
International  Journal  of

Environmental Research

and Public Health

Article

Spatial Variations and Influencing Factors of River Networks in
River Basins of China

Yuanhuan Zheng 1, Chunxue Yu 1,*, Huabin Zhou 1 and Jiannan Xiao 2

����������
�������

Citation: Zheng, Y.; Yu, C.; Zhou, H.;

Xiao, J. Spatial Variations and

Influencing Factors of River

Networks in River Basins of China.

Int. J. Environ. Res. Public Health 2021,

18, 11910. https://doi.org/10.3390/

ijerph182211910

Academic Editors: Kwok-wing Chau

and Paul Tchounwou

Received: 18 August 2021

Accepted: 6 November 2021

Published: 12 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Research Center for Eco-environmental Engineering, Dongguan University of Technology,
Dongguan 523808, China; ZhengYH_dgut@163.com (Y.Z.); zhouhb010@163.com (H.Z.)

2 School of Environmental and Civil Engineering, Dongguan University of Technology,
Dongguan 523808, China; mczx607@163.com

* Correspondence: yucx@dgut.edu.cn

Abstract: Analysis of the spatial variations in river networks and the related influencing factors
is crucial for the management and protection of basins. To gain insight into the spatial variations
and influencing factors of river networks between large basins, in this study, three river basins
from north to south in China (Songhua River Basin, Yellow River Basin and Pearl River Basin) were
selected for investigation. First, based on a digital elevation model, different river networks with
six drainage accumulation thresholds of three basins were extracted using ArcGIS. The optimal
networks were determined through fitting the relationship between the accumulation threshold and
related drainage density. Then, we used two indicators, drainage density and water surface ratio,
to characterize the spatial variations of three basins. Finally, Pearson’s correlation coefficients were
calculated between those two indicators and natural/human influencing factors. The results showed
that drainage density and water surface ratio decreased from north to south in China and were
negatively correlated with natural/human influencing factors. Drainage density was more influenced
by natural factors than by human factors, while the opposite was true for water surface ratio. These
findings may provide some basis for the management and protection of the river network.

Keywords: river network characteristics; drainage density; water surface ratio; drainage accumula-
tion threshold

1. Introduction

River networks play an essential role in shaping river morphology [1], maintaining
biodiversity [2,3], and regulating storage and flood control [4,5]. Nowadays, river net-
works are threatened with a reduction in length and area due to both natural and human
activities, leading to serious damage to their functions [6,7]. Therefore, the conservation
and management of river networks has become the focus of current research [8,9].

Understanding river network characteristics is the basis for river network protection
and management [10,11]. River network characteristics (e.g., drainage density, length,
stream length, drainage texture etc.) are indicators that describe the river network in a
basin, and many scholars use them to characterize the spatial patterns and variations
of river networks [12–15]. Heasley et al. found that river network density can indicate
differences in the density and spatial arrangement of network structures within each
basin [16]. Kopp et al. assessed the spatial pattern of river networks using basin area,
network length and drainage density [17]. The characteristics of river networks can be
influenced by human and natural activities [18,19]. For example, Collins et al. analyzed the
river network characteristics in the Colorado and found that increased rainfall under dry
climatic conditions led to increase in vegetation, which suppressed sediment transport and
decreased drainage density [20]. Shao et al. found that an increase the number of reservoirs
in the Pearl River basin reduced the connectivity of the river network [21]. Lin et al. and
Xu et al. found that, influenced by urbanization, the Yangtze River basin river networks
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in the downstream showed a local increase in overall surface ratio and drainage density,
and an overall decrease [22,23]. However, most studies have focused on individual river
networks, and few studies have analyzed spatial variation in river network characteristics
across multiple river basins [24,25]. It is importance to analyze river network characteristics
between multiple river basins. For example, the integrated management of large-scale
rivers and lakes requires consideration of the differences between basins for comprehensive
and effective management. The Yellow River, the second largest river in China, affects not
only the Yellow River basin, but also the Haihe River basin and the Huaihe River basin. For
inter-regional water transfer projects, the differences between basins need to be considered
even more, as in the case of the South to North Water Transfer Project in China and the
North to South Water Transfer Project in the USA. Therefore, there is a need to analyze the
spatial variations and influencing factors of river networks in multiple river basins.

In this study, three river basins (the Songhua River Basin (SRB), the Yellow River Basin
(YRB) and the Pearl River Basin (PRB)) across the north and south of China were selected
as research basins. To obtain river network data, the river network was extracted using
the ArcGIS Hydrological Analysis module based on digital elevation model (DEM) data.
Considering that the river network extracted from the DEM would be influenced by the
resolution of the image map and the algorithm [26], six drainage accumulation thresholds
were designed to generate different river networks. The optimal threshold was selected
to be determined through fitting the relationship between the drainage accumulation
threshold and related drainage density. Two indicators, drainage density and water surface
ratio, were used to analyze the spatial variations of river networks in different basins.
Finally, the influence of natural activities (mean temperature and annual precipitation)
and human activities (mean population density and gross domestic product (GDP)) were
analyzed on the characteristics of the river networks. The present study may provide an
understanding of the characteristics of China’s river network and its spatial variations in
different basins.

2. Study Area and Methods
2.1. Study Area

Three basins have been selected from the ten major water resource zones in China,
north to south, based on different natural and social conditions. The distribution maps
of rivers and lakes within the basins were extracted from the land use data, as shown in
Figure 1. The basin zoning is based on the ten water resource zones in China. The yellow
part indicates the SRB, the green part the YRB and the blue part the PRB. Three basins
cover approximately 24% of China’s land area.

