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Abstract

Research on regional soil erosion under global climate change has attracted widespread attention. 
Soil erosion in Guizhou Province, China, is severe due to the presence of extensively developed karst 
formations, making it a major local ecological issue. In this context, the present study aims to calculate 
the soil erosion modulus in Guizhou Province using the Revised Universal Soil Loss Equation (RUSLE) 
and to assess its spatiotemporal variation characteristics. In addition, the relationships between soil 
erosion and rainfall and vegetation coverage from 2000 to 2020 were further explored in this study. 
The results showed that: (1) From 2000 to 2020, soil erosion in Guizhou Province was at low levels. 
There was a significant linear increase in the average annual soil erosion modulus, with a change rate 
of 0.0001 t/(hm²·a) (P<0.05). (2) The conversion between the different soil erosion levels over the study 
period was generally manifested as a shift from low-level erosion (very slight, slight, and moderate 
erosion) to high-level erosion (severe, very severe, and extremely severe erosion). Specifically, from 
2000 to 2010, high-level erosion tended to shift to low-level erosion. From 2010 to 2020, on the other 
hand, low-level erosion shifted to high-level erosion. (3) Rainfall was the dominant factor affecting soil 
erosion changes in Guizhou Province from 2000 to 2020, while improvements in vegetation conditions 
played a major role in reducing the soil erosion modulus.
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Introduction

Regional soil erosion in the context of global climate 
change has attracted great attention from researchers 
worldwide in recent years [1, 2]. Guizhou Province, 
Southwest China, is one of the regions with the most 
typical karst-landform development in the world, 
where the exposed karst area accounts for 61.92% of 
the province’s total area. Furthermore, this province is 
characterized by the presence of the largest area of rocky 
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desertification in China. Guizhou Province has long been 
underdeveloped, with relatively low economic growth 
and severe ecological damage. The presence of shallow 
soil layers caused by the distinctive dual structure 
of karst landforms, together with the occurrence of 
concentrated rainfall in the province, leads to severe 
soil and water loss [3, 4]. Guizhou Province is also a 
priority area for controlling soil and water loss in China 
[5, 6]. The assessment of spatiotemporal variability 
and characteristics of soil erosion in Guizhou Province 
under current climate change conditions is, therefore, of 
significant theoretical and practical value for developing 
soil and water loss control strategies and implementing 
effective ecological conservation measures.

Soil erosion can lead to severe environmental 
issues, including decreased soil fertility and land 
degradation [7, 8]. The Revised Universal Soil Loss 
Equation (RUSLE) has been widely applied in soil 
erosion studies due to its simplicity and ease of use [9, 
10]. The RUSLE model considers five factors, namely 
rainfall erosivity, soil erodibility, slope length and 
steepness, vegetation cover, and soil-water conservation 
measures [11, 12]. In fact, the occurrence of frequent 
and extreme regional rainfall events in recent years as 
a result of global climate change has increased rainfall 
erosivity. Ma et al. (2024) argued that human activities 
were the main factor controlling soil erosion changes in 
Yunnan Province, China, followed by climate change 
[13]. Zhang et al. (2024) suggested that the increase in 
soil erosion in the Jiuyuangou Watershed of the Loess 
Plateau was attributed to an increase in erosive rainfall 
events, as well as to the unreasonable allocation of land 
use to some extent [14]. Abdi et al. (2023) stated that 
extreme erosive rainfall events were the major driver of 
the increased soil erosion in the Shaqlawa agricultural 
area of the Kurdistan Region, Iraq [15].

Soil erodibility is controlled by soil texture and is 
closely related to other factors such as soil type. Slope 
length and steepness (topographic factors) can exhibit 
relatively slight spatiotemporal variability. Tsegaye 
et al. (2024) concluded that soil erodibility was the 
dominant factor in the soil erosion process of the Fakisi 
Watershed in the Abbay Basin, Ethiopia [16]. Mengie et 
al. (2022) found that areas with high soil erosion rates 
in the Tashat Watershed, northwestern Ethiopia, were 
distributed in regions with steep slopes and erosion-
prone soil types [17]. Soil-water conservation practice 
and vegetation cover factors can be extracted from 
DEM (Digital Elevation Model) and NDVI (Normalized 
Difference Vegetation Index), respectively, or obtained 
using assignment methods [18-22]. The principle of 
assignment methods is to assign a value of 0 to identified 
terraced fields [20, 23].

