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A B S T R A C T   

Soil erosion is an important environmental problem in China. The hilly region of Jiangnan is 
characterized by severe soil erosion due to its unique climate and intensive human activities. 
Therefore, assessing soil erosion in this area is of great significance for achieving regional sus-
tainable development. Based on the spatial zoning of natural resources and the spatial differences 
in precipitation, land cover, topographic features, and soil texture, we estimated soil erosion from 
2000 to 2020 using the Revised Universal Soil Loss Equation (RUSLE) model. The study showed 
that micro-erosion dominates spatially in the subtropical forest subzone of the eastern hills, ac-
counting for more than 60% of the total erosion area. Intense erosion was found in woodlands and 
grasslands and the erosion intensity tended to be lower in the plains. Erosion occurred mainly in 
areas with slopes >8◦. The areas with significantly lower erosion were mainly distributed at the 
boundaries between forests, arable land, and artificial land surfaces. The areas where soil erosion 
significantly increased over the study period were mainly found in farmland areas (31.70%). Soil 
erosion occurred because of a combination of factors, among which vegetation cover played a 
prominent role. Elevation and slope were correlated with soil erosion intensity. Severe erosion in 
different parts of the study area showed two trends of spatial aggregation and discrete distribu-
tion. This analysis of soil erosion in the study area by the RUSLE model provides reference data 
for the eastern subtropical forest subregion including the Jiangnan Hills.   

1. Introduction 

Soil erosion is the spatial displacement of soil or the soil-forming matrix under the action of external forces such as water or wind 
[1]. Soil erosion can lead to soil degradation and exacerbates catastrophic natural disasters such as floods and mudslides, posing a 
threat to the sustainable development of human societies [2,3]. The sustainable development of human society is adversely affected by 
various types of soil erosion–such as water erosion, wind erosion and freeze-thaw erosion [4]. According to an EU monitoring report on 
progress towards the Sustainable Development Goals (SDGs) in the EU context, 2.01 × 105 km2 of the world’s land is at risk of severe 
soil erosion, which will seriously affect global sustainable development [5]. Therefore, it is necessary to monitor the rate of soil erosion 
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dynamically as well as to determine the intensity of soil erosion [6]. 
Soil erosion is an important indicator in the evaluation of land degradation. There are four main soil erosion research methods: 

runoff plots [7], isotope tracking [8], model simulation [9], and methods based on a geographic information system (GIS) or remote 
sensing (RS) [10]. Researchers have developed a series of soil erosion models, including the Water Erosion Prediction Project (WEEP) 
[11], the Limburg Soil Erosion Model (LISEM), and the European soil erosion model (EROSION), etc. [12]. Many empirical and sta-
tistical models are based on the United States Department of Agriculture (USDA) model proposed by the Universal Soil Loss Equation 
(USLE) and Revised Universal Soil Loss Equation (RUSLE) [13]. The RUSLE model is based on definite factors and can be combined 
with mathematical and statistical methods to identify the soil erosion status of a study area. It has been widely used due to its 
convenient data acquisition and high accuracy [14]. At present, RUSLE models can be divided into three categories according to 
different research objectives: hydrological basin-oriented [15], natural terrain-oriented [16], and administrative areas [17,18]. Pre-
vious research based on the RUSLE model has mainly been conducted at small scales but with the development of 3 S technology, 
large-scale research is now occurring [19], e.g., on the Loess Plateau [20]. For example, Chen et al. [21]. Studied soil erosion in Hunan, 
Jiangxi, Zhejiang, and Fujian Provinces including the Jiangnan Hills. Despite the advances made in soil erosion research, the study of 
long-term changes in erosion processes still poses significant challenges. 

China’s swift economic and social growth has intensified the pressure on its ecology and environment. Although the Chinese 
government invests substantially in soil erosion control, the country still suffers from serious soil erosion [22]. Due to their subtropical 
climate, undulating terrain and intensive human activities, the Jiangnan Hills have become a typical water erosion area in China [23]. 
A comprehensive analysis of soil erosion in the hilly areas of Jiangnan is essential for managing water erosion areas and protecting the 
environment in the context of constructing an ecological civilization. We applied the RUSLE model in this study to assess the 
spatiotemporal patterns of soil erosion in the subtropical forest subregion of the eastern Jiangnan hills. The aim of the study was to 
assess the spatial distribution of soil erosion in the region, as well as its development trends and driving forces, and to provide a basis 
for developing soil and water conservation measures that are adapted to local conditions. 