The SRB is located in northeast China, between 41◦42′ and 51◦38′ north latitude and
119◦52′ and 132◦31′ east longitude, covering four provinces. The SRB is surrounded by
mountains on three sides, with the Changbai Mountains in the east, and the Daxinganling
and Xiaoxinganling in the west and northeast, respectively. Also present are the low hills
of the SRB and the basin of the Liao River basin in the south, and a hilly transition zone
between the mountains and the plains. In the center is the Songnun Plain, an important
agricultural area in China [27]. The SRB has a north-temperate monsoon climate with
average temperatures of 2 ◦C. The annual precipitation in the basin is roughly 400~1000 mm,
with a multi-year average of about 500 mm, decreasing from east to west [28].
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west to east across the Tibetan Plateau, the Inner Mongolian Plateau, the Loess Plateau 
and the predominantly Yellow Huaihai Plain. The western region has an average altitude 
of over 4000 m, with snow all year round and mainly glacial landforms; the central area 
is a loess landform with an altitude of between 1000–2000 m. The eastern region is domi-
nated by the Yellow River alluvial plain [30]. The main climate of the YRB is semi-arid 
continental, with an average temperature of around 7 °C. Precipitation is concentrated in 
the south of the middle, upper and lower reaches, while inland areas receive little precip-
itation and evaporation is high [31]. 

The PRB is a composite basin consisting of four river systems: the Xijiang, Beijiang, 
Dongjiang and the Pearl River Delta rivers, between 18°10′ and 26°52′ north latitude and 
102°15′ and 117°11′ east longitude. As a major river in the south, it covers six provinces as 
well as Hong Kong and Macau [32]. It is bounded by deltaic impact plains in the south-
east, hills and basins in the center, the South China Sea in the south, the Yunnan-Guizhou 

Figure 1. Location of the three basins and their river and lake distribution.

The YRB is the geographical and ecological area affected by the Yellow River system
between latitude 32◦8′ and 41◦50′ north and longitude 95◦52′ and 118◦3′ east, covering nine
provinces [29]. The topography of the YRB is in a three-stage gradient, spanning from west
to east across the Tibetan Plateau, the Inner Mongolian Plateau, the Loess Plateau and the
predominantly Yellow Huaihai Plain. The western region has an average altitude of over
4000 m, with snow all year round and mainly glacial landforms; the central area is a loess
landform with an altitude of between 1000–2000 m. The eastern region is dominated by
the Yellow River alluvial plain [30]. The main climate of the YRB is semi-arid continental,
with an average temperature of around 7 ◦C. Precipitation is concentrated in the south of
the middle, upper and lower reaches, while inland areas receive little precipitation and
evaporation is high [31].

The PRB is a composite basin consisting of four river systems: the Xijiang, Beijiang,
Dongjiang and the Pearl River Delta rivers, between 18◦10′ and 26◦52′ north latitude and
102◦15′ and 117◦11′ east longitude. As a major river in the south, it covers six provinces as
well as Hong Kong and Macau [32]. It is bounded by deltaic impact plains in the south-east,
hills and basins in the center, the South China Sea in the south, the Yunnan-Guizhou Plateau
in the west and the Nanling Mountains in the north. The climate in the basin is subtropical
monsoonal with an average temperature of around 20 ◦C. There are high temperatures
and high rainfall in summer and milder temperatures and low rainfall in winter, with
an average annual rainfall of about 1200 to 2400 mm. Due to the high and concentrated
rainfall, floods occur frequently in the middle and lower reaches [33,34].

2.2. Data Sources

This study used 90 m resolution DEM data from three basins in 2015, provided by
the Institute of Geography, Chinese Academy of Sciences. Mean temperature and annual
precipitation were chosen as natural indicators [5], and the data were obtained from the
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China Meteorological Data Network (http://data.cma.cn, accessed on 17 August 2021).
Considering the fluctuation of meteorological data, the meteorological data of 2015, which
is close to the average of a normal year, was chosen for this case. Mean population density
and GDP were chosen as human activity indicators [23], with data from the Urban Statistics
Yearbook. These four impact indicators were applied to carry out correlation analysis of
river network characteristics in the study area. Details are shown in Table 1 below.

Table 1. Values of the four indicators in the three basins in 2015.

Basin
Mean

Temperature
(◦C)

Annual
Precipitation

(mm)

Mean Population
Density

(Person/km2)

GDP (Trillion
RMB)

SRB 2.24 479.68 63.88 5.25
YRB 7.34 398.41 147.15 8.85
PRB 20.46 1770.95 318.61 10.67

Note: SRB represents the Songhua River Basin; YRB represents the Yellow River Basin; PRB represents the Pearl
River Basin.

2.3. Methods
2.3.1. Extraction of the River Network

There are proven techniques to extract river networks from DEM data [35–38]. The
basic idea of DEM-based extraction of the river network is to carry out depression filling,
flow direction calculations, flow statistics, determination of optimal drainage accumulation
thresholds, and vectorization of the river networks.

(1) Depression filling: Original DEM image data can have some data errors resulting in
depressions that interfere with the algorithm to produce unreasonable flow directions [39].
Therefore, before using ArcGIS for hydrological analysis, the depressions in the original
DEM data should be filled in to obtain a depression-free DEM in preparation for the
subsequent flow direction calculations.

(2) Flow direction calculations: One of the key steps in acquiring a river network is
determining the direction of outflow for each element in the raster. Currently, a widely
used algorithm for determining the flow direction is the D8 algorithm, which determines
the flow direction by coding the eight neighboring grids of the central grid [40]. This
method provides a simple and efficient simulation of river flow in its natural state.

(3) Flow statistics: The Flow Calculation module in ArcGIS enables the creation of a
raster image of accumulated flows for each grid. The grid flow represents the accumulative
flow from other grids into this grid. Areas of high flow raster indicate that surface runoff is
more likely to form in that area.