Land management and vegetation cover change are 
important driving factors of soil erosion. Schwamback 
et al. (2024) argued that different land cover types lead 
to significant differences in soil loss rates. They showed 
a 20-fold and a five-fold increase in soil runoff and soil 
loss, respectively, following the conversion of forests 

to pastures or sugarcane fields [24]. Li et al. (2024) 
simulated the relationship between potential vegetation 
dynamics and soil erosion in the Loess Plateau from 
1982 to 2016 and demonstrated the enhancing impacts 
of vegetation restoration on soil conservation capacity 
by an average value of 84% per year [25]. Mathewos et 
al. (2024) found that the expansion of cultivated land, 
construction land, and bare land in the Boyo Watershed 
of the Central Rift Valley Basin over the 1991-2020 
period has led to annual increases in soil loss of 15.5, 
35.9, and 38.3 t/(hm²·a), respectively, compared with 
forests, water bodies, wetlands, and grasslands [26]. 
Ma et al. (2024) suggested that vegetation changes 
in the Zhifanggou Watershed on the Loess Plateau 
contributed to 86.10% of soil erosion in 2022 [27]. Ma 
et al. (2025) stated that improving vegetation coverage 
could effectively mitigate the risk of soil and water 
loss in the urban agglomerations of Central Yunnan, 
China [28]. Yi et al. (2024) highlighted an increased 
soil erosion risk in the middle and lower reaches of the 
Yangtze River, China, as a result of urban expansion-
associated decline in vegetation. Specifically, a 6.4% 
reduction in the vegetation cover coefficient led to a 
3.7% increase in the potential soil erosion risk [29]. The 
above-mentioned RUSLE-based studies demonstrated 
the complexity of the soil erosion process, which is 
characterized by significant spatial heterogeneity. 
Furthermore, they showed the regional differences in the 
relative contributions of the various RUSLE factors to 
soil erosion.

As a region that is severely affected by soil and 
water loss, extensive research has been conducted on 
soil erosion in Guizhou Province. For example, Gao 
et al. (2024a; 2024b) studied soil erosion in Guizhou 
Province and Bijie Prefecture, highlighting the role 
of human activities, including the Grain for Green 
Project and Rocky Desertification Control, in reducing 
soil erosion [30]. They also argued that the increase 
in rainfall erosivity had led to an overall rise in soil 
erosion in Guizhou Province, mitigating the role of 
human activities in soil erosion control [31]. Jian et al. 
(2025) suggested that different soil erosion prevention 
and control strategies in Guizhou Province should be 
adopted based on karst landform types and land use 
patterns [32]. Guo et al. (2024) concluded that elevation 
was the dominant factor influencing soil erosion on the 
Yunnan-Guizhou Plateau, where Yunnan Province and 
Guizhou Province, China, are located [33]. Additionally, 
some scholars have highlighted an increasing trend in 
rainfall erosivity in Guizhou Province [34-36].

High-resolution data products based on Landsat 
images have become increasingly available in recent 
years, such as 30 m-resolution NDVI data. These 
products have improved the ability to conduct soil 
erosion research using high geospatial resolution data. 
Indeed, soil erosion data at 30 m-resolution can provide 
more detailed information compared to those with large 
spatial resolutions (e.g., 1 km, 500 m, and 250 m). In 
this context, the present study aims to calculate the soil 
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erosion modulus of Guizhou Province from 2000 to 2020 
using the RUSLE method combined with soil texture and 
DEM data. Additionally, the spatiotemporal variability 
of the soil erosion modulus and its relationships with 
long-term rainfall and vegetation data (2000-2020) 
from 29 meteorological stations and 30 m-resolution 
Landsat NDVI data, respectively, were further explored. 
The findings of this study provide scientific support 
for understanding the spatiotemporal variability of soil 
erosion in Guizhou Province, as well as for guiding 
ecological protection and restoration policies.

Materials and Methods

Study Area

Guizhou Province is located in the southwestern 
part of China, with its geographical coordinates ranging 
from 103°36′17.60″E to 109°36′14.39″E in longitude 
and from 24°37′12.40″N to 29°12′2.70″N in latitude. It 
borders Hunan Province to the east, the Guangxi Zhuang 
Autonomous Region to the south, Yunnan Province 
to the west, and Sichuan Province and Chongqing 
Municipality to the north, covering a total land area of 
176,100 km² (Fig. 1). Geomorphologically, the province 
belongs to the Yunnan-Guizhou Plateau. The terrain 
within its borders is higher in the west and lower in 
the east, sloping northward, eastward, and southward 
from the central part, with elevations ranging from 148 
to 2,885 m. It is characterized by a subtropical humid 