2. Materials and methods 

2.1. Study area and data 

2.1.1. Overview of the study area 
The subtropical forest subregion of the Jiangnan Hills is located in the eastern region, south of the Yangtze River, covering western 

Fig. 1. Geographical location of the eastern subtropical forest subregion of the Jiangnan Hills.  
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Zhejiang Province and eastern Jiangxi Province (116◦16′–120◦13′E, 28◦4′–31◦23′N; Fig. 1). The topography of the study area is mainly 
mountainous and hilly with plains. The Qiandao Lake Reservoir is the largest water body in the area. The study area has a subtropical 
monsoon climate, with an annual average temperature of 16–20 ◦C; the average temperature of the coldest month is 3–9 ◦C. The annual 
precipitation is 1300–1800 mm, with the most precipitation in May and June and the least in July and August. Runoff reaches 1000 
mm in mountainous areas and 800 mm in hilly and basin areas. The natural vegetation is dominated by evergreen broad-leaved trees 
with vines and epiphytes. Evergreen ferns and rhododendron shrubs are distributed in the forest understory or on unforested slopes. 
According to the Food and Agriculture Organization (FAO) soil classification system, the soils in the study area are predominantly 
Acrisols, and they have organic matter content ranging from 1% to 5%. The soil is sticky and poorly permeable. Because of their 
richness in iron and aluminum oxides, the soil shows a red color, which is collectively referred to as a red soil zone in this study. The 
region is densely populated, with intensive economic activities, and is an important agricultural area in China [24]. Soil erosion is a 
serious problem in this region due to the high temperature and rainfall, the easily eroded red soil, and the intensive agricultural 
activities. 

The boundary delineation of the eastern subtropical forest subregion of the Jiangnan hills is based on the natural resource element 
observation projects of the Geological Survey of China, Ministry of Natural Resources [25,26]. The study classifies China into various 
resource regions according to the spatial patterns of natural resource elements [27]. The study area is the eastern subtropical forest 
subregion of the Jiangnan hills, which has an area of 79,270 km2 and comprises seven resource zones. The seven resource zones are: (I) 
the subtropical coniferous forest zone in the northwest of Shangrao City, (II) the water-dry crop and scrub planting zone in the south of 
Wuhu City, (III) the dry crop planting zone in the northwest of Quzhou City, (IV) the tropical grass zone in the south of Jingdezhen City, 
(V) the deciduous broadleaf scrub zone in the northeast of Huangshan City, (VI) the water-dry rotation plantation zone in the west of 
Huzhou City, and (VII) the coniferous forest and water-dry rotation plantation zone in the southwest of Huzhou City. 

2.1.2. Data 
The data included a digital elevation model (DEM), precipitation data, land use data, vegetation cover data, and soil texture data. 

The specific data sources are shown in Table 1. The DEM was downloaded in the geospatial data cloud and 90 m resolution data were 
synthesized. Annual Normalized Difference Vegetation Index (NDVI) data for China were generated by the maximum synthesis method 
based on continuous time series data (1990–2020) from SPOT/VEGETATION NDVI satellite remote sensing data. Soil composition data 
were obtained from the World Soil Database constructed by the Food and Agriculture Organization of the United Nations (FAO) and 
the International Institute for Applied Systems (IIASA) in Vienna. The NDVI and land use data were selected for 2000, 2005, 2010, 
2015, and 2020. 

2.2. Research methodology 

2.2.1. The RUSLE model 
The basic form of the RUSLE model (Equation (1)) is: 

A=R × L × S × C × P × K (1)  

where A is the annual soil erosion per unit area calculated by the model in t/(km2 ⋅a). R is the rainfall erosion force factor in MJ⋅mm/ 
(hm2⋅h⋅a), which is the dynamic index of soil erosion caused by precipitation runoff [28]. L is the slope length factor, which is 
normalized to 22.13 m slope length. S is the slope factor, which is normalized to a slope factor of 5.14◦ [29]. K is the soil erosion factor 
in t⋅hm2⋅h/(hm2⋅MJ⋅mm), which reflects the ease of soil particles being hydraulically separated and transported [30]. C is the 
vegetation cover factor, which is dimensionless and indicates the effect of different types of vegetation cover on soil conservation and 
soil erosion [31]. The P factor is the soil and water conservation measure factor, which is dimensionless, and represents the ratio of soil 
loss under soil and water conservation measures to soil loss under slope planting [32]. 

2.2.2. Rainfall erosion force factor (R) 
Rainfall erosion force reflects the ability of rainfall to cause soil erosion. Its magnitude is related to rainfall amount, rainfall in-

tensity, nature of the subsurface, raindrop size, and the speed of the falling end point [33]. Combining the natural surface of the 
mountainous hills in the study area, as well as climatic factors, this paper uses the method proposed by Zhang [34] was used to 

Table 1 
Study data.  

