s2h and σ2 are the layers h and Y
in the whole area, respectively; The variances SSW
and SST are the sum of variance within the layer
and the total variance of the whole region,
respectively.

The value of q is [0, 1], and the larger the value, the
more obvious the spatial differentiation of Y; if the
stratification is generated by the independent
variable X, the larger the value of q, the stronger the
explanatory power of the independent variable X
on the attribute Y; otherwise it is weak. If q = 1,
factor X completely controls the spatial distribution
of Y, whereas q = 0 means that factor X has no
relationship with Y [36].

n
X
pffiffi
2
di An
i¼1

Nearest neighbor index: R ¼

n

(1)

ffiffiffiffiffiffiffiffi�
ffiffiffiffiffi
sffiffiffiffiffiffiffiffi�
2
n
X
Xi
(2)
T
i¼1

Geographic concentration index: G ¼ 100 �

n
X

Yi

100

Imbalance index: S ¼

50ðn þ 1Þ

i¼1
100n 50ðnþ1Þ

n
X

n
X

wi xi
� w ¼ i¼1n
Center of gravity: X
X

; Y� w ¼ i¼1
n
X
wi

(4)
wi

i¼1

i¼1
0

0

h¼1

https://doi.org/10.1371/journal.pone.0248048.t001
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3. Results
3.1 Characteristics of spatial distribution of the cholera epidemic in the
Jiangnan area
In this section, the results of spatial distribution, spatial distribution equilibrium and spatial
distribution correlation are presented.
3.1.1 Spatial distribution. The nearest neighbor index method measures the distance
between geographical subjects (formula (1)). Results indicated that the average observation
distance of 11.27 km was less than the theoretical average distance of 17.45 km, and the
nearest neighbor index was determined as R = 0.646<1. Each cholera-affected county was
marked as a spot. Cholera-affected counties were clustered into various groups of spot.
The spot distances within the same group were relatively small, while it was far from each
other between different groups. For example, Suzhou and Songjiang prefecture both had
the cholera epidemic, and cholera-affected counties in these two prefectures were closely
connected.
3.1.2 Spatial distribution equilibrium. The geographic concentration index (formula
(2)) of cholera-affected counties in the Jiangnan area was calculated (G = 37.12), which was
higher than the average geographic concentration index (G = 33.33). It indicated that choleraaffected counties were concentrated during the Jiadao period at the county level. The imbalance index of cholera-affected counties (S = 0.30>0) was calculated based on (formula (3)).
The result showed that cholera-affected counties were unevenly distributed. Suzhou, Songjiang, and Changzhou prefecture accounted for 54.35% of the total number of cholera-affected
counties in the Jiangnan area; Jiangning, Zhenjiang, and Hangzhou prefecture accounted for
17.39% of the total number of cholera-affected counties in the Jiangnan area.
Analyses of both concentration index and imbalance index indicate an uneven distribution
of cholera epidemic in Jiangnan area.
3.1.3 Spatial distribution correlation. This research applied the geographic detector
Getis-Ord Gi� to measure the spatial correlation of the cholera epidemic in the Jiangnan area.
The natural breakpoint classification method (Jenks) was used to divide the Jiangnan area into
5 classes, and the values were ranked in descending order as shown in Fig 1 as follows: hot spot
area, sub-hot spot area, transition zone, sub-cold spot area, cold spot area. There was an eastwest difference in cholera epidemic distribution in the Jiangnan area. Results showed that statistically significant high-high (hot spot area) areas were clustered in the east of Jiangnan area,
while the low-low (cold spot area) areas were clustered in the west of the Jiangnan area. From
east to west, different hot zones can be identified as follows: hot spot area, sub-hot spot area,
transition zone, sub-cold spot area and cold spot area.
The high clustered areas and the low clustered areas were compared as tabulated in Table 2.
It was found that 24 counties for hot spot / sub-hot spot areas accounted for 53.33% of the
total number of cholera-affected counties in the Jiangnan area, among which, 16 counties
belonged to hot spot areas and accounted for 35.56% of the total number of cholera-affected
counties. On the contrary, 15 counties for cold spot / sub-cold spot areas accounted for 33.33%
of the total number of cholera-affected counties in the Jiangnan area, among which, 7 counties
belonged to cold spot areas and accounted for 15.56% of the total number of cholera-affected
counties in the Jiangnan area. A core-edge structure was centered in Songjiang (Shanghai),
Hangzhou, and Jiangning (Nanjing) prefecture, among which Songjiang prefecture had the
highest value among hot spot areas. Hangzhou and Jiangning prefecture had the lowest value
among cold spot areas. The geographical distribution of hot-cold spot area indicated an eastwest distribution of cholera epidemic in the Jiangnan area.
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Fig 1. Hot and cold spots of the cholera epidemic in the Jiangnan area from 1820 to 1821 (Copyright hold by the
authors).
https://doi.org/10.1371/journal.pone.0248048.g001