(4) Determination of the optimal drainage accumulation threshold: The key to making
the results of the extracted river network similar to the existing river system of the basin
is to determine the optimal drainage accumulation threshold. In this paper, the optimal
drainage accumulation threshold uses the point at which the relationship between the
drainage accumulation threshold and the drainage density reaches a smoothing. Any grid
above this threshold will be vectorization [41].

2.3.2. River Network Characteristics Indicators

There are a number of indicators that describe the characteristics of a river network
e.g., drainage density, stream order, stream length, bifurcation ratio, drainage frequency,
drainage texture, form factor, circularity ratio, elongation ratio, etc. [25]. In this case,
drainage density and water surface ratio are used to characterize the river network of a
large basin.

Drainage density is the total length of the rivers within a unit area of a basin [14,42,43].
Drainage density reflects the density of the river systems in the basin. Drainage density

http://data.cma.cn
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is related to various factors, such as the climate, geological surface, vegetation cover, soil,
hydrology, and human activities in the area. The formula is calculated as follows:

Dd = LR/A (1)

where Dd is drainage density and LR and A are the total length and total area of rivers in
the basin, respectively.

Water surface ratio, an important indicator to describe the spatial characteristics of a
basin, is the ratio of the area of rivers and lakes to the area of the basin. It is important to
maintain an adequate water surface ratio for urban flood control and the ecosystem service
function of water purification, climatic regulation and biodiversity conservation [44–46].
The water surface ratio (R) is defined as:

R = Aw/AL (2)

where Aw is the total area of rivers and lakes within a certain basin, and AL is the total size
of the basin.

2.3.3. Analysis of Influencing Factors

Pearson’s correlation coefficient (r) was used to analyze the correlation between river
network characteristics and the four influencing indicators (mean temperature, annual
precipitation, mean population density, and GDP). Pearson correlation analysis enables
correlation analysis of linear relationships between variables [47,48]. The definition and
calculation formula of r were, respectively:

r =
Cov(IFi, Areaj)[

S.D.(IFi)× S.D.
(

Areaj
)] (3)

r =
∑
(

IFi − IFi
)(

Areaj − Areaj
)√

∑
(

IFi − IFi
)2

∑
(

Areaj − Areaj
)2

(4)

where IFi is the impact index of item i; Areaj is the characteristic value of river network
in the jth basin; Cov is the covariance function between the variables IFi and Areaj; S.D. is
the standard deviation function; IFi is the IFi variables of average; and Areaj is the Areaj
variables of the average.

3. Results and Discussion
3.1. Spatial Variations in Drainage Density

Based on literature searches and practical studies, it can be found that there is a
multiplicative power function relationship between drainage accumulation thresholds
and drainage density [49,50]. This relationship enables us to establish a quantitative re-
lationship between the threshold and the drainage density. In order to be able to visibly
represent drainage density at different thresholds, six thresholds (3000, 9000, 15,000, 30,000,
60,000, 200,000) were chosen between 3000 and 200,000 thresholds (Figures 2–4). The
drainage density for different thresholds for the length of the river network was calcu-
lated using Equation (1). The first order derivative of the power function relationship
between the drainage accumulation threshold and the drainage density gives the rate
of reduction in drainage density. Finally, combined with the river data in land use, an
appropriate drainage density reduction rate was selected to determine the optimal drainage
accumulation thresholds.
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sparser than that of the SRB and YRB.

3.1.1. Drainage Density in the SRB

Combining Figure 2 and Table 2, it can be found that the larger the threshold, the
smaller the length of the extracted river network and the smaller the drainage density. After
30,000 thresholds, the reduction in density drainage is already below 0.001. By comparison,
the images of the actual river data lie between the 60,000 and 200,000 threshold images.
For this, we chose a threshold of −0.0001 for the drainage density reduction rate as the
optimal drainage accumulation threshold. The optimal drainage accumulation threshold is
133,280 and the drainage density is 0.0250 km/km2.

Table 2. Relationship between drainage density and drainage accumulation thresholds in the SRB.

Total Basin Area
(km2)

Drainage Accumulation
Threshold (103 Threshold)

Length of River
Network (km)

Drainage Density
(km/km2) Dd Reduction Rate

934,802

3 195,291.46 0.2089 −0.03553
9 96,828.45 0.1036 −0.00649
15 72,597.59 0.0777 −0.00294
30 49,069.21 0.0525 −0.00101
60 34,208.96 0.0366 −0.00034

133.28 23,336.27 0.0250 −0.00010
200 19,408.19 0.0208 −0.00005

Comparing the two maps in Figure 5, it can be seen that the better simulation is
shown in the northern Daxinganling region and the eastern Heilongjiang province region.
The rivers in the Songhua River basin extracted from the optimal discharge accumulation
threshold will be denser than those extracted from the land use data. There are three
possible reasons for this difference: one is that the land use data extracted through remote
sensing imagery is constrained by the resolution of imagery. Where the resolution is not
high enough, the extracted river network will ignore small rivers. The second reason is
that the plains are affected by human activity and the width and run-off of the rivers can
be affected so that they are not extracted. The third reason is that a flaw in the algorithm
produces unreasonable parallel river networks, some of which may exist.
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Figure 5. In the SRB, river in land use and the river under the optimal threshold. On the left are the
rivers obtained from the land use data. On the right is the river network extracted with the threshold
133,280.

3.1.2. Drainage Density in the YRB

Analyze Table 3 and Figure 3, compare river data in land use, and select a threshold
between 60,000 and 200,000. Considering the rate of drainage density reduction rate, a
threshold of 126,590 is selected. Therefore, for the YRB, the optimal threshold is 126,590,
with a river network length of 19,543.03 km, and the drainage density is 0.0246 km/km2.

