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Simulation and Prediction of Soil Erosion in Daning
River Basin

Wenqian Bai , Huiru Hu, Li He , Zhengwei He , and Yang Zhao

Abstract—Calculating soil erosion intensity and predicting its
change trend is essential for the precise implementation of control
measures. We had estimated and quantitatively analyzed the cur-
rent situation of soil erosion in the Daning River Basin in 2008,
2013, and 2018 using the revised universal soil loss equation model.
We also analyzed the correlation between distance from the river,
elevation, and slope, followed by the analysis and prediction of the
soil erosion in the Daning River Basin in 2023 by constructing a
cellular automaton (CA)-artificial neural network (ANN)-Markov
model. The results demonstrated the total soil erosion to be 798.49,
746.38, and 628.78 104 t in 2008, 2013, and 2018, respectively. The
overall trend of soil erosion was found to be decreasing and the
spatial distribution of soil erosion was strongly correlated with
the distance from the river, elevation, and slope. Based on the
CA-ANN-Markov model prediction, the trend of soil erosion from
2018 to 2023 is consistent with that from 2008 to 2013. Light,
moderate, and intense erosion demonstrated an increasing trend,
whereas slight, very intense, and intense erosion demonstrated a
decreasing trend. By estimating and predicting soil erosion in the
Daning River Basin, this article provides a reference for ecological
restoration and the control of soil erosion in small watersheds under
similar environments.

Index Terms—Cellular automaton (CA)-artificial neural
network (ANN)-Markov, Daning River Basin, quantitative
evaluation, revised universal soil loss equation (RUSLE), soil
erosion.

I. INTRODUCTION

SOIL erosion has caused serious impacts on the current
global ecosystem security and protection systems [1], [2].

Soil erosion leads to an imbalance in soil stability while causing
beneficial nutrient loss essential for crop growth [3], [4]. The eu-
trophication of water resources exacerbated by the nitrogen and
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phosphorus carried in the produced sediment [5], [6] also poses
a threat to water resources security and may lead to droughts
[7]. At the same time, a large amount of sediment produced
by erosion enter the water body, which not only pollutes the
watershed [8] but also its accumulation causes siltation and
elevation of the riverbed. Moreover, it could lead to the occur-
rence of flood hazards [9] and seriously endanger urban safety
[10]. Soil erosion as an environmental problem could seriously
affect ecological quality. Therefore, it is the focus of current
environmental protection work and a hot spot for research.

Numerous models are available for the assessment of regional
soil erosion. Among them, assessment models can be divided
into two main categories. One is the physical-based process
model, such as the Water Erosion Prediction Project (WEPP)
[11] and the European Soil Erosion Model [12], which require
large amounts of measured data and are difficult to implement
in large-scale areas. The other is empirical models such as soil
loss equation (USLE) [13], modified USLE (MUSLE) [14],
and the revised universal soil loss equation RUSLE [15]. The
USLE, which was adopted in the 1830s and 1840s [13], is more
widely used. However, it has drawbacks such as overestimation
of soil erosion on low-erosion plots and underestimation of
predictions for high-erosion plots [16], [17]. It is only suitable for
gentle sloping areas rather than areas with high complex slopes
[18]. Based on this, the MUSLE [14] was proposed to solve
this problem. The rainfall factor is replaced by a runoff factor
and the hydrological procedure for sand production prediction
is optimized. The MUSLE was developed for specific field
conditions and its application without calibration could lead
to a large number of errors. Therefore, the original USLE has
been revised again as the revised universal soil loss equation
(RUSLE) [19] but was improved based on experimental data,
algorithms, theoretical interpretations of different landforms,
soil types, land use types, soil conservation measures, and cli-
matic factors compared to traditional studies [20]–[22]. RUSLE
added the ability in USLE to process crops correctly. RUSLE
can more efficiently handle nonuniform slopes (concave and
convex slopes) [23], [24]. The modified RUSLE model has rela-
tively high accuracy and applicability. Therefore, it is gradually
being used worldwide for soil erosion estimation [25]. Mean-
while, with the emergence of geographic information system
(GIS) and remote sensing (RS) technologies, large-scale studies
on soil erosion can be performed [26]–[28]. Current research
applications of RUSLE’s model are dedicated to the subdivided
geospatial regions and special environmental conditions for
soil erosion prediction [29]–[31], with further improvements
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in modeling accuracy and applicability [20]. The above studies
mostly optimized the model structure and improved the param-
eters. However, there are relatively few studies on time-scale
prediction while considering the complex ecological and geolog-
ical environment under the pressure of mountainous watershed
topography. Moreover, the Three Gorges Reservoir (TGR) stor-
age made it difficult to accurately evaluate and predict the soil
erosion in the Daning River Basin. Therefore, using a reasonable
evaluation system and selecting suitable evaluation factors for
the accurate evaluation of soil erosion in the area are important
for the development of soil and water conservation work.

This article proposes to use a prediction model of soil erosion
consisting of three parts: the cellular automaton (CA) model
[32], the artificial neural network (ANN) model [33], and the
Markov model [34]. The CA model is a complete tool for soil
erosion change analysis, which can obtain the change trends
predicted by soil erosion and the conversion rules of soil ero-
sion through ANN, which in turn simplifies CA to define the
conversion rules [35]. Markov can calculate the change in the
transition probability matrix of soil erosion type in two periods,
which can be used to predict the direction and the change in
the amount of soil erosion intensity in a certain period [36].
This study benefits from the advantages of the three models to
construct a CA-ANN-Markov model.