3.2 Spatial distribution of the cholera epidemic in the Jiangnan area
3.2.1 North-south distribution of the cholera epidemic. In this section, spatial heterogeneity is mainly used to study the spatial distribution of cholera disease. One of the major
research questions is to understand the geographical distribution of the cholera epidemic in
the Jiangnan area. Taking both administrative division and population distribution into consideration, this research is the very first to draw a geographical boundary of cholera in the
Jiangnan area.
At the regional scale, there was a north-south difference for the distribution of the cholera
epidemic. Jiangnan area consisted of the southern Jiangsu area and the northern Zhejiang
area. Southern Jiangsu area included Suzhou, Songjiang, Changzhou, Taicang, Jiangning, and
Zhenjiang prefecture; Northern Zhejiang area included Hangzhou, Jiaxing, and Huzhou prefecture. Results showed that there were more epidemic disasters in the northern Jiangnan area
than in the southern Jiangnan area. There were 32 cholera-affected counties in the southern
Jiangsu area, and the number of cholera-affected counties accounted for 11.85% of the total
number of cholera-affected counties in the Jiangnan area. There were13 cholera-affected counties located in the northern Zhejiang area, which accounted for 9.63% of the total number of
Table 2. Distribution of hot and cold spots of the cholera epidemic at the county level in the Jiangnan area from
1820 to 1821.
Hot/cold spot area

County number

Percentage (%)

Cold spot area

7

15.56

Sub-cold spot area

8

17.78

Transition area

6

13.33

Sub-hot spot area

8

17.78

Hot spot area

16

35.56

https://doi.org/10.1371/journal.pone.0248048.t002
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cholera-affected counties in the Jiangnan area. Results indicated that there were more cholera
diseases in the north and fewer cholera diseases in the south.
The center of gravity (formula (4)) calculated the coordinates of the geographical center of
cholera-affected counties. All derived coordinates were located on the geographical base map
of the Jiangnan area (Fig 2). Results showed, in 1820, the gravity center of the cholera epidemic
was between Qingpu and Kunshan county (121˚7’6.955” E, 31˚ 16’35.873” N). In 1821, the
gravity center of cholera epidemic moved westward to Wuzhong county (120˚29’45.09"E, 31˚
10’50.621"N). The overall gravity center between Wujiang and Wuzhong county (120˚
390 11.279@E, 31˚120 28.258@). All gravity centers were located in the southern Jiangsu area.
Results showed that the cholera epidemic mainly occurred in southern Jiangsu area.
3.2.2 Distribution characteristics of the cholera epidemic. The intensity of the cholera
epidemic reflects the severity of epidemic in a specific area during a certain period. At the prefectural scale, the epidemic intensity was calculated (Fig 3) (formula (5)). The cholera epidemic
distribution in the southern Jiangnan area shows a decreasing trend from east to the northwest
and southwest. As shown in Fig 3, Songjiang prefecture had the highest epidemic intensity
(0.94), while Hangzhou (0.071) and Jiangning (Nanjing, 0.00) prefecture had two of the lowest
epidemic intensities.
The origin of the cholera epidemic can be speculated based on the interpretation of the
decreasing trend. During the Kangxi period (1662–1722), Shanghai county was first established as a local port. During the Qianlong and Jiaqing period (1736–1820), it gradually
became a national commercial port and a grain logistical center. During the Jiadao period
(1820–1821), not only famous for its business reputation, but Shanghai county was also known
as the origin of the cholera epidemic. Result indicated that Songjiang prefecture, where Shanghai county was located, had the highest cholera epidemic intensity in the Jiangnan area. And
Shanghai county had the highest intensity in the Songjiang prefecture.
The severity of cholera decreased with distances from Shanghai county. Results indicated
that the distance from epidemic origin was more significant on the distribution of cholera