Table 3. Relationship between drainage density and drainage accumulation thresholds in the YRB.

Total Basin Area
(km2)

Drainage Accumulation
Threshold (103 Threshold)

Length of River
Network (km)

Drainage Density
(km/km2) Dd Reduction Rate

795,044

3 135,871.10 0.1709 −0.02899
9 76,437.66 0.0961 −0.00549
15 58,298.67 0.0733 −0.00253
30 40,478.66 0.0509 −0.00089
60 28,261.68 0.0355 −0.00031

126.59 19,543.03 0.0246 −0.00010
200 15,734.78 0.0198 −0.00005

As can be seen in Figure 6, the distribution of the river network within the YRB is
unevenly distributed, showing a sparse distribution in the west and a dense distribution in
the east. The major tributaries of the Yellow River, the Fen, Jing, Wei and Huangshui rivers,
are well modelled. In the middle and lower reaches of the Yellow River (Shanxi and Shaanxi
Provinces), a similar river network can also be modelled from DEM data. In addition,
topography exists where the riverbed is higher than the ground level on both banks in
Bayannur in the Inner Mongolia Autonomous Region, Kaifeng in Henan Province and
Shandong Province. This particular topography can seriously mislead the algorithm and
lead to the river network extracted through the DEM being detached from the main stream.
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126,590.

3.1.3. Drainage Density in the PRB

Analyze Table 4 and Figure 4 in the same way, compare the actual situation, which is
close to the threshold between 60,000 and 200,000. The case where the drainage density
reduction rate is 0.0001 as most optimal threshold is 115,740. Therefore, for the PRB, the
optimal threshold is 115,740 with a river network length of 13,243.02 km, and the drainage
density is 0.0228 km/km2

.

Table 4. Relationship between drainage density and drainage accumulation thresholds in the PRB.

Total Basin Area
(km2)

Drainage Accumulation
Threshold (103

Threshold)

Length of River
Network (km)

Drainage Density
(km/km2) Dd Reduction Rate

578,960

3 84,825.06 0.1465 −0.02449
9 48,316.58 0.0835 −0.00468
15 37,073.07 0.0640 −0.00217
30 26,033.59 0.0450 −0.00076
60 18,310.22 0.0316 −0.00027

115.74 13,243.02 0.0228 −0.00010
200 10,171.17 0.0176 −0.00004

By comparing the two maps in Figure 7, it can be seen that the PRB is well modelled
for the Dongjiang and Beijiang rivers. For the source areas, the South and North Pan River
are extracted better by DEM than from land use data. However, the Qian and Yu rivers,
tributaries of the Xijiang, appear disconnected in Guiping and Guigang, Guangxi Province.
By comparing the actual rivers with the topography and DEM data, there are two possible
reasons for the disconnectedness of the simulation results. Firstly, the existing DEM
resolution does not accurately describe the rivers generated by the complex topography,
resulting in the disconnectedness of the extracted river network. The second is that the
actual water system is too curved, due to severe human interference, to be represented in
the simulation.
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3.2. Spatial Variations in Water Surface Ratio

Data for rivers and lakes were calculated from land use data using ArcGIS. The total
area of rivers and lakes was divided by the basin area using Equation (2) to obtain the
water surface ratio. As can be seen in Table 5, there is little difference in river area between
the three basins, but the difference in lake area and total area is more pronounced. The
area of rivers and lakes in the SRB is approximately twice that of the YRB and three times
that of the PRB. The water surface ratios of the SRB, YRB and PRB decrease in that order.
The water surface ratio of the YRB is very close to that of the PRB, while that of the SRB is
1.5 times that of the YRB or PRB.

Table 5. River and lake areas and water surface ratios in the three major basins in 2015.

Basin River Area (km2) Lake Area (km2)
Total Area of Rivers and Lakes

(km2) Water Surface Ratio

SRB 4032.81 7387.25 11,420.06 0.01221
YRB 3829.82 2491.86 6321.68 0.00795
PRB 3926.60 448.43 4375.03 0.00755

The SRB has a dense network of rivers and numerous lakes, with high water surface
ratios indicating an abundance of water resources in the basin. To the left of the SRB basin,
in Hulunbeier, Inner Mongolia, lies Hulun lake, the fifth largest lake in China, with an area
of over 2000 km2. According to the 2010 survey results [51], the Heilongjiang province
covered by the basin has 243 lakes larger than 1 km2 with a total area of 3241.3 km2; Jilin
province has 181 lakes with a total area of 1402.8 km2. The central northeastern plain area
is an important agricultural growing area with significant anthropogenic influence and a
concentration of rivers and lakes.

The water surface ratio of the YRB is one third less than that of the SRB. The water
resources of the YRB are mainly concentrated in the plateau area at the source of the Yellow
River and in the Loop Plain area. The high plains of Qinghai Province are flat and slow
flowing water and are well recharged by precipitation and ice melt water, creating an
abundance of rivers and lakes. In the Loop region of Inner Mongolia and Ningxia, the
rivers are long and curved, with well-developed tributaries that form numerous lakes.

The PRB has the lowest water surface ratio of the three main basins, but it is very close
to that of the YBR. The PRB is generally rich in water resources, and the river network is
relatively evenly distributed, but almost all the lakes are less than 1 km2. There are no lakes
larger than 1 km2 in Guangxi province within the basin, and there is only one large lake
of 5.5 km2 in Guangdong province [51]. The landscape of the PRB is predominantly hilly,
with a high vegetation cover, and human activities are mainly concentrated in the PRB.
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Overall, the SRB has a high drainage density and high water surface ratio. The YRB
has a high drainage density and low water surface ratio, while the PRB has a low drainage
density and low water surface ratio. Spatial differences in river networks exist in different
basins and exist as a result of a combination of man-made and natural processes.