In recent years, research has been conducted across the world
on the process of soil erosion generation and the interaction
between some influencing factors [37]–[39], which has made
significant progress and promoted research on the process of soil
erosion. However, uncertainty is still existing in estimating the
values of soil erosion loss. In-depth research and improvement
are required to resolve problems and shortcomings in soil erosion
research [40]. In the RUSLE model, the traditional extraction of
the cover management factor (C) is obtained by NDVI from
RS images. Moreover, the default image element is uniformly
distributed internally and the details of surface information
are not effectively considered. In the previous quantitative soil
erosion analysis, the data were limited to the previous years
for soil erosion evaluation, which was not time-sensitive and
could not propose future planning solutions for soil erosion
management measures. The CA-ANN-Markov model has been
applied in urban dynamic change prediction and its accuracy has
been widely verified [41], [42]. However, its application and the
ability of prediction in areas such as soil erosion prediction are
yet to be verified in depth.

This article assessed and predicted the soil erosion changes in
the Daning River Basin. Based on RS images and hydrological
information data, the RUSLE model combined with GIS and
RS technology was used to estimate soil erosion in the Daning
River Basin. The spatial and temporal variation characteristics
of its soil erosion and the driving effects of influencing factors
were also analyzed. A CA-ANN-Markov soil erosion prediction
model was constructed to predict the future soil erosion trends.
This study intended to address the following issues:

1) improving the accuracy of the vegetation cover manage-
ment C-factor based on the hybrid image element decom-
position method;

2) application of the CA-ANN-Markov model to evaluate
and predict soil erosion in the Daning River Basin and

Fig. 1. (a) Location of TGR Area in China. (b) Location of the Daning River
in the TGR Area. (c) Topographic features of the Daning River.

demonstrating the feasibility of this model in areas with
complex geomorphic environments;

3) exploring the current situation of soil erosion in the wa-
tershed, predicting its change trend, providing a reliable
theoretical basis and data support for the ecological pro-
tection as well as management of the watershed.

II. DATA AND METHOD

A. Study Area

The Daning River Basin is located in the core of the TGR
area of the Yangtze River. It is one of the key inundation areas,
which belongs to Chongqing with a total basin area of 4482 km2,
a distribution range of 108°44′E to 110°11′E and 31°04′N to
31°44′N and a total length of about 250 km (see Fig. 1). Accord-
ing to the National Bulletin of Soil and Water Conservation data
2020 [43], the area of soil erosion in the TGR was 18 800 km2,
accounting for 32.57% of the total land area (57 700 km2). The
type of soil erosion was mainly hydraulic erosion. The Daning
River is located in the arc-shaped fold belt of the Daba Mountain
and the geomorphology is characterized by mountainous terrain
in the high northeast and low southwest. It has large altitude
differences and regional differences resulting in vertical zonal
distribution of soils. The brown loam is dominant in high-altitude
alpine mountains, yellow-brown loam, and yellow loam are
dominant in middle-altitude mountains, and rice soil and purple
soil are dominant in low-altitude river valley areas. These soil
types are highly susceptible to erosion [44]. The study area
belongs to the north subtropical monsoon climate, with the
average annual temperature around 18°C. Rainfall is mostly
concentrated in summer while having mostly acidic rainstorms,
which makes soil erosion extremely easy to occur. At the same
time, the unreasonable setting of agricultural land in the Daning
River Basin, the destruction of vegetation, the reconstruction
of projects, and natural disasters have caused different degrees
of soil erosion. The study can evaluate the current situation of
soil erosion in the Daning River Basin and predict the future
development trend, which has implications for the protection of
the Yangtze River ecological barrier.
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B. Data

The data required in this study included precipitation, soil
type, RS, and land use type.

RS data included vegetation, land cover, and elevations. RS
images used in vegetation cover and land use data were ob-
tained from the official website of the United States Geological
Survey.1 The Landsat images (spatial resolution: 30 m) were
selected for the three years (2008, 2013, and 2018) having low
cloudiness in the Daning River Basin. The raw Landsat images
were preprocessed. Based on the hybrid image element decom-
position, vegetation cover data were obtained. Subsequently, the
data were mainly used for the calculation of the vegetation cover
management (C) factor (spatial resolution: 30 m). The vegetation
cover data were classified and visually interpreted to obtain the
type of land use data. The classification results were evaluated
by Kappa for accuracy and land use accuracy of 85% and above
was achieved. It was primarily used for the calculation of the
soil and water conservation (P) factor (spatial resolution: 30 m).

Elevation image data with a resolution of 30 m were obtained
from the geospatial data cloud2 and preprocessed via ArcGIS
for the projection transformation and cropping. It was mainly
used for the subsequent calculation of the slope length slope
steepness (LS) factor and CA-ANN-Markov model prediction.

The 1:1 million soil type and texture data were obtained from
the Resource and Environmental Science and Data Center.3 The
mapping units used for this data included soil class, subclass,
soil genus, and soil species. Eight soil classes were involved in
this study area. The data were used for the calculation of soil
erodibility factor K (spatial resolution: 30 m).