Data Resolution Format Source 

DEM: Digital Elevation Model 90 m FGDBR Geospatial Data Cloud (https://www.gscloud.cn/) 
2000–2020 precipitation dataset 

Rainfall data 
1 km TIFF National Science and Technology Infrastructure Platform–National (http://www.geodata.cn/) 

2000–2020 Land Cover Data LUCC 1 km TIFF Earth System Science Data Center Data Center for Resource and Environmental Sciences, 
Chinese Academy of Sciences (https://www.resdc.cn/) 

2000–2020 NDVI; Annual Vegetation 
Index of China 

1 km TIFF Data Center for Resource and Environmental Sciences, Chinese Academy of Sciences (https:// 
www.resdc.cn/) 

Soil texture data 875 m TIFF Food and Agriculture Organization of the United Nations (https://www.fao.org/)  
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calculate the R-factor (Equation (2)) of precipitation erosion force based on annual precipitation: 

R=α1Pβ1 (2)  

where P is the average annual rainfall (mm); R is the average multi-year rainfall erosion force in MJ⋅ mm/(hm2⋅h⋅a); and α1, and β1 are 
model parameters (α1 = 0.0534, β1 = 1.6548). 

2.2.3. Vegetation cover factor (C) 
The C-factor (Equation (3)) is a characterization of vegetation features, such as vegetation type, vegetation combination, tillage 

method, productivity level, growing season length, crop residue management, and other factors that affect soil erosion [35]. The 
C-value ranges from 0 to 1. When the C-value is 1, the ground is completely bare without vegetation; when the C-value is close to 0, the 
ground is well-vegetated. Previous studies have shown that there is a quantitative relationship between vegetation cover and soil 
erosion [36]. In this paper, the calculation of the NDVI followed the method (Equation (4)) of Almagro et al. [37]. Vegetation cover (fg) 
(Equation (5)) was calculated by an image dichotomous approach [38,39]: 

C=

⎧
⎨

⎩

1 fg = 0
0.6508 − 0.3436 lg fg 0 < fg⩽78.3%

0 fg > 78.3%
(3)  

NDVI =(Band4 − Band3)/(Band4+Band3) (4)  

fg =(NDVI − NDVImin)
/
(NDVImax − NDVImin) (5)  

where NDVImin denotes NDVI minimum and NDVImax denotes NDVI maximum. Band3 denotes the infrared band and Band4 denotes the 
near-infrared band. 

2.2.4. Soil and water conservation measures factor (P) 
The P-factor in the RUSLE model can be determined experimentally with high accuracy in small watershed studies. The P-factor is 

rarely considered in large-scale soil erosion risk modeling [28]. The P-factor is the ratio of soil erosion under a specific soil conser-
vation measure to soil erosion when the corresponding downward slope planting without the conservation measure is implemented 
[40]. In practice, soil conservation measures reduce soil erosion by reducing the rate of surface runoff [41]. Therefore, the stronger the 
surface protection measures, the smaller the P-value is; when the P-value is 0, soil erosion will not occur. Combining the current land 
use in the study area and previous experience, the P values are shown in Table 2 (major soil and water conservation farming measures 
in China). 

2.2.5. Slope and slope length topographic factors 
We use the slope (S) factor and slope length (L) factor (Equation (6)) instead of topographic features in the study area. The size of 

the raster affects the extraction of topographic factors. Too small a raster image element will interfere with the calculation of the 
ground cover; too large a grid will make the slope calculation smaller. We use raster data with 90 m spatial resolution. The slope length 
factor normalized to the 22.13 m slope length was used in the RUSLE model [42,43]. The expression is: 

L=(λ/22.13)m (6)  

Where λ is the projected length of the grid cell, L is the soil erosion normalized by the slope length of 22.13 m, and m is the slope length 
factor index. 

The S-factor (Equation (7)) in the CLSE [44]model is calculated separately for different slopes: 

S=

⎧
⎨

⎩

10.8 sin θ + 0.03 θ⩽5◦

16.8 sin θ − 0.5 5◦ < θ < 10◦

21.97 sin θ − 0.96 θ⩾10◦

(7)  

2.2.6. Soil erosion factor 
The soil erosion coefficient K is a measure of soil resistance to erosion and reflects the soil’s sensitivity to erosion. Liu proposed a 

soil erosion index, taking into account national conditions [45]. Williams et al. [46]. Proposed a more concise estimation method for 
the K-factor (Equation (8)) in the Erosion Productivity Impact Calculator (EPIC) model: 

Table 2 
P-values of different land use types.  