3.3. Correlation Analysis of River Network Characteristics and Influencing Factors

As shown in Table 6, drainage density and water surface ratio were negatively cor-
related with all four influencing factors. From a mathematical and statistical point of
view, the higher the four influencing factors (annual precipitation, mean temperature,
average population and GDP), the lower the drainage density and water surface ratio will
be. The correlation coefficients between drainage density and these three (mean tempera-
ture, annual precipitation and mean population density) are close to −1. The correlation
coefficient between water surface ratio and GDP also tended to be close to −1 and was
highly significant.

Table 6. Pearson correlation coefficients of drainage density with water surface ratio and four influencing factors.

Mean
Temperature (◦C)

Annual
Precipitation (mm)

Mean Population
Density GDP (Trillion Yuan)

Drainage
density

Pearson related −0.993 −0.978 −0.986 −0.850
Sig. 0.075 0.133 0.108 0.353

Water surface
ratio

Pearson related −0.768 −0.521 −0.800 −0.967
Sig. 0.442 0.651 0.410 0.165

The two influencing factors, annual precipitation and mean temperature, can be con-
sidered natural influences. The other two influencing factors, mean population density
and GDP, can be regarded as human influences. Comparing the absolute values of the cor-
relation coefficients shows that drainage density is slightly more influenced by nature than
by humans. Conversely, the size of the water surface ratio is influenced more by humans.

Mean temperature and drainage density show a significant negative correlation with
a correlation of −0.993. Mean temperature and water surface ratio are not statistically
significant and correlate with a correlation coefficient of −0.768. The correlation coefficient
between drainage density and annual precipitation was −0.978, which was statistically
significant at a correlation level of 0.133. The correlation coefficient between water surface
ratio and annual precipitation was −0.521 and it was significant at 0.651, indicating that
they were not significantly correlated. Mean temperature affects vegetation cover, with
high vegetation cover preventing soil erosion and increasing infiltration, thus reducing
drainage density [20]. The low negative correlation between mean temperature/annual
precipitation and water surface rate may indicate that natural influences contribute less
positively than negatively to water surface rate. Changes in temperature affect rainfall as
well as evapotranspiration, and various water-saving projects by people to increase the
area of water storage will have a positive effect on the water surface rate.

The negative correlation between average population density and drainage density is
also high at −0.986 and is correlated at the 0.108 level. The correlation coefficient between
average population density and water surface ratio is −0.800, which is correlated at the
0.410 level. Watersheds with high levels of anthropogenic activity modify the river to
a high degree; the width of the river shrinks, tributaries increase, and runoff becomes
smaller, thus not being extracted. The correlation coefficient between drainage density and
GDP is −0.850, which is relevant at the 0.353 level. The correlation coefficient between
surface area and GDP is −0.967, which is significant at the 0.165 level, and areas with a
developed GDP take up more of the former rivers and lakes, which can have a negative
impact on drainage density and surface area. The construction of reservoirs and hydraulic
facilities also changes the state of incoming water and affects the state of the rivers and
lakes downstream.
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4. Conclusions

There are a number of limitations and directions for future improvement on the
work presented in this paper. For the river network extraction, it is influenced by two
factors: one is the resolution of the DEM and the other is the drainage accumulation
threshold [26]. This paper focuses on the drainage accumulation thresholds for river
network extraction. However, the resolution of DEM can indirectly affect the accuracy of
river network extraction by influencing the drainage accumulation threshold. If higher
resolution data are available, a rational delineation of large basins and the use of multiple
thresholds for river network extraction could be explored in the next step of the work. For
river network analysis, the uncertainty of influences such as climate change, urbanization
development and other influencing factors does not allow for dynamic analysis of changes
in river network characteristics based on the natural/human activities of a particular
time [52–54]. In the next step of work, analysis of river network characteristics under
uncertainty scenarios such as climate change can be considered.

The aim of this paper is to investigate the spatial differences in river networks of the
three river basins in China and the factors that influence them. The findings show a general
downward trend in drainage density as well as water surface ratio from north to south
in Chinese basins. River network characteristics are significantly influenced by tempera-
ture, rainfall, population density and GDP, and these effects are all negatively correlated.
Overall, comparing the differences in environmental factors in the spatial characteristics
of river networks across multiple basins can provide some guidance when it comes to the
conservation of river networks in multiple basins. Author Contributions: Conceptualization,

C.Y.; data curation, Y.Z.; formal analysis, Y.Z.; funding acquisition, C.Y.; investigation, Y.Z., H.Z. and
J.X.; methodology, Y.Z.; resources, C.Y., H.Z. and J.X.; supervision, C.Y.; validation, Y.Z.; writing—
original draft, Y.Z.; writing—review & editing, Y.Z. and C.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the National Key R&D Program of China (no. 2017YFC0404506),
and the National Natural Science Foundation of China (no. 51979042, 51709045).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rodríguez-Alarcón, R.; Lozano, S. A complex network analysis of Spanish river basins. J. Hydrol. 2019, 578, 124065. [CrossRef]
2. Shao, X.J.; Fang, Y.; Jawitz, J.W.; Yan, J.G.; Cui, B.S. River network connectivity and fish diversity. Sci. Total Environ. 2019,

689, 21–30. [CrossRef]
3. Blanchet, S.; Prunier, J.G.; Vinas, I.P.; Pé, K.S.; Rey, O.; Raffard, A.; Bégné, E.M.; Loot, G.; Fourtune, L.; Dubut, V. A river runs

through it: The causes, consequences, and management of intraspecific diversity in river networks. Evol. Appl. 2020, 13, 1195–1213.
[CrossRef] [PubMed]