The daily precipitation data were obtained from the China
Meteorological Data Network.4 There are 13 stations around
the Daning River Basin. The monthly precipitation and total
annual precipitation of each station need to be calculated. The
Wischmeier WH method [13] was used to calculate the R-value
of each station and the kriging interpolation method was used
to obtain the 30-m rainfall erosion force R-value.

This article unified the spatial resolution to 30 m×30 m
for precipitation and soil data. Among them, direct kriging
interpolation of precipitation data decreases the median R-factor
while making soil erosion lower [45]. However, during R-factor
estimation, Kumar et al. [46] showed that kriging interpolation
produced the lowest error in all periods regardless of the number
of gauges and image element size used for interpolation. Direct
downscaling of soil data results in attribute and geometric errors.

C. Method

To restore eroded soils and reduce erosion risk, innovative
strategies with a good understanding of the location, extent of
erosion rates, and future trends are required, which depends
mainly on the use of sound input data and scientifically ef-
ficient processing models [45]. By inputting geomorphic and
hydrological environmental factors affecting soil erosion into the

1[Online]. Available: https://www.usgs.gov/
2[Online]. Available: http://www.gscloud.cn/
3[Online]. Available: https://www.resdc.cn/
4Accessed: Dec. 31, 2018. [Online]. Available: http://data.cma.cn/

Fig. 2. Methodology of the study (all factors and abbreviations are defined in
the text).

CA-ANN-Markov model, the degree of influence of each factor
on soil erosion and the current status of erosion can be assessed.
Subsequently, the future development trend can be predicted so
that detailed spatial maps can be generated directly, followed by
the extraction of statistical information, which can solve the soil
erosion prediction problem for similar soil erosion assessment
and prediction research. Fig. 2 shows the method involved in
this study.

D. RUSLE

RUSLE model is mainly used to simulate soil loss on slopes,
which is based on an empirical spatial set. The model is imple-
mented to calculate soil loss on this basis. The expression of the
RUSLE model is as follows:

A = R×K × LS × C × P (1)

where A represents the annual average soil erosion mod-
ulus (t/(hm2a), R represents the rainfall erosion force fac-
tor (MJ·mm/(hm2h·a)), K is the soil erodibility factor
(t·h·hm2/(hm2MJ·mm)), L is the slope length, S is the slope
steepness, C represents the vegetation management factor, and P
represents the soil and water conservation measure factor, which
is dimensionless and measures the field engineering protection
and soil tillage.

The classical method [47] was selected to calculate the R-
value of rainfall erosion force. The spatial distribution of the
R-factor for 2008 [see Fig. 3(a)], 2013 [see Fig. 3(b)], and 2018
[see Fig. 3(c)] were obtained by interpolating the rainfall erosion
force factor by Kriging. The hybrid image element decompo-
sition method was utilized to calculate the C-value of cover
management and the spatial distribution of the C-factor for 2008
[see Fig. 3(d)], 2013 [see Fig. 3(e)], and 2018 [see Fig. 3(f)] were
obtained. Based on the study of Liu et al. [48] and considering
the special situation of the watershed and construction land, the
P-value was determined. Subsequently, the spatial distribution
of the P-factor for 2008 [see Fig. 3(g)], 2013 [see Fig. 3(h)],

https://www.usgs.gov/
http://www.gscloud.cn/
https://www.resdc.cn/
http://data.cma.cn/
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Fig. 3. RUSLE factor.

and 2018 [see Fig. 3(i)] were obtained. Soil data from the
national secondary census results were used to assign values
to the subclass properties. The generated K factor was shown in
Fig. 3(j). The slope and slope length index calculation formula
was based on the report of Liu et al. [49] and Zhang et al. [50],
respectively. The final LS value was shown in Fig. 3(k).

E. CA-ANN-Markov Model

1) CA-ANN-Markov Model Construction: Soil erosion is a
continuous change process. The formation of soil erosion is
dependent on the spatial pattern change contributed by a variety
of complex factors.

The CA model consists of five parts, which are tuple, tuple
space, tuple neighborhood, transformation rule, and time. The
ANN can adjust the relationship between nonlinear mappings by
internal structure. The ANN itself is characterized by flexible
learning and the processing and analysis of data with noise.
The combination of ANN and CA can adjust the relationship
between arbitrary nonlinear mappings by using an ANN with an
internal structure chain. The advantage of using ANN includes
the utilization of multiple influence factors which can derive
the transformation rules of CA and simulate the change of soil
erosion. By establishing a relationship between the influence
factors and the transformation probability, the weight of each
factor influenced by human factors is avoided while predicting
soil erosion more accurately and reasonably. The difference be-
tween the CA model and the Markov model is that the CA model
can simulate the prediction of microlocal changes, while Markov
can control the changes of soil erosion macroscopically. Markov
model is based on the number and direction of transformation
between different soil erosion intensities, which predicts the
overall development trend using a probability matrix.

By combining CA, ANN, and Markov to construct the
CA-ANN-Markov prediction model, the prediction effect and
accuracy could be improved because of the strong spatial

prediction ability of the meta-automaton model and the advan-
tage of the Markov model.