Projects Dryland Water Field Forest Grassland Waters Urban and Rural Land Swamp Bare ground 

P 0.55 0.25 0.9 0.9 0 0 0 1  
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K = 0.1317
{

0.2 + 0.3 exp
[

− 0.0256SA
(

1 −
SI

100

)]}

×

(
SI

CL + SI

)0.3

×

[

1.0 −
0.25C

C + exp(3.72 − 2.95C)

]

×

[

1.0 −
0.7SAI

SA1 + exp( − 5.51 + 22.9SAI)

] (8)  

where K denotes the soil erosion factor, SAI equals 1-SA/100; SA is the powder content (%); SI is the clay content (%); CL is the sand 
content (%); and C denotes the soil organic carbon content (%). 

2.3. Analysis 

2.3.1. Zoning statistics 
The soil erosion degree in the study area was classified into six grades: micro, slight, moderate, intense, extremely intense, and 

severe, according to the Soil Erosion Classification and Grading Standard (SL190-2007) issued by the Ministry of Water Resources of 
the People’s Republic of China. According to the comprehensive natural resources zoning program [25], soil erosion was analyzed for 
each of the seven resource zones within the eastern subtropical forest subzone of the Jiangnan Hills. Following Cui et al. [47]., we 
divided the slope of the study area into six classes (Fig. 2): 0◦–5◦, 5◦–8◦, 8◦–15◦, 15◦–25◦, 25◦–35◦, and 35◦–90◦. The spatial distri-
bution relationship between soil erosion and land use types was examined for different land use types. 

2.3.2. Trend analysis 
The interannual soil erosion raster layers were subjected to one-dimensional regression in a time series to investigate the inter-

annual trend of soil erosion. The regression coefficient was calculated using the least squares method (Equation (9)) with time the X- 
axis and value as the Y-axis. A positive slope indicated an increase in soil erosion and a negative slope indicates a decrease in soil 
erosion. The expressions were as follows: 

θslope =
n ×

∑n
i=1i × Ai −

∑n
i=1i

∑n
i=1Ai

n ×
∑n

i=1i2 −
( ∑n

i=1i
)2 (9)  

where θslope denotes the slope of the regression equation, n denotes the year, and Ai denotes the annual soil erosion. The F test (Equation 
(10)) was applied as follows: 

F =
SSR/K

SSE/(n − K − 1)
(10)  

where SSR is the regression sum of squares, calculated by Σn
i=1(ŷ − y)2. SSE is the residual sum of squares, calculated by Σn

i=1(ŷ − yi)
2, 

where ŷ is the regression fitted value of annual soil erosion, y is the mean of annual soil erosion data, and yi is the true value of annual 

Fig. 2. Slope map of the study area.  
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soil erosion data, and K represents the number of independent variables (1 in this paper). The significance test results were classified 
into five levels by F value and significance level α, which are a highly significant increase (θslope > 0, α < 0.01), significantly increased 
(θslope > 0, 0.01, α < 0.05), insignificant (α > 0.05), significantly decreased (θslope < 0, 0.01, α < 0.05), and highly significantly 
decreased (θslope < 0, α < 0.01). 

2.3.3. Driving forces of soil erosion 
GeoDetector is a statistical method proposed by Wang to quantitatively assess the stratified heterogeneity [48]. GeoDetector can be 

used to explore the explanatory power of the independent variable (X) on the dependent variable (Y) [49]. We conducted a 
factor-probe analysis of soil erosion (Y) and 12 explanatory factors (X) to explore the main drivers. The method (Equation (11)) uses q 
values to measure the extent to which factor X explains the spatial variation of the attribute Y [50]: 

q= 1 −

∑L
h=1Nhσ2

h

Nσ2 = 1 −
SSW
SST

(11)  

SSW =
∑L

h=1
Nhσ2

h, SST = Nσ2 (12)  

where L is the stratification of variable Y or independent variable X; Nh and N are the numbers of stratum h and area cells, respectively; 
σ2

h and σ2 are the variance of Y values in stratum h and the whole area, respectively; SSW and SST (Equation (12)) are the sums of the 
variance within a stratum and the total variance of the whole area, respectively. 

3. Results 

3.1. Temporal variation 

The total soil erosion in the study area in 2000, 2005, 2010, 2015, and 2020 (Fig. 3) was 1.07 × 108, 9.86 × 107, 1.02 × 108, 7.34 ×
107, and 6.74 × 107 t/a, respectively. The erosion volume increased slightly in 2010 but there was a significant overall decreasing 
trend (P < 0.05). In 2020, compared with 2000, the amount of soil erosion had decreased by 37.14%. 