4. Bayas-Jiménez, L.; Martínez-Solano, F.J.; Iglesias-Rey, P.L.; Mora-Melia, D.; Fuertes-Miquel, V.S. Inclusion of Hydraulic Controls
in Rehabilitation Models of Drainage Networks to Control Floods. Water 2021, 13, 514. [CrossRef]

5. Yang, L.; Xu, Y.P.; Han, L.F.; Song, S. River networks system changes and its impact on storage and flood control capacity under
rapid urbanization. Hydrol. Process. 2016, 30, 2401–2412. [CrossRef]

6. Shen, Y.; Cao, H.M.; Tang, M.F.; Deng, H.B. The Human Threat to River Ecosystems at the Watershed Scale: An Ecological Security
Assessment of the Songhua River Basin, Northeast China. Water 2017, 9, 219. [CrossRef]

7. Tu, Y.; Chen, K.; Wang, H.Y.; Li, Z.M. Regional Water Resources Security Evaluation Based on a Hybrid Fuzzy BWM-TOPSIS
Method. Int. J. Environ. Res. Public Health 2020, 17, 4987. [CrossRef]

8. Avram, S.; Cipu, C.; Corpade, A.; Gheorghe, C.A.; Manta, N.; Niculae, M.; Pascu, I.S.; Szép, R.E.; Rodino, S. GIS-Based Multi-
Criteria Analysis Method for Assessment of Lake Ecosystems Degradation—Case Study in Romania. Int. J. Environ. Res. Public
Health 2021, 18, 5915. [CrossRef] [PubMed]

9. Yu, C.X.; Yin, X.A.; Yang, Z.F.; Dang, Z. Sustainable Water Resource Management of Regulated Rivers under Uncertain Inflow
Conditions Using a Noisy Genetic Algorithm. Int. J. Environ. Res. Public Health 2019, 16, 868. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jhydrol.2019.124065
http://doi.org/10.1016/j.scitotenv.2019.06.340
http://doi.org/10.1111/eva.12941
http://www.ncbi.nlm.nih.gov/pubmed/32684955
http://doi.org/10.3390/w13040514
http://doi.org/10.1002/hyp.10819
http://doi.org/10.3390/w9030219
http://doi.org/10.3390/ijerph17144987
http://doi.org/10.3390/ijerph18115915
http://www.ncbi.nlm.nih.gov/pubmed/34072948
http://doi.org/10.3390/ijerph16050868
http://www.ncbi.nlm.nih.gov/pubmed/30857314


Int. J. Environ. Res. Public Health 2021, 18, 11910 13 of 14

10. Yan, Y.Z.; Lidberg, W.; Tenenbaum, D.E.; Pilesjö, P. The accuracy of drainage network delineation as a function of environmental
factors: A case study in Central and Northern Sweden. Hydrol. Process. 2020, 34, 5489–5504. [CrossRef]

11. Song, S.; Zeng, L.; Wang, Y.F.; Li, G.; Deng, X.J. The response of river network structure to urbanization: A multifractal perspective.
J. Clean. Prod. 2019, 221, 377–388. [CrossRef]

12. Strahler, A.N. Quantitative analysis of watershed geomorphology. Eos Trans. Am. Geophys. Union 1957, 38, 913–920. [CrossRef]
13. Du, L.J.; Peng, X.; Wang, F. City walking-trace: How watershed structure and river network changes influenced the distribution

of cities in the northern part of the North China Plain. Quat. Int. 2019, 521, 54–65. [CrossRef]
14. Horton, R.E. Drainage-basin characteristics. Eos Trans. Am. Geophys. Union 1932, 13, 350–361. [CrossRef]
15. Shreve, R.L. Stream Lengths and Basin Areas in Topologically Random Channel Networks. J. Geol. 1969, 77, 397–414. [CrossRef]
16. Heasley, E.L.; Clifford, N.J.; Millington, J.D.A. Integrating network topology metrics into studies of catchment-level effects on

river characteristics. Hydrol. Earth Syst. Sci. 2019, 23, 2305–2319. [CrossRef]
17. Kopp, D.; Allen, D. Scaling spatial pattern in river networks: The effects of spatial extent, grain size and thematic resolution.

Landsc. Ecol. 2021, 36, 2781–2794. [CrossRef]
18. Bryndal, T.; Kroczak, R.; Kijowska-Strugala, M.; Bochenek, W. How human interference changes the drainage network operating

during heavy rainfalls in a medium-high relief flysch mountain catchment? The case study of the Bystrzanka catchment (Outer
Carpathians, Poland). Catena 2020, 194, 104662. [CrossRef]

19. Sangireddy, H.; Carothers, R.A.; Stark, C.P.; Passalacqua, P. Controls of climate, topography, vegetation, and lithology on drainage
density extracted from high resolution topography data. J. Hydrol. 2016, 537, 271–282. [CrossRef]

20. Collins, D.B.G.; Bras, R.L. Climatic and ecological controls of equilibrium drainage density, relief, and channel concavity in dry
lands. Water Resour. Res. 2010, 46. [CrossRef]

21. Shao, X.J.; Fang, Y.; Cui, B.S. A model to evaluate spatiotemporal variations of hydrological connectivity on a basin-scale complex
river network with intensive human activity. Sci. Total Environ. 2020, 723, 138051. [CrossRef] [PubMed]

22. Lin, Z.; Xu, Y.; Dai, X.; Wang, Q.; Gao, B.; Xiang, J.; Yuan, J. Changes in the plain river system and its hydrological characteristics
under urbanization—Case study of Suzhou City, China. Hydrol. Sci. J. 2019, 64, 2068–2079. [CrossRef]