2) CA-ANN-Markov Model Validation: The CA-ANN-
Markov model requires soil erosion results as well as impact
factor data to predict soil erosion. To validate the model accu-
racy and avoid the shortcomings of overestimating traditional
validation (e.g., Kappa coefficient) [51], this study uses the
figure-of-merit (FoM) index to validate the model feasibility
while referring to the previous report [52] simultaneously. The
corresponding calculations are presented in the following equa-
tions:

FoM =
B

A+B + C +D
(2)

Product’s accuracy (PA) =
B

A+B + C
(3)

User’s accuracy (UA) =
B

B + C +D
(4)

where A denotes the actual conversion and simulation of the
number of unconverted image elements, B represents the actual
conversion and simulation of the number of error-free image
elements, C represents the actual change and simulation of the
wrong-type conversion image elements, and D represents the
actual unconverted and simulation of the number of converted
image elements.

A comprehensive analysis of the basic situation of the Dan-
ing River Basin revealed that the basin had complex terrain,
fragmented topographic and geomorphological patterns, high
vegetation cover, and complex and diverse vegetation types.
Moreover, the populated geographic locations are distributed on
both sides of the river. The six digital elevation model (DEM),
normalized difference vegetation index (NDVI), precipitation,
distance from the river, distance from the road, and population
influence factor in 2018 were selected as the driving factors
for this prediction and normalization. At first, the soil ero-
sion transformation rules were mined by the CA-ANN-Markov
model while considering 2008 as the starting year and 2013
as the ending year. The soil erosion condition in 2018 was
predicted while selecting 2013 as the starting year. Based on the
accuracy verification module, the predicted soil erosion intensity
in 2018 was verified with the accuracy of the derived soil erosion
intensity in 2018. After satisfying the accuracy requirements,
soil erosion for 2023 was predicted. The normalized predictors,
suitability matrix, and parameter settings were as per the previ-
ous parameters.

F. Analysis of Spatial and Temporal Variation

Soil erosion change over time is a complex process. A certain
soil erosion intensity can be transformed which is from the
other five categories of soil erosion intensity. Comparing the
numerical increase and decrease relationship of soil erosion
between different years, it is difficult to understand the changing
pattern of soil erosion intensity and the dynamic change process
between each erosion intensity. Therefore, the combination of
the matrix transfer between soil erosion classes was chosen [53]
for analysis. The basic mathematical form of the transfer matrix
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TABLE I
SOIL EROSION GRADE INTENSITY DIVISION

Note: “SEM” is the soil erosion modulus, “MSEM” is the median soil erosion modulus.

is as follows:

Sij =

⎡
⎢⎢⎢⎢⎢⎢⎣

S11 S12 S13

S21 S22 S23

· · · · · · · · ·

· · · · · · S1n

· · · · · · S2n

· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
Sn1 Sn1 Sn1

· · · · · · · · ·
· · · · · · · · ·
· · · · · · Snn

⎤
⎥⎥⎥⎥⎥⎥⎦

(5)

where S refers to the area of each soil erosion intensity, n refers
to the total number of soil erosion intensity types, i refers to the
soil erosion intensity types in the early part of the study, j refers
to the soil erosion intensity types in the later part of the study,
and Sij refers to the area of transfer of soil erosion intensity type
i in the early part to soil erosion intensity type j in the latter part
of the study.

G. Classifying Soil Erosion Intensity for Grading

Referring to the Chinese Ministry of Water Resources [54]
and the water erosion intensity grading standard, the grading
was made for different soil erosion intensities (see Table I).
Considering the geographical characteristics of the Daning River
Basin, the degree of soil erosion was expressed abstractly while
using the rules of its grading. The degradation of land was judged
according to the grading of soil erosion intensity. Subsequently,
the ecological evaluation was carried out. The soil erosion
results of the Daning River Basin in 2008, 2013, and 2018 were
reclassified to obtain the classification results of soil erosion
intensity for three years.

H. Soil Erosion Index (SEI)

Soil erosion can be decided by the magnitude of the SEI. The
degree of soil erosion is produced by a combination of several
factors. In this article, the calculation model of SEI was adopted
to obtain the specific erosion characteristics. The comprehensive
index of soil erosion (INDEX) proposed by Yang [55] was
adopted, which can be expressed as follows:

INDEX =
n∑

i=1

Wi Ai (6)

where INDEX refers to the integrated SEI,Wi refers to the value
of the ith soil erosion intensity class, and Ai refers to the ratio of
the area of the ith class to the value of the total area. The grading

TABLE II
CHANGES IN EROSION WITH DIFFERENT EROSION INTENSITIES FROM 2008 TO

2018

Note: “SEA” is soil erosion amount,“SEM” is the soil erosion modulus.

of soil erosion degree was classified as 0 (Slight), 2 (Minor), 4
(Moderate), 6 (Intense), 8 (Very Intense), and 10 (Extreme).
Higher values represent higher INDEX impact for that grade,
more intense soil erosion, and more severe erosion conditions
to which the soil is subjected.

III. RESULTS AND ANALYSIS

A. Soil Erosion Spatial Variation Features

After unifying the projection coordinate system for each
factor raster data, each raster data was multiplied together with
the RUSLE model using the raster calculator in ArcGIS to obtain
the spatial distribution maps of different erosion intensities in
the Daning River Basin in 2008, 2013, and 2018 (see Fig. 4).