monsoon climate. Specifically, the average annual air 
temperature and precipitation over the 1990-2020 period 
were 16.31℃ and 1,194.13 mm, respectively. The rainy 
and hot seasons coincide, with precipitation concentrated 
in summer and spring. The major soil types in Guizhou 
include yellow, red, yellow-brown, calcareous, purple, 
paddy, and mountain meadow soils. Influenced by its 
latitudinal location and topographic distribution, there 
are diverse vegetation types in the province, including 
tropical and subtropical vegetation (e.g., monsoon and 
evergreen broad-leaved forests), as well as temperate 
and cold-temperate vegetation (e.g., deciduous broad-
leaved and subalpine coniferous forests). On the other 
hand, the study area includes numerous rivers belonging 
to two major river systems, namely the Yangtze River 
and the Pearl River. The province serves as an important 
ecological barrier and water conservation area for the 
tributaries of the Yangtze River and the upper reaches of 
the Pearl River. However, it faces relatively severe soil 
erosion due to the widespread and well-developed karst 
landforms and the occurrence of extreme rainfall events, 
making it a key region for soil erosion control in China.

Materials

The data used in the study included: 
(1) Daily precipitation data for the 2000-2020 period 

were obtained from 29 meteorological stations in 
Guizhou Province and its surrounding areas. The spatial 
distribution of these stations is shown in Fig. 1. The data 

Fig. 1. Geographic locations of the study area and meteorological stations.
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were downloaded from the National Meteorological 
Science Data Center (data.cma.cn). 

(2) 1-km raster soil texture data for China 
were downloaded from the Food and Agriculture 
Organization of the United Nations (www.fao.org), 
including soil texture fractions (clay, silt, sand contents) 
and soil organic matter content. 

(3) Topographic factor (LS): a global topographic 
(LS) factor dataset with a 30 m resolution [37] 
was downloaded from the National Earth System 
Science Data Center, National Science & Technology 
Infrastructure of China (http://www.geodata.cn). 

(4) An annual Landsat NDVI dataset of China, with 
a 30 m resolution, covering the 2000-2020 period, was 
generated using the annual pixel-wise maximum value 
composite method [38]. The data were downloaded from 
the National Ecological Science Data Center, National 
Science & Technology Infrastructure of China (http://
www.nesdc.org.cn). 

(5) DEM data: SRTM DEM data with a 90 m 
resolution were downloaded from the Geospatial Data 
Cloud (www.gscloud.cn). 

(6) Vegetation type data: 1-km resolution raster data 
on the vegetation types in the province. 

(7) Vector boundary of Guizhou Province. Both 
(6) and (7) were downloaded from the Resource and 
Environmental Science Data Platform (www.resdc.cn).

Previous comparative studies have shown that the 
spline function interpolation method outperforms the 
inverse distance weighting (IDW) and kriging methods 
in spatial interpolations of precipitation data [39]. 
Nevertheless, the IDW and kriging interpolation methods 
remain the most widely used [5, 40-42]. In this study, 
the IDW interpolation method, with simple calculations, 
was employed to map the spatial distributions of rainfall 
erosivity in Guizhou Province from 2000 to 2020. 
The soil texture data were used to calculate the soil 
erodibility factor, while the NDVI data were employed 
to calculate the 2000-2020 vegetation coverage factor. 
The DEM data were used to calculate the soil-water 
conservation measure factor. The soil erodibility, soil-
water conservation measure, and vegetation type data 
were resampled to a 30 m resolution for subsequent 
analysis using the Nearest Neighbor (NN) method. This 
method was selected because of its high computational 
efficiency and ability to preserve initial data values, 
particularly at large scales.

Methods

The soil erosion modulus in the study area was 
determined using the RUSLE method, which reflects 
the relationships between soil erosion and rainfall, 
soil type, topography, vegetation coverage, and soil-
water conservation measures. The RUSLE method was 
computed using the following formula [43]:

	 	 (1)

where A denotes the annual soil erosion modulus, 
t/(hm²·a); R denotes the rainfall erosivity factor; K 
represents the soil erodibility factor; L is the slope length 
factor; S is the slope steepness factor; C is the vegetation 
coverage factor; and P is the soil-water conservation 
measure factor.

(1) Rainfall erosivity (R)
The daily rainfall erosivity was calculated using the 

collected daily rainfall data according to the method 
proposed by Xie et al. (2016) [44]. The annual rainfall 
erosivity was then obtained by summing the daily 
rainfall erosivity values, as follows:

	 	 (2)

where Rd is daily rainfall erosivity, MJ·mm/(hm²·h·a); 
Pd is daily precipitation ≥ 10 mm; ɑ is a constant, set at 
0.3937 in the warm season (May-September) and 0.3101 
in the cold season (October-April of the following year).