23. Xu, Y.; Xu, Y.P.; Wu, L. Changes in river networks and their storage and regulation capacities in the Rapidly Urbanized Taihu
Basin, China. Hydrol. Process. 2018, 32, 3341–3351. [CrossRef]

24. Marinos, R.E.; Van Meter, K.J.; Basu, N.B. Is the River a Chemostat?: Scale Versus Land Use Controls on Nitrate Concentration-
Discharge Dynamics in the Upper Mississippi River Basin. Geophys. Res. Lett. 2020, 47, e2020GL087051. [CrossRef]

25. Rai, P.K.; Chandel, R.S.; Mishra, V.N.; Singh, P. Hydrological inferences through morphometric analysis of lower Kosi river basin
of India for water resource management based on remote sensing data. Appl. Water Sci. 2018, 8, 15. [CrossRef]

26. Deng, Y.; Wilson, J.P.; Bauer, B.O. DEM resolution dependencies of terrain attributes across a landscape. Int. J. Geogr. Inf. Sci. 2007,
21, 187–213. [CrossRef]

27. Yao, Y.; Xie, X.H.; Meng, S.S.; Zhu, B.; Zhang, K.; Wang, Y.B. Extended Dependence of the Hydrological Regime on the Land
Cover Change in the Three-North Region of China: An Evaluation under Future Climate Conditions. Remote Sens. 2019, 11, 81.
[CrossRef]

28. Li, F.P.; Zhang, G.X.; Xu, Y.J. Spatiotemporal variability of climate and streamflow in the Songhua River Basin, northeast China. J.
Hydrol. 2014, 514, 53–64. [CrossRef]

29. Gao, P.; Mu, X.M.; Wang, F.; Li, R. Changes in streamflow and sediment discharge and the response to human activities in the
middle reaches of the Yellow River. Hydrol. Earth Syst. Sci. 2011, 15, 1–10. [CrossRef]

30. Ran, Q.H.; Zong, X.Y.; Ye, S.; Gao, J.H.; Hong, Y.Y. Dominant mechanism for annual maximum flood and sediment events
generation in the Yellow River basin. Catena 2020, 187, 104376. [CrossRef]

31. Deng, X.Y.; Song, C.Q.; Liu, K.; Ke, L.H.; Zhang, W.; Ma, R.; Zhu, J.; Wu, Q. Remote sensing estimation of catchment-scale reservoir
water impoundment in the upper Yellow River and implications for river discharge alteration. J. Hydrol. 2020, 585, 124791.
[CrossRef]

32. Zhang, Q.; Gu, X.H.; Singh, V.P.; Xiao, M.Z.; Xu, C. Stationarity of annual flood peaks during 1951–2010 in the Pearl River basin,
China. J. Hydrol. 2014, 519, 3263–3274. [CrossRef]

33. Yan, D.; Werners, S.E.; Ludwig, F.; Huang, H.Q. Hydrological response to climate change: The Pearl River, China under different
RCP scenarios. J. Hydrol. Reg. Stud. 2015, 4, 228–245. [CrossRef]

34. Liu, F.; Yuan, L.R.; Yang, Q.S.; Ou, S.Y.; Xie, L.L.; Cui, X. Hydrological responses to the combined influence of diverse human
activities in the Pearl River delta, China. Catena 2014, 113, 41–55. [CrossRef]

35. Woodrow, K.; Lindsay, J.B.; Berg, A.A. Evaluating DEM conditioning techniques, elevation source data, and grid resolution for
field-scale hydrological parameter extraction. J. Hydrol. 2016, 540, 1022–1029. [CrossRef]

36. Morisawa, M. Accuracy of determination of stream lengths from topographic maps. Eos Trans. Am. Geophys. Union 1957, 38,
86–88. [CrossRef]

37. John, F.O.; David, M.M. The extraction of drainage networks from digital elevation data. Comput. Vis. Graph. Image Process. 1984,
28, 323–344.

38. Brown, R.A.; Pasternack, G.B. How to build a digital river. Earth Sci. Rev. 2019, 194, 283–305. [CrossRef]
39. Wang, N.; Zhang, X.D.; Chu, X.F. New Model for Simulating Hydrologic Processes under Influence of Surface Depressions. J.

Hydrol. Eng. 2019, 24, 04019008. [CrossRef]

http://doi.org/10.1002/hyp.13963
http://doi.org/10.1016/j.jclepro.2019.02.238
http://doi.org/10.1029/TR038i006p00913
http://doi.org/10.1016/j.quaint.2019.06.014
http://doi.org/10.1029/TR013i001p00350
http://doi.org/10.1086/628366
http://doi.org/10.5194/hess-23-2305-2019
http://doi.org/10.1007/s10980-021-01270-2
http://doi.org/10.1016/j.catena.2020.104662
http://doi.org/10.1016/j.jhydrol.2016.02.051
http://doi.org/10.1029/2009WR008615
http://doi.org/10.1016/j.scitotenv.2020.138051
http://www.ncbi.nlm.nih.gov/pubmed/32217392
http://doi.org/10.1080/02626667.2019.1645957
http://doi.org/10.1002/hyp.13257
http://doi.org/10.1029/2020GL087051
http://doi.org/10.1007/s13201-018-0660-7
http://doi.org/10.1080/13658810600894364
http://doi.org/10.3390/rs11010081
http://doi.org/10.1016/j.jhydrol.2014.04.010
http://doi.org/10.5194/hess-15-1-2011
http://doi.org/10.1016/j.catena.2019.104376
http://doi.org/10.1016/j.jhydrol.2020.124791
http://doi.org/10.1016/j.jhydrol.2014.10.028
http://doi.org/10.1016/j.ejrh.2015.06.006
http://doi.org/10.1016/j.catena.2013.09.003
http://doi.org/10.1016/j.jhydrol.2016.07.018
http://doi.org/10.1029/TR038i001p00086
http://doi.org/10.1016/j.earscirev.2019.04.028
http://doi.org/10.1061/(ASCE)HE.1943-5584.0001772