Based on the analysis, soil erosion was found to be more
common in the study area due to the special geographical
location, complex mountainous terrain, and large variation of
precipitation in the Daning River Basin. Soil erosion from
2008 to 2018 demonstrated a consistent spatial distribution,
with a large proportion of microerosion, which was distributed
throughout the region. These areas have higher vegetation cover,
denser distribution of woodlands, and less human disturbance.
Light erosion and moderate erosion are mainly distributed in
the central area of the Daning River Basin, where soil fertility
decreases under the action of hydraulic erosion coupled with
unreasonable land development. In the Miaotang, Danyang,
Shuangyang, and Lanying Village, intense erosion and very
intense erosion could be found. As the above areas are having
low vegetation cover, rough cultivation, high human activities,
and frequent occurrence of geological disasters, the presence of
high-intensity soil erosion is common.

B. Soil Erosion Temporal Variation Features

The SEM was calculated for 2008, 2013 and 2018 in the
Daning River Basin by the RUSLE model based on R, K, LS, C
and P factors. The results of the variation of erosion at different
erosion intensities (see Table II) were calculated according to
the criteria for grading soil erosion intensity (see Table I). The
statistical analysis was performed to obtain the area share data of
different erosion intensities from 2008 to 2018 (see Table III).
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Fig. 4. Spatial distribution of soil erosion in 2008, 2013, and 2018. Note: Sli
indicates that the soil erosion level is slight, Min indicates that the soil erosion
level is minor, Int indicates that the soil erosion level is intense, VInt indicates
that the soil erosion level is very intense, and Ext indicates that the soil erosion
level is extreme.

As presented in Table II, the total soil erosion in 2013 was
found to be significantly smaller than in 2008, which indicated
that the overall soil erosion decreased from 2008 to 2013.
Comparing 2013 and 2018, the value of total soil erosion in 2018
was determined to be significantly smaller than in 2013, which
indicated a decreasing trend of overall soil erosion from 2013
to 2018. As can be seen from Table IV, during the 2008-2018
period, the erosion area of the slight, very intense and intense
grades showed an increasing, followed by decreasing trend.

TABLE III
CHANGE IN THE AREA WITH DIFFERENT EROSION INTENSITIES FROM 2008 TO

2018

Note: “EA” stands for erosion area and “AP” stands for area percentage.

TABLE IV
SOIL EROSION INTENSITY AREA TRANSFER MATRIX FROM 2008 TO 2013

Note: Ratio (%), Area (km2).

Whereas, the erosion area of the minor, moderate and intense
grades showed a decreasing followed by an increasing trend.

Comparing the yield of 2008 with 2018, an overall decrease
trend in soil erosion and an improvement in soil erosion was
found.

C. Spatial and Temporal Variation of Soil Erosion

To specifically analyze the transformation of each soil erosion
intensity in the Daning River Basin, the spatial analysis of soil
erosion intensity based on the RUSLE model for three years
(2008, 2013, and 2018) was carried out separately. The area
matrix of soil erosion intensity transferred from 2008 to 2013
(see Table IV) and 2013 to 2018 (see Table V) in the Daning
River Basin was statistically obtained.
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TABLE V
SOIL EROSION INTENSITY AREA TRANSFER MATRIX FROM 2013 TO 2018

Note: Ratio (%), Area(km2).

Considering the RUSLE model and the 2008–2013 period, the
slight soil erosion was transformed into minor erosion while hav-
ing a transformed ratio of 16.97 (see Table IV). The minor ero-
sion was converted to slight erosion while having a transformed
ratio of 52.37. The most moderate erosion conversions were
found to be slight erosion and minor erosion, having conversion
ratios of 31.57 and 31.69. The intense erosion was transformed
into minor and moderate erosion while resulting in a transformed
ratio of 26.32 and 22.65, respectively. The very intense erosion
area was found to be comparatively less, which predominantly
transformed into minor, moderate and intense erosion, with a
transformation ratio of 16.73, 19.59, and 17.92, respectively.
The area of extreme erosion was determined to be less and a
small portion of the severe erosion was transformed outward.
Overall, the erosion was mainly transformed to the adjacent
erosion intensity. Most of the areas demonstrated a decreasing
erosion trend while only a few areas were transformed into areas
having increased erosion.

The slight erosion was transformed into minor erosion from
2013 to 2018, resulting in a transformation ratio of 21.27 (see
Table V). Minor erosion converted mainly to slight erosion, with
a transformation ratio of 29.49. Moderate erosion transformed
mostly into slight erosion, with a transformation ratio of 33.54.
Intense erosion was mainly transformed into slight erosion,
with a transformation ratio of 36.06. Very intense erosion was
transformed into slight erosion, with a transformation ratio of
35.07. The extreme erosion was mainly transformed into slight
erosion, with a transformation ratio of 31.72. As a whole, erosion
was mainly transformed to the adjacent erosion intensity. Most
of the areas demonstrated a decreasing erosion trend while only
a few areas transformed into areas having increased erosion.

Fig. 5. Variation of SEA, SEM, and SEI with time at different distances from
the river. Note: SEA is soil erosion amount, SEM is soil erosion modulus, and
SEI is soil erosion index.