3.1.1. Spatial and temporal variation under different zoning 
Table 3 shows that the overall soil erosion of each seven resource zones decreased from 2000 to 2020 (Fig. 4). The study area’s 

average soil erosion modulus reached its highest point in 2010. The total soil erosion of the three resource zones II, IV, VII decreased 
and then increased from 2000 to 2010. The total soil erosion and the proportion of the eroded area graded moderate and above in Zone 
III decreased. Overall, the soil erosion intensity was highest in zone III, followed by zones I, IV, II, VII, and V, and was lowest in plot VI. 

3.1.2. Spatial and temporal variation of soil erosion under different land uses 
As can be seen from Fig. 5, micro erosion and slight erosion dominated during the 20 years, i.e., >70% of erosion occurrence in each 

land use type. Intense and above-level erosion was concentrated in woodlands and grasslands. Among different land use types, the area 
of micro and slight erosion occurring on cropland accounts for more than 92.84% of the area of cropland, which is the highest pro-
portion among the six land use types. Forest land is the most widely distributed in the study area, with an area of 50,420 km2, ac-
counting for 65.03% of the study area. For 2000, 2005, 2010, 2015, and 2020, the area of forest land with moderate and above erosion 

Fig. 3. Total soil erosion in the study area.  
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Table 3 
Soil erosion status of the subtropical forest subregion in the eastern Jiangnan Hills 2000–2020.  

Year resource zone Average soil erosion modulus [t/(km2 ⋅ a)] Soil erosion volume (106 t/ ⋅ a) Percentage of moderate and above erosion area/% 

2000 I 1292.35 27.02 19.00 
II 931.23 10.99 13.05 
III 2380.25 33.17 38.99 
IV 1627.54 14.80 21.12 
V 1282.08 8.76 20.58 
VI 495.40 4.20 4.77 
VII 1196.17 8.33 19.77 

2005 I 1265.26 26.45 19.33 
II 735.98 8.68 10.24 
III 2119.22 29.53 36.37 
IV 1491.63 13.56 19.21 
V 1242.02 8.49 21.11 
VI 493.71 4.19 5.16 
VII 1103.48 7.69 17.85 

2010 I 1360.30 28.44 18.44 
II 848.89 10.02 11.80 
III 1828.37 25.49 27.41 
IV 1848.50 16.84 23.72 
V 1000.64 6.84 14.99 
VI 566.24 4.81 6.28 
VII 1367.22 9.54 22.89 

2015 I 841.92 17.60 11.42 
II 676.25 7.98 9.01 
III 1381.44 19.25 19.12 
IV 1302.87 11.84 15.64 
V 822.14 5.62 11.92 
VI 465.63 3.95 5.17 
VII 1026.13 7.15 16.06 

2020 I 750.02 15.64 10.63 
II 498.70 5.86 6.52 
III 1255.80 17.54 18.23 
IV 1161.28 10.66 13.73 
V 930.29 6.34 14.24 
VI 476.69 4.00 4.97 
VII 1063.24 7.38 16.82  

Fig. 4. Average modulus map of soil erosion in different seven divisions. 
Note: The magnitude of erosion per unit area of soil and soil parent material per unit time is the soil erosion modulus. The histogram indicates the 
average soil erosion modulus within each resource zone, and the dashed line indicates the percentage of the eroded area graded moderate and above 
in the corresponding year. 
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is 13,614, 13,231, 11,966, 8051, and 8106 km2, accounting for 26.73%, 26.00%, 23.49%, 15.87%, and 15.87% of the study area, 
respectively. The area and proportion of grassland experiencing moderate or above soil erosion were second only to forests, with an 
area of 510, 637, 856, 854, and 936 km2, with area proportions of 20.00%, 18.24%, 18.58%, 13.83%, and 11.24%, respectively. The 
grassland use type is smaller in area and its soil erosion trend is similar to that of forests. The land use patterns of partial natural 
vegetation types are consistent with the regional erosion changes. 

3.1.3. Spatial and temporal variation characteristics of soil erosion under different slopes 
As can be seen from Fig. 6, the area of micro erosion in each slope class was the largest. The intensity of soil erosion decreases at 