Fig 2. Geographical distribution of the cholera epidemic in the Jiangnan area from 1820 to 1821 (Copyright hold
by the authors).
https://doi.org/10.1371/journal.pone.0248048.g002
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Fig 3. Epidemic intensity of the cholera epidemic in the Jiangnan area from 1820 to 1821.
https://doi.org/10.1371/journal.pone.0248048.g003

epidemic than population. In 1820, the population of the northwest Jiangning prefecture was
5.252 million, and the population of the southwest Hangzhou prefecture was 3.197 million
[36]. These two areas had similar population with Shanghai county. Because the distance of
the two areas were far from the epidemic origin, the epidemic intensities were much lower
than Shanghai county.
3.2.3 Land-sea distribution of cholera epidemic. The estuaries of Yangtze River and
Qiantang River encircled a coastal hinterland. Changzhou county and Hangzhou county were
the two counties that located near the estuaries. We drew a line between Changzhou county
and Hangzhou county and named it Chang-Hang line (Fig 2). Results showed there was a significant land-sea difference in the cholera epidemic distribution in the Jiangnan area. There
were 35 cholera-affected counties located on the east side of the Chang-Hang line, which
accounted for 77.78% of the total number of cholera-affected counties. This area was located
in the impact plain of the Yangtze River delta. The Yangtze River and the Qiantang River flow
into the East China Sea. This terrain was featured by low land and intensive water networks.
The combination of alkaline river-water, suitable temperature, and humidity was conducive to
the survival and reproduction of Vibrio cholerae. Similarly, Huzhou county and Jiaxing county
were the two counties that located at the division between the southern Jiangsu area and the
northern Zhejiang area. We drew a line between Huzhou county and Jiaxing county and
named it Hu-Jia line (Fig 2). A fan-shaped area (Fig 2) was encircled by the Chang-Hang line,
the Hu-Jia line and the coastline. There were 27 cholera-affected counties in this fan-shaped
area, accounted for 60% of the total number of cholera-affected counties. In terms of epidemic
intensity, it was the most cholera-affected area, where Songjiang prefecture (0.94), Suzhou prefecture (0.84), Taicang prefecture (0.78), and Changzhou prefecture (0.74) ranked the top four
cholera-affected prefectures. From the results, the Chang-Hang line and the Hu-Jia line were
geographical boundaries of the cholera epidemic in the Jiangnan area.