D. Soil Erosion Correlation Analysis

The elevation, slope, and water system distance influence the
extent of human settlement and human activities. As a result,
it influences the soil erosion phenomenon. Based on the land
use data of Daning River Basin, spatial superposition analysis
was adopted to calculate the soil erosion results of different
influencing factors. The SEA, SEM, and SEI of different grades
in each different influencing factor were counted.

The degree of soil erosion was produced by a combination of
factors and the soil erosion was decided by the SEI magnitude. In
this article, the SEI calculation model reported by Yang et al. [55]
was used to obtain specific erosion characteristics. The larger
SEI value represents the higher impact of the class. The more
intense the soil erosion intensity, the more severe the erosion
condition of the soil.

1) Correlation Between Distance From the River and Soil
Erosion: Human activities have a greater impact on soil erosion.
The intensity of human activities is higher in areas close to rivers.
The Euclidean distance of the entire river basin was calculated
according to the distance from the river and divided into six
classes (0–1 km, 1–2 km, 2–3 km, 3–4 km, 4–5 km, >5 km).
The spatial overlay was used to count the SEA, SEM and SEI
for each class of distance from the river each year.

As shown in Fig. 5 SEA, the soil erosion in the 0–5 km
area showed an increase followed by decreasing trend during
2008–2018. The soil erosion in the >5 km area showed a
decreasing trend with time year by year. However, as a whole,
soil erosion was mainly concentrated in the >5 km area, which
was considered intensively. Considering the large difference in
terrain height, steep slope, deep river valley, frequent occurrence
of small geological disasters, and increased management efforts
in the Daning River Basin, soil erosion in 2018 was significantly
smaller than in 2008. Moreover, the ecological environment
showed an improving trend.

As shown in Fig. 5 SEM, the erosion modulus changed
during 2008–2018 and showed a decreasing trend. The change
of erosion modulus in the area of 0-4km distance from the river



5044 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

Fig. 6. SEA, SEM, and SEI with time at different elevations. Note: SEA is
soil erosion amount, SEM is soil erosion modulus, and SEI is soil erosion index.

showed a decreasing trend. The change of erosion modulus in the
area of >4 km distance from the river demonstrated an increase
followed by decreasing trend. The change of erosion modulus
was larger between 0–2km from 2008–2018. Overall, the soil
erosion in the 2–5 km range was in good condition, mainly due
to the stable geological structure in this range and the good soil
retention effect.

As shown in Fig. 5 SEI, during the period 2008–2018, the
SEI was higher within the distance of 0–3 km from the river and
the soil was susceptible to erosion. For the >3 km area from
the river, the SEI was smaller and the area was more resistant to
soil erosion. Therefore, it is necessary to focus on improving the
soil erosion resistance in the near-river area. From a temporal
perspective, the SEI of the 0–2 km area decreased year by year
after ecological treatment and was subjected to lower erosion
risk. Whereas, the SEI of the >2 km area increased in 2018
compared to 2013 and was less resistant to erosion.

2) Correlation Between Elevation and Soil Erosion: By ana-
lyzing the correlation between elevation and soil erosion, it was
found that elevation controlled the distribution of vegetation and
human activities. As a result, it had an obvious effect on soil
erosion. Therefore, the SEM had a direct relationship with the
elevation. The elevation of soil erosion in the Daning River Basin
was divided into intervals of 500 m to obtain the relationship
between the SEA, SEM, and SEI while having different elevation
zones.

The graded elevation of the Daning River Basin was spatially
overlaid with the results of soil erosion intensity grading. The
SEI model was used to calculate the SEA, SEM, and SEI for each
elevation band for each year. The relationship between different
elevation zones and soil erosion data is shown in Fig. 6. Overall,
the SEI was larger at each elevation, indicating the Daning River
Basin to be influenced by elevation.

As shown in Fig. 6, the SEA and SEM trends were similar
during 2008–2018. The SEA and SEM numbers in the 0–1.5 km
area demonstrated a decreasing trend over time, which was
attributed to the relatively flat topography of these slope sections,
less change in vegetation cover and weaker rainwater scouring
ability. The SEA and SEM in the 2–2.5 km area demonstrated

Fig. 7. SEA, SEM, and SEI with time for different slopes Note: SEA is soil
erosion amount, SEM is soil erosion modulus, and SEI is soil erosion index.

an increasing trend year by year followed by serious damage by
geological hazards, which was attributed to the large slope and
geological fragility of the area. The 2.5–3 km area portrayed an
increase followed by decreasing trend of SEA and SEM. The
highest SEM in 2013 was mainly influenced by the unstable
annual precipitation, large slope, and strong rainfall scouring
ability, resulting in serious soil erosion. The higher the influence
of gravity and precipitation on elevation, the greater the chance
of soil erosion.

As shown in Fig. 6 SEI, during the period 2008–2018, the SEI
was smaller in the 1–2.5 km area and was more resistant to soil
erosion. The SEI was larger in the 0–1 km and 2.5–3 km areas
and the soil was susceptible to erosion. The SEI change trend in
2008 and 2013 were similar in the 0–2 km area where the soil
erosion resistance to erosion got stronger. The range of 2–3 km
was increasingly vulnerable to erosion. For 2018, the area of
0–1 and 2–2.5 km SEI was larger and the soil was vulnerable to
erosion.