each slope class, and the steeper the slope, the greater the proportion of area where stronger erosion is transformed to micro erosion. 
The intensity of soil erosion decreases at each slope class, and the steeper the slope, the greater the proportion of area where stronger 
erosion is transformed to micro erosion. The proportion of erosion occurrence under the same erosion intensity is positively correlated 
with slope. Slight erosion was mainly concentrated from 0◦ to 8◦, moderate erosion 5◦–15◦, intense erosion 8◦–25◦, extremely intense 
erosion 15◦–35◦, and intense erosion 25◦–90◦. The areas with a slope >8◦ should be the soil erosion management focus. Over the study 
period, the average area of micro erosion was 47,103, 47,956, 49,718, 58,375, and 58,236 km2, with average percentages of 63.83%, 
61.11%, 65.39%, 76.83%, and 77.77%, respectively. The trend was increasing and the soil erosion condition improving. Micro erosion 
increased by 22.74% in the 25◦–35◦ slope class, 14.38% in the 5◦–8◦ slope class, 10.85% in the 15◦–25◦ slope class, 8.36% in the 
25◦–35◦ slope class, and 8.36% in the extremely intense erosion class. The area of extremely intense erosion increased by 5.42% in the 
35◦–90◦ slope class and the area of severe erosion increased by 1.46% in the 35◦–90◦ slope class. When the slope grade was <5◦, the 
soil erosion condition was more stable. As the slope grade increased, there was no obvious correlation between soil erosion condition 
recovery and slope grade. The more serious the soil erosion condition, the smaller the degree of change. 

Fig. 5. Temporal variations of soil erosion grades at different land use types: (a) cropland, (b) woodland, (c) grassland, and (d) wasteland from 2000 
to 2020. 
Note: The area of different erosion classes, and the line indicates the percentage of that class of erosion to the area of the corresponding land 
use pattern. 
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3.1.4. Erosion changes for the major land use types in steep slope areas 
The statistical characteristics of the occurrence of soil erosion graded as moderate and above were analyzed for arable land, forest 

land, and grassland when the slope was >15◦ (Fig. 7). The largest area of erosion occurred on forest land with an average erosion area 
of 5293.4 km2, accounting for 10.41% of the erosion area of this land use. This should be the focus of soil erosion management in the 
study area. The average erosion area on cropland was 2126.2 km2 and grassland was 2024.2 km2. The average erosion area on 
cropland was 5.04% higher than the average erosion area on grassland, but the eroded area graded moderate and above on cropland 
was 34.13%, which was higher than that on grassland. Soil erosion of moderate and above grade in three land use types (forest land, 
cropland, and grassland) decreased over the study period. The erosion area of forest land decreased by 2892 km2, a decrease of 
60.21%. The erosion area of cropland decreased by 66.22%, which represented the largest decrease. There was a clear improvement in 
soil erosion graded as moderate and above on steep slopes in the study area for the main land use types. 

3.1.5. Distribution characteristics of soil erosion of intense and above grades 
Fig. 8 shows that erosion centers were concentrated in the central and southwestern parts of the study area. Using a hot spot (Getis- 

Fig. 6. Temporal variations of soil erosion grades at different slopes: (a) 0–5◦, (b) 5–8◦, (c) 8–15◦, and (d) 15–25◦, (e) 25–35◦, and (f) 35–90◦ from 
2000 to 2020. 

Fig. 7. Soil erosion maps of different land use types on steep slopes. 
Note: The area of moderate and above grade erosion of different land use types with the dashed line indicating the percentage of erosion area in this 
land use pattern. 
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Ord Gi*) algorithm to determine the spatial distribution of eroded areas graded as strong and above in the study area, it was found that 
these areas in zones I, III, IV, and V showed a significant spatial clustering (P < 0.05). The spatial distribution of eroded areas graded as 
intense and above in zones II, VI, and VII was discrete (P < 0.05). The eroded areas graded as intense and above in the study area 
decreased over time. The central and southwestern parts should be the focus of soil erosion management in the study area. There was a 
concentration of arable land in this area with steep slopes, and therefore this land use needs to be further optimized. Slopes with serious 
soil erosion problems should be retired, afforested, planted with grass, or restored naturally according to the actual situation. 

3.2. Time series analysis of soil erosion factors in the study area 

The interannual soil erosion data, precipitation erosion force, vegetation cover, and soil conservation measures were analyzed by a 

Fig. 8. Spatial variation of soil erosion grade in the historical period (a) 2000, (b) 2005, (c) 2010, (d) 2015, and (e) 2020.  
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linear regression (Fig. 9). Over the study period, 36% of the area showed a significant decrease (P < 0.05) in soil erosion, while 32.27% 
of the area maintained the same soil erosion conditions, which overlapped significantly with the C-factor one-way regression results in 
the low-value area distribution. Soil erosion in 31.70% of the area increased significantly (P < 0.05), with a large spatial overlap with 
the distribution of cultivated land. Soil erosion significantly decreased (P < 0.05) over an area of 1758 km2, accounting for 2.22% of 
the study area; soil erosion significantly decreased (P < 0.01) over an area of 23,810 km2, accounting for 30.06% of the study area; soil 
erosion significantly increased over an area of 296 km2 (P < 0.01), accounting for 0.37% of the study area; soil erosion significantly 
increased over an area 3245 km2 (P < 0.05), accounting for 4.10% of the study area; and there was no significant change in soil erosion 
over an area of 50,094 km2, accounting for 63.25% of the study area. Soil erosion increased mainly in the cultivated areas, which was 
consistent with the earlier result that soil erosion was more likely to occur in cultivated areas than in grasslands when the slope was 
>15◦. The areas where soil erosion reduced were mainly areas of human activity and forest land, which were close to the main arable 
land areas. This was due to the return of farmland to forests and grassland. 