(2) Soil erodibility (K)
The K factor was calculated based on the soil texture 

and organic carbon data for Guizhou Province, obtained 
from the Harmonized World Soil Database (HWSD), 
using the method proposed by Sharpley et al. (1990) 
[45], as follows:

	 	
(3)

where M, F, and N denote the mass fractions of 
sand, silt, and clay in the soil, respectively (%); T 
denotes the mass fraction of soil organic carbon (%); δ 
= 1−M/100. The calculated K value was converted to the 
international system of units by multiplying it by 0.1317.

(3) Topographic factor (LS)
The LS was obtained by clipping the aforementioned 

30 m-resolution global LS data product using the vector 
boundary of Guizhou Province.

(4) Vegetation coverage factor (C)
The C factor was calculated using the Landsat NDVI 

data according to the method proposed by Li and Zheng 
(2012) [46], as follows:

	 	 (4)

where C denotes the vegetation coverage factor.
(5) Soil-water conservation measure factor (P)
The P factor was calculated using the method 

proposed by Lufafa et al. (2003) [47], based on the DEM 
data with a 90 m resolution, according to the following 
formula:

	 	 (5)
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where P is the soil-water conservation measure 
factor; θ is the slope gradient (%).

Results and Discussion

Soil Erosion Factor Calculation

The results showed a close relationship between the 
R and precipitation data. Guizhou Province, located in 
the subtropical zone, is characterized by high rainfall 
amounts and a high probability of erosive rainfall events, 
resulting in relatively high rainfall erosivity values. The 
R values of Guizhou Province ranged from 454.01 to 
12,330.08 MJ·mm/(hm²·h·a) over the 2000-2020 period. 
The highest values were found in the southeastern and 
southern parts of the province, while the lowest values 
were observed in the northwestern and northern parts 
(Fig. 2).

The average annual rainfall erosivity for Guizhou 
Province from 2000 to 2020 was estimated at 4,432.12 
MJ·mm/(hm²·h·a). The maximum rainfall erosivity 
values in 2000, 2010, and 2020 were 9,533.12, 10,044.80, 
and 12,330.80 MJ·mm/(hm²·h·a), respectively. Xu et 
al. (2005) revealed that an average annual rainfall 
erosivity in Guizhou Province from 1951 to 2001 was 
4,383.34 MJ·mm/(hm²·h·a), with a variation range 
of 1,865.15 to 7,238.53 MJ·mm/(hm²·h·a) [34]. Dai et 

al. (2013) estimated that the average annual rainfall 
erosivity in Guizhou Province from 1956 to 2000 was 
5,299.80 MJ·mm/(hm²·h·a), with a range of 3,051.00 
to 8,801.60 MJ·mm/(hm²·h·a) [35]. Whereas Ruan et 
al. (2020) indicated that an average annual rainfall 
erosivity in Guizhou Province from 1966 to 2017 of 
4,994.22 MJ·mm/(hm²·h·a), with a range of 2,767.46 to 
6,921.73 MJ·mm/(hm²·h·a) [36]. These findings were, in 
fact, consistent with the results revealed in this study. 
In contrast, Gao et al. (2024b) indicated the maximum 
values of rainfall erosivity in Guizhou Province in 2000, 
2010, and 2020 of only 2,331.38, 2,777.36, and 2,787.82 
MJ·mm/(hm²·h·a), respectively, showing relatively 
low rainfall erosivity levels [31]. The relatively similar 
findings of this study to those reported in previous 
related studies might be attributed to the same source of 
the daily precipitation data (the National Meteorological 
Science Data Center). On the other hand, Gao et al. 
(2024b) used daily precipitation data from the National 
Climatic Data Center (NCDC) of the U.S. National 
Oceanic and Atmospheric Administration (NOAA) [31]. 
The rainfall erosivity calculation results of this study 
suggest greater soil erosion modulus values than those 
reported by Gao et al. (2024b) [31]. However, the above-
mentioned comparative analysis results suggest basically 
accurate rainfall erosivity calculations in this study.

The K factor reflected the likelihood of soil 
erosion under the impacts of rainfall events, from the 

Fig. 2. Spatial distribution of R factor values in Guizhou Province from 2000 to 2020.
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perspective of soil texture. In this study, the K factor in 
Guizhou Province ranged from 0 to 0.0304. Because the 
province is dominated by mountains, the distribution 
of soil types is relatively complex. Overall, the high-K 
value areas were distributed in the western and northern 
parts of the province, while the low-K value areas were 
found in the southern and eastern parts (Fig. 3a)).

The LS factor can influence eroded soil materials 
moving along the slope after the occurrence of soil 
erosion. In fact, soil erosion can exhibit increasing-