3) Correlation Between Slope and Soil Erosion: The slope
is one of the most influential factors in soil erosion results. The
slope was equally spaced into six classes and superimposed with
different classes of erosion intensity to obtain SEA, SEM, and
SEI on different slope classes (see Fig. 7).

As shown in Fig. 7 SEA, the soil erosion in the 0–30°
area showed a decreasing trend during 2008–2018 and the soil
erosion in the >30° area showed an increase followed by a
decreasing trend. Overall, soil erosion was mainly concentrated
in the 10°–20° area. Due to the large difference in elevation, steep
slope, and deep river valley in the Daning River Basin, small
geological disasters occurred frequently. With increased man-
agement efforts, soil erosion in 2018 was significantly smaller
than 2008 and the ecological environment showed an improving
trend. The greater the possibility of soil erosion near the slope
of 20°, the stronger the gravitational effect of soil downward. It
indicates that the steeper the mountain area near the river, the
greater the height drop and the more likely soil erosion occurs.
The river has a stronger effect on soil erosion scouring and
transporting, especially in the alternate rainy and dry seasons.
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Fig. 8. Spatial distribution of normalized impact factors.

As shown in Fig. 7 SEM, the SEM of the 0–30° area decreased
with time during 2008–2018. The change in SEM of the >30°
area increased and then decreased. The SEM was mainly con-
centrated between 0° and 30°. The SEM was influenced by a
combination of factors such as human damage and topography.
The SEM significantly varied until 2018.

As shown in Fig. 7 SEI, during 2008–2018, the SEI was higher
in the area of 0–20° and >40° slopes and the soil was more
vulnerable to erosion. The SEI was smaller in the area of 20°–40°
slope and the area was more resistant to soil erosion. Therefore,
it is necessary to increase the soil erosion resistance in the area
vulnerable to erosion. From a temporal perspective, the SEI in
2013 was lower than 2008 and 2018.

E. Validation and Analysis of Prediction Results

Soil erosion in 2023 was simulated and predicted by the
CA-ANN-Markov model using six driving factors (NDVI, pre-
cipitation, population, distance from the river, distance from the
road and dem factor) (see Fig. 8). The simulation results of
2018 were verified by FoM to compare with the actual results.
The FoM index was determined to be 0.149, indicating that the
simulation results were reliable [52]. It shows that the prediction
of future soil erosion by the CA-ANN-Markov model using
the driving factors and parameters is useful, obtain soil erosion
forecast results for 2023 (see Fig. 9).

As shown in Fig. 9, the spatial distribution of soil erosion in
2023 was similar to that in 2008, 2013, and 2018, with slight
erosion being scattered in the Daning River Basin. Whereas,
the minor, moderate, intense, and very intense erosion were
distributed in the southern region. The slight erosion was mainly
concentrated in the marginal areas of Daning River Basin, such
as the areas near Houhe, Danyang, and Zhuxian Village, where

Fig. 9. Predicted soil erosion intensity in 2023. Note: Sli indicates that the
soil erosion level is slight, Min indicates that the soil erosion level is minor, Int
indicates that the soil erosion level is intense, VInt indicates that the soil erosion
level is very intense, and Ext indicates that the soil erosion level is extreme.

TABLE VI
AREA COMPARISON OF SOIL EROSION INTENSITY DURING 2018–2023

Note: EA stands for erosion area and AP stands for area percentage.

the soil erosion was weak and the water as well as soil conserva-
tion effect was better. Minor erosion and moderate erosion were
mainly distributed in the vicinity of Datong, Jianlou, Yixi, and
Qiyang Village. The erosion near Baiyun, Dachang, and Huatai
Village was comparatively critical. The erosion continued to be
unabated from 2008 to 2023 due to rainfall erosion and geo-
graphical location. The soil erosion and scouring phenomenon
were serious due to the large short-lived rainstorm near Huatai
Village, abundant rainfall and strong scouring ability. The com-
bination of rainfall and terrain factors in local areas resulted
in the reduction of soil suction, which lead to soil erosion in
the Daning River Basin. It also induced shallow soil landslides
in serious areas. Soil erosion in areas with frequent human
activities was more serious because of rainfall scouring and soil
erosion occurred frequently.

Comparing the changes in the area between different inten-
sities of soil erosion in 2018 and 2023 (see Table VI) from the
perspective of the area and the percentage of slight, the minor
and moderate erosion in 2023 was found to be higher. The
percentage of intense, very intense, and extreme erosion was
smaller, which was similar to the percentage of area covered
by different erosion intensities in 2018. The change in the area
and the percentage of area occupied by slight erosion during
2018–2023 of the total area decreased from 52.87% to 50.74%.
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The area occupied by slight erosion in the future Daning River
Basin erosion increased slightly from 26.61% to 28%. The area
of moderate erosion had a small increase from 13.6% to 14.53%.
The area of intense erosion had a small increase from 4.72% to
4.93%. There was a corresponding decrease in both very intense
and extreme erosion in the Daning River Basin. The very intense
erosion decreased from 1.99% to 1.76% and extreme erosion
decreased from 0.21% to 0.16%.