In the RUSLE model, K, L, and S were constant factors and C, R, and P influenced soil erosion. The area with a decreasing C-value 
was widely distributed in forest land and grasslands. The area with an increasing C-value was mainly distributed in the northeast of the 
study area and border area, and in cultivated areas and mixed cultivated forest areas, in which there was an increase in vegetation 
cover. The change in the C-value was positively correlated with soil erosion mainly in cultivated land areas. 

3.3. The driving force of soil erosion 

3.3.1. Detection factor univariate analysis 
Geodetector was applied to show the degree of explanation (q value) of 12 factors for the occurrence of soil erosion. As shown in 

Table 4, the relevance ranking was land use cover change (LUCC) > Precipitation > Population > GDP > Aspect > NDVI > Silt > Clay >
Sand > Temperature > DEM > Slope. The influence of each factor on the occurrence of soil erosion was balanced and the occurrence of 
soil erosion in the study area was influenced by a combination of factors. The land use factor had the greatest influence on the 
occurrence of soil erosion (0.269), and precipitation, vegetation cover, slope orientation, air temperature, sandy soil, clay, and slit 
influence were >0.2. The population density and gross domestic product q values were >0.24. 

3.3.2. Factor interaction 
Fig. 10 shows that the NDVI ∩ Aspect (q value of 0.342) ranked first in terms of interactions, followed by NDVI ∩ Precipitation (q 

value of 0.341). This indicates that vegetation cover played an important role in the occurrence of soil erosion, which was consistent 
with the results of the one-way regression analysis. Among the socioeconomic factors, Population ∩ GDP (q value 0.246), Population ∩
LUCC (q value 0.308), and human activity factors all showed two-way interactions, but the change was small. No factor acted 
completely independently, indicating that the interaction of any two drivers had a greater effect on the occurrence of soil erosion in the 
study area than a single factor. 

4. Discussion 

4.1. Spatial and temporal evolution of soil erosion and the analysis of driving forces 

The spatial and temporal succession of soil erosion in the eastern subtropical forest subregion of the Jiangnan Hills was analyzed 
over 20 years using the RUSLE model with 5-year intervals. The total amount and area of soil erosion significantly decreased over the 
study period. The erosion in the study area was dominated by micro erosion and slight erosion. Eroded areas graded intense and above 
mainly occurred in the center and southwest of the study area, which was consistent with the results of previous studies [51,52]. 

Soil erosion is the result of a combination of natural and socio-economic factors [53,54]. Regression and factor analyses were 
conducted to determine the role of typical factors (precipitation and vegetation). The results showed that the study area had abundant 
rainfall and the R-factor regression slope values were >0, generally consistent with previous studies [55]. , Interestingly the rainfall 
erosion force in the study area increased, but the erosion conditions improved. The decreasing trend of soil erosion intensity was 
obvious, which may be attributed to the policy guidelines of forestry reform, plain greening, and resource protection [24]. In terms of 
vegetation, 74.84% of the areas where the soil erosion intensity decreased spatially overlapped with areas where the NDVI increased 
significantly (p < 0.01). This suggests that increased vegetation cover reduced soil erosion in the region [56,57]. The factor detection 
results showed that the cause of soil erosion in this area was a combination of multiple factors, with vegetation playing an important 
role in regional soil erosion processes. 

4.2. Effects of land use and slope gradient on soil erosion 

Human activity and related land use changes were the primary causes of accelerated soil erosion [58], The area of micro erosion 
and slight erosion accounted for 70% in each land use type. Although the intensity of soil erosion in forest land areas continued to 

Fig. 9. Least square method results for (a) soil erosion, (c) vegetation cover factor, (d) soil and water conservation measures factor, and (e) rainfall 
erosion force factor, and (b) significance test of soil erosion from 2000 to 2020. 
Note: The values in the graph are the coefficients of the regression equation, dimensionless. 
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Table 4 
Factor detection results.  