Int. J. Environ. Res. Public Health 2021, 18, 11910 14 of 14

40. Huang, P.C.; Lee, K.T. Distinctions of geomorphological properties caused by different flow-direction predictions from digital
elevation models. Int. J. Geogr. Inf. Sci. 2016, 30, 168–185. [CrossRef]

41. Paz, A.R.; Collischonn, W.; Lopes Da Silveira, A.L. Improvements in large-scale drainage networks derived from digital elevation
models. Water Resour. Res. 2006, 42. [CrossRef]

42. Tucker, G.E.; Catani, F.; Rinaldo, A.; Bras, R.L. Statistical analysis of drainage density from digital terrain data. Geomorphology
2001, 36, 187–202. [CrossRef]

43. Di Lazzaro, M.; Zarlenga, A.; Volpi, E. Hydrological effects of within-catchment heterogeneity of drainage density. Adv. Water
Resour. 2015, 76, 157–167. [CrossRef]

44. Deng, X.J.; Xu, Y.; Han, L.; Song, S.; Yang, L.; Li, G.; Wang, Y. Impacts of Urbanization on River Systems in the Taihu Region,
China. Water 2015, 7, 1340–1358. [CrossRef]

45. Deng, X.J. Correlations between water quality and the structure and connectivity of the river network in the southern jiangsu
plain, eastern china. Sci. Total Environ. 2019, 664, 583–594. [CrossRef]

46. Gao, C.; Liu, J.; Cui, H.; Wang, Z.W.; He, S. Optimized water surface ratio and pervious surface proportion in urbanized riverside
areas. Environ. Earth Sci. 2014, 72, 569–576. [CrossRef]

47. Zhu, H.; Xu, L.G.; Jiang, J.H.; Fan, H.X. Spatiotemporal Variations of Summer Precipitation and Their Correlations with the East
Asian Summer Monsoon in the Poyang Lake Basin, China. Water 2019, 11, 1705. [CrossRef]

48. Satish Kumar, K.; Venkata Rathnam, E.; Sridhar, V. Tracking seasonal and monthly drought with GRACE-based terrestrial water
storage assessments over major river basins in South India. Sci. Total Environ. 2021, 763, 142994. [CrossRef]

49. Pelletier, J.D. A robust, two-parameter method for the extraction of drainage networks from high-resolution digital elevation
models (DEMs): Evaluation using synthetic and real-world DEMs. Water Resour. Res. 2013, 49, 75–89. [CrossRef]

50. Colombo, R.; Vogt, J.V.; Soille, P.; Paracchini, M.L.; de Jager, A. Deriving river networks and catchments at the European scale
from medium resolution digital elevation data. Catena 2006, 70, 296–305. [CrossRef]

51. Ma, R.H.; Yang, G.H.; Duan, H.T.; Jiang, J.H.; Wang, S.M.; Feng, X.Z.; Li, A.N.; Kong, F.X.; Xue, B.; Wu, J.L.; et al. China’s lakes at
present: Number, area and spatial distribution. Sci. China Earth Sci. 2011, 54, 283–289. [CrossRef]

52. Sharafati, A.; Pezeshki, E. A strategy to assess the uncertainty of a climate change impact on extreme hydrological events in the
semi-arid Dehbar catchment in Iran. Theor. Appl. Climatol. 2020, 139, 389–402. [CrossRef]

53. Ehteram, M.; Mousavi, S.F.; Karami, H.; Farzin, S.; Singh, V.P.; Chau, K.; El-Shafie, A. Reservoir operation based on evolutionary
algorithms and multi-criteria decision-making under climate change and uncertainty. J. Hydroinformatics 2018, 20, 332–355.
[CrossRef]

54. Zhao, C.P.; Huang, Y.H.; Li, Z.H.; Chen, M.X. Drought Monitoring of Southwestern China Using Insufficient GRACE Data for the
Long-Term Mean Reference Frame under Global Change. J. Clim. 2018, 31, 6897–6911. [CrossRef]

http://doi.org/10.1080/13658816.2015.1079913
http://doi.org/10.1029/2005WR004544
http://doi.org/10.1016/S0169-555X(00)00056-8
http://doi.org/10.1016/j.advwatres.2014.12.011
http://doi.org/10.3390/w7041340
http://doi.org/10.1016/j.scitotenv.2019.02.048
http://doi.org/10.1007/s12665-013-2977-8
http://doi.org/10.3390/w11081705
http://doi.org/10.1016/j.scitotenv.2020.142994
http://doi.org/10.1029/2012WR012452
http://doi.org/10.1016/j.catena.2006.10.001
http://doi.org/10.1007/s11430-010-4052-6
http://doi.org/10.1007/s00704-019-02979-6
http://doi.org/10.2166/hydro.2018.094
http://doi.org/10.1175/JCLI-D-17-0869.1

	Introduction 
	Study Area and Methods 
	Study Area 
	Data Sources 
	Methods 
	Extraction of the River Network 
	River Network Characteristics Indicators 
	Analysis of Influencing Factors 


	Results and Discussion 
	Spatial Variations in Drainage Density 
	Drainage Density in the SRB 
	Drainage Density in the YRB 
	Drainage Density in the PRB 

	Spatial Variations in Water Surface Ratio 
	Correlation Analysis of River Network Characteristics and Influencing Factors 

	Conclusions 
	References