IV. DISCUSSION

This study calculated and inverted the current situation and
future trends of soil erosion in the Daning River Basin while
providing new ideas for soil erosion restoration and control.

In terms of soil erosion change characteristics, this study
showed that the soil erosion situation from 2008 to 2013 was
dominated by minor erosion. Moreover, the soil SEM decreased
and the soil erosion condition showed an improving trend. The
conclusions of this study were consistent with the results, SEM
changes, spatial and temporal changes of soil erosion reported
by other scholars [56]–[60], which indicated the credibility of
this study.

The RUSLE model having well-established model parameters
(P, C, K, R, and LS) was selected in this study followed by
parameter selection and calculation methods based on previous
reports [13], [49], [50]. The CA-ANN-Markov parameters were
also determined with reference to previous studies [61]–[63].
Parametric deterministic analysis was also conducted and the
driving force of each predictor was analyzed using the geo-
graphic probe. The higher contribution was attributed to DEM,
distance from water and NDVI. The driving force of the inter-
action of both factors was higher than that of the single factor,
where q (distance from river � dem) was 19% and q (distance
from river � NDVI) was 16%. Risk detection showed that the
predictors positively correlated with soil erosion which included
road distance, NDVI, DEM, and precipitation. The negatively
correlated included population density and watershed distance.
Therefore, these six factors were selected in this study. With
higher elevation, lower the population density, higher vegeta-
tion, higher NDVI, and farther distance from the road, the soil
erosion in the Daning River Basin is reduced. Areas close to
the watershed have better water conservation, dense vegetation
growth, and better soil and water conservation, whereas areas
far from the watershed have poor water conservation and sparse
ground cover soils. Therefore, the area far from the watershed
is more susceptible to erosion.

In terms of prediction models, the 2018 CA-ANN-Markov
simulation results were validated with the RUSLE results while
resulting in an FoM index of 0.149, which indicated that the sim-
ulation results were reliable [52], Xing [63], and Ran [64] also
analyzed the accuracy of the ANN-CA-Markov model, resulting
in higher accuracy outcome (Kappa coefficient 0.9836) than the
KarstCA model, CLUE-S model, CA-Markov model, and MCE-
CA-Markov model, which proved the accuracy and feasibility
of the model for the prediction of soil erosion intensity.

In terms of future control measures, the effect of soil erosion
management in the Daning River Basin was considered. The
soil erosion in 2008 was significantly greater than 2018. Based
on the predicted results for 2023, soil erosion demonstrated an
improving trend. However, there was still room for improvement

from the expected target. Therefore the zoning treatment is nec-
essary. For soil erosion in northwest China, which is dominated
by mild erosion and moderate erosion, ecological restoration can
be used to gradually restore a stable soil environment. For areas
with severe soil erosion in the Daning River Basin, comprehen-
sive treatment by afforestation, engineering construction, and
biological control should be actively carried out. For example,
the areas with large slopes and thin soil should be returned
to the forest. The barren hills and wildlands with poor vege-
tation should be planted with trees while turning into greener
projects.

Based on this study, from data selection to its analysis after
calculating the results through the methodological model, some
problems need to be improved:

1) the time window of future research can be further refined,
such as the monthly and quarterly relationships between
erosion results and impact factors can be considered;

2) the variable factors affecting soil erosion can be further
deepened and expanded;

3) soil erosion in mountainous areas of complex watersheds
is difficult to be explained by single-factor or two-factor
predictor variables and may be subjected to the synergistic
effects of multiple factors, whose specific mechanisms of
action are still unclear and is the next research direction
for the author.

V. CONCLUSION

Soil erosion in the Daning River Basin is influenced by
multiple factors and has significant spatial and temporal vari-
ation characteristics. Combining GIS and RS technology to
pre-process the data of Daning River Basin, the RUSLE model
was constructed to simulate soil erosion in the study area. Using
the calculation model of comprehensive SEI, the quantitative
evaluation was carried out while considering the soil erosion
from geomorphology, hydroclimate, and natural environment.
The CA-ANN-Markov model was used to predict the soil ero-
sion distribution in 2023 and the results provided scientific and
technical support for soil erosion management in the Daning
River Basin. The specific conclusions are as follows.

1) The spatial and temporal variations of different soil ero-
sion intensities were found to be different. The area of
soil erosion intensity of slight, very intense, and extreme
erosion showed a fluctuating trend including increase and
then decrease. The area of minor erosion, moderate ero-
sion and intense erosion first decreased and then increased.

2) Soil erosion was correlated differently with the influencing
factors. The correlation analysis of distance from the river,
elevation, and slope with SEA, SEM, and SEI showed that
SEA was the largest in the area with a>5 km distance from
the river, elevation in the range of 0.5–1.5 km, and slope in
the range of 10°–20°. The SEM and SEI were the largest in
the area with a distance of 0–1 km from the river, elevation
in the range of 2.5–3 km, and slope in the range of >50°.

3) The CA-ANN-Markov model predicted soil erosion in
2023. Soil erosion trends from 2018 to 2023 were gener-
ally consistent with those from 2008 to 2013. Slight ero-
sion was predominant throughout the region. The minor,
moderate, intense, and very intense erosion accounted for
a small percentage and were geospatially limited.
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