Factor NDVI Slope Slope direction Temperatures Precipitation Elevation Sandy soil Clay Powdered earth Population density GDP Land Use 

q-value 0.235 0.073 0.238 0.211 0.251 0.143 0.216 0.219 0.225 0.242 0.241 0.269 
p-value 0 0 0 0 0 0 0 0 0 0 0 0 

Note: NDVI is annual vegetation cover, the temperature is the annual average temperature, precipitation is annual precipitation, and population density and GDP are 2015 statistics. 
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decline, forest land continued to have a high intensity of soil erosion. Typically, high vegetation cover favors the suppression of soil 
erosion [59]. This may be due to the high local rainfall, the single tree species structure of the secondary forest, the lack of understory 
vegetation, the splash effect [60], and the fragile red soil, resulting in forest runoff [61]. Forest land requires more attention for 
regional soil and water conservation, even though forest land erosion has lessened. Previous studies showed that the area of soil loss 
was proportional to the power of the slope [62,63]. For soils with runoff rates unaffected by slope length, there was a direct rela-
tionship between slope length and soil loss [64–66]. The interaction of different topographies, climate, soil types, and other factors can 
affect the soil erosion patterns in different regions. This study found that soil erosion intensity in regional cropland areas increased 
slowly in patches. Soil erosion decreased in the transition zone between arable land, towns, and forests. Existing experience has shown 
that measures such as straw mulching and terracing should be used to protect arable land ecology. Areas unsuitable for farming should 
be reforested and ecological compensation should be provided [67,68]. 

In terms of slope, the percentage of micro erosion area in all grades of slope exceeded 61% in the study, and the erosion grade was 
positively correlated with slope [69,70]. However, the degree of soil erosion restoration in the study area was not significantly related 
to slope. Erosion recovery was evident on slopes of 8–15◦, whereas slopes >15◦ were areas of high erosion. By analyzing the land use 
types of steep slopes, the highest percentage of soil erosion area in forest land was found when the slope was >15◦. The erosion in-
tensity of cropland was higher than that of grassland, and the erosion area of cropland with a moderate grade and above was 34.13% 
higher than that of grassland. Previous studies have shown that sloping cropland is an important factor contributing to soil erosion in 
the red soil zone [71]. Tillage systems should be improved to reduce soil erosion on sloping cropland [72,73]. The rate of recovery of 
cropland erosion was greater than that of forest and grass over the 20 years (66.22%). This may be attributed to the reduction in the 
area of cultivated land on steep slopes in hilly areas due to China’s Returning Farmland to Forest Program [74,75], as well as the 
improvement of farming systems in red soil areas [24]. 

4.3. Limitations of this study 

In this study, water erosion was estimated based on a time series in the study area, which has a subtropical monsoon climate with 
frequent short-term heavy rainfall. However, this study did not consider the effects of two key factors, heavy rainfall and storms [76, 
77]. The R-factor was calculated by the Zhang method based on the average annual precipitation and the results were stable in the 
same climate zone, but the results were large compared with the Naipal method [78]. The P-factor was not further refined due to the 
lack of real testing and the processing was not sufficiently detailed. It is necessary to further study the P-factor calculations. 

The spatial distribution and development trend of soil erosion in the study area were consistent with the historical data from 
previous studies in the area [79,80], although the modeling factors involved some uncertainty. Despite the differences in the quan-
titative results, they did not affect the detailed analysis. 

Fig. 10. Thermal map of interactive detection. 
Note: The horizontal and vertical coordinates indicate the values of the two interacting factors, and the values indicate the magnitude of the 
interaction effect factor. 
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5. Conclusions 

This study estimated soil erosion in the eastern subtropical forest subzone of the Jiangnan Hills from 2000 to 2020. The results of 
this study showed that the amount of soil erosion decreased by 3.96 × 107 t/a from 2000 to 2020, with the area and intensity of erosion 
reducing significantly. Due to natural and anthropogenic factors, the spatial distribution pattern of soil erosion in the study area had 
the characteristics of both local aggregation and local dispersion. The natural resource zoning could better represent this spatial 
pattern. 

In this study 64.33% of the increased area of soil erosion was distributed in the arable area, and the decrease of C-factor values in 
the arable area tended to be equivalent to the increase trend in soil erosion. The vegetation cover of cultivated land was largely 
influenced by the tillage method and tillage density, and the management of soil erosion should consider the type and density of human 
activities on the relevant land types. Agricultural production on steep slopes with an average annual rainfall greater than 1000 mm 
should be avoided. Cultivation measures and ecological protection measures should be taken in the red soil zone to reduce the impact 
of soil erosion. The descriptions of soil and water conservation measure factors and the analysis of soil erosion time series deserve 
further study. 
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