3.3 Natural environment mechanism of the cholera epidemic
Modern science has proved that many factors can affect the cholera epidemic. Climatic and
geographical factors play significant roles in determining the cholera epidemic [37]. Topographic factors, climatic factors, and hydrological factors were therefore selected to investigate
the influence on cholera distribution in this research.
3.3.1 Terrain factor. In this research, the topographical data were divided into 5 classes.
The elevation topographic map (DEM) was overlaid on the cholera epidemic distribution map
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of the Jiangnan area to investigate whether there were any relationship between the cholera
epidemic and elevation.
Results showed that the cholera epidemic was more likely to occur in lowland. It was
because early settlements for human beings were concentrated in plains [38]. Table 2 shows
that there were 5 cholera-affected counties with an elevation below 5 m, accounted for 11.11%
of the total number of the cholera-affected counties; There were 32 cholera-affected counties
with an elevation below 10 m, accounted for 71.11% of the total number of the cholera-affected
counties; and there were 41 cholera-affected counties with an elevation below 20 m, accounted
for 91.11% of the total number of cholera-affected counties. On the other hand, there were 4
cholera-affected counties with an elevation above 20 m, accounted for 8.89% of the total number of cholera-affected counties.
Results also indicated that geographical boundaries, mountains, prevented cholera epidemic from pervasion. There was no evidence of the cholera epidemic in mountainous areas.
No cholera record was found in Yuqian county, Changhua county, Lin’an county, or Xiaofeng
county where they were the mountainous area in the Jiangnan area.
3.3.2 Climate factors. Jiangnan area located in the subtropical zone. The suitable temperature and precipitation provided a comfortable environment for the survival and reproduction
of Vibrio cholerae [39]. The interpolation method was used to extract average annual temperature and precipitation of places with the cholera epidemic.
In terms of temperature, the cholera epidemic was more likely to occur in cold places rather
than in hot places. The Vibrio cholerae was sensitive to heat and dryness [40]. Results showed
that 88.89% of the cholera-affected counties with an average annual temperature below
16.92˚C.; There were 27 cholera-affected counties with an average annual temperature below
16.74, accounted for 60% of the total number of cholera-affected counties, And there were 16
cholera-affected counties with an average annual temperature below 16.52, accounted for
35.56% of the total number of the cholera-affected counties in the Jiangnan area.
In terms of precipitation, the cholera epidemic was more likely to occur in humid places
rather than in dry places. Results showed that there were 35 epidemic-affected counties with
an average annual rainfall above1130 mm and accounted for 77.77% of the total number of the
cholera-affected counties; The cholera-affected counties with an average annual rainfall below
1080 mm only accounted for 4.44% of the total number of the cholera-affected counties in the
Jiangnan area.
Results indicated that the Vibrio cholerae had a strong dependency on water. The tropical
cyclones moved to the north-west Pacific Ocean and landed in the Jiangnan area, with storm
surges. The Meiyu front-heavy rain process brought a large amount of precipitation and
caused flood. The large amount of river water was polluted with Vibrio cholerae [10]. People
drank polluted river water and got infected. According to the historical record, in the twentyfifth year of Jiaqing period (1820), there was serious blood on July 27, people drank the polluted river water and got sick. A cholera epidemic then broke out in Hepu county in the following August.
3.3.3 Hydrological factors. River systems play a significant role in the distribution of the
cholera epidemic. Results shown in Table 3, with an increasing of river density, it was more
like to have cholera-affected counties in the Jiangnan area. Within 3 km of a river, there were
35 cholera-affected counties, accounted for 77.78% of the total number of cholera-affected
counties; The 51.11% of the cholera-affected counties were within 2 km of a river in the Jiangnan area.
This research measured both the shortest distance from the water source to the choleraaffected county and the total length of the water network in the county, and calculated the density of the river network. In terms of the density of the river network, there were 35 cholera-
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Table 3. Spatial coupling relationship between epidemic county quantity and natural environment division.
Variable
Percentage of affected counties (%)

Elevation (m)
<5

6–10

11–20

21–30

>31

11.11

60.00

20.00

6.67

2.22

Variable
Percentage of affected counties (%)

Temperature (˚C)
<16.52

16.52–16.74

16.74–16.96

16.96–17.18

>17.18

35.56

24.44

32.50

2.22

8.89

1130–1180

1180–1230

>1230

33.33

13.33

31.11

Variable
Percentage of affected counties (%)

Precipitation (mm)
<1080

1080–1130

4.44

17.78

Variable
Percentage of affected counties (%)

River distance (km)
<1.00

1–2.00

2–3

3–5

>5

28.89

22.22

26.67

6.67

15.56

River network density (m/km2)

Variable
Percentage of affected counties (%)

<30

30–55

55–75

75–100

>100

4.44

17.78

17.78

11.11

48.89

https://doi.org/10.1371/journal.pone.0248048.t003

affected counties had a density of river network above 55 m/km2, accounted for 77.78% of the
total number of cholera-affected counties; The 48.89% of the cholera-affected counties had a
density of river network above 100 m/km2 in the Jiangnan area.
The Jiangnan area is covered with densely distributed water systems, such as the Yangtze
River, Qiantang River, and Taihu Lake. Due to the lack of water purification system, people
had to drain waste-water into river without purification. Toilet flushing water directly polluted
into river. The Vibrio cholerae polluted river water caused bluebottle to breed. From this, people’s daily life-style made the situation worse, and aggravated the cholera epidemic [41].
Besides, small boats were the main vehicles for daily transportation in the Jiangnan area in
ancient times. It is likely to transmit Vibrio cholerae though water channels by boats.
3.3.4 Impact evaluation. The Geodetector was used to detect the influencing factors of
the cholera-affected areas in this research. Because of the advantage for processing variables,
the Geodetector is widely used in public health [42–44] and urban-rural geography research
[44, 45].
This research quantified the effect of influencing factors of cholera by comparing the accumulated dispersion variance of each stratum with the dispersion variance of the Jiangnan area.
The F-test method was used to demonstrate whether the accumulated variance of each stratum
was significantly different from the variance in the Jiangnan area. Table 3 presented the power
of each influencing factors of the cholera disease. Q-statistics in Geodetector is an indicator for
the contribution to the spatial heterogeneity of the cholera disease, where a higher q value indicates a stronger contribution. The factor detector formula (6) can detect the explanatory
Table 4. Q-statistics of influencing factors.
Influencing factors

q-statistics

Temperature

0.760

Precipitation

0.663

River distance

0.413

River density

0.398

Elevation

0.395

https://doi.org/10.1371/journal.pone.0248048.t004
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Table 5. Interaction between influencing factors.
X1

X2

X3

X4

X5

X1

0.66

X2

0.95

0.76

X3

0.99

0.93

0.40

X4

0.93

0.99

0.99

0.40

X5

0.99

0.99

0.97

0.99

X6

0.41

X1: Precipitation, X2: Temperature, X3: Elevation, X4: River density, X5: River distance.
https://doi.org/10.1371/journal.pone.0248048.t005

power of factors on geographical subjects. Results (Table 4) showed that natural factors influenced the spatial distribution of the cholera epidemic in the Jiangnan area. The influencing
intensities of natural factors of the cholera epidemic followed the order of temperature (0.760),
precipitation (0.663), river distance (0.413), river density (0.398), and elevation (0.395). Climate factors had the greatest intensity, followed by hydrological factors and topographic factors. Results suggested that all factors influenced the distribution of cholera disease. Climate
factor (temperature) had the greatest influence on the intensity of cholera epidemic, followed
by hydrological factors (precipitation, river distance, river density) and topographic factor
(elevation).
The interaction between different influencing factors was presented in Table 5. The q-statistics values of X1, X2, X3, X4, and X5 represented the precipitation, temperature, elevation,
river density, and river distance respectively. Results showed that all interactive q-statistics values were greater than the value of a single factor. For instance, the q-statistics value of X1 was
0.66, which was smaller than any combinations between X1 and other influencing factors. This
demonstrated that the interplay influence of factors played a significant role in the spatial distribution of the cholera epidemic in the Jiangnan area.

4. Discussion
In this research, the most accurate and authoritative historical materials of the cholera epidemic were collected. Because of data-integrity and consistency, the uncertainty in data is
inevitable. Having modern terrain data and climate data, a picture of the natural environment
of the ancient Jiangnan area is taken, which helps to investigate the association between the
spatial distribution of cholera epidemic and the natural environment. The use of the modern
method to simulate the historical natural environment is useful, however, there are certain
limitations for the mathematical methods. Further statistical research is needed to be done.
Many factors contribute to the outbreak of the cholera epidemic, and influence the distribution of the cholera epidemic. In this research, the physical geography factors are taken into
consideration. The health influence of population’s demographic characteristics, social-economic status and interaction of health related factors on the cholera epidemic should be investigated in the future.

5. Conclusions
In the present work, the spatial distribution and the natural environmental mechanism of the
cholera epidemic in the Jiangnan area from 1820 to 1821 are systematically investigated. The
following conclusions can be drawn:
1. The distribution of the cholera epidemic was geographically uneven. About 54.35% of the
total cholera-affected counties in the Jiangnan area were concentrated in Suzhou,
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Songjiang, and Changzhou prefectures. A north-south difference in cholera epidemic distribution in the Jiangnan area was significantly different among regions.
2. There was a land-sea difference of distribution for the cholera epidemic. The cholera epidemic was likely to break out near water areas. The Chang-Hang line and the Hu-Jia line
were the geographical boundaries of the cholera epidemic in the Jiangnan area.
3. The physical geography factors had a significant influence on the cholera epidemic in the
Jiangnan area. The humid and low land areas were most likely to have cholera epidemic.
The intensity of influencing factors were: temperature (0.760)> precipitation (0.663)>
river distance (0.413)> river density (0.398)> elevation (0.395).
4. During the Jiaodao period (1820–1821), cholera epidemic was widespread in China.
Suzhou and Songjiang prefecture experienced the most serious cholera epidemic in the
Jiangnan area. Big cities played the most significant role in preventing epidemic. Establishing a health protection system and improving public facilities are crucial to prevent public
health events.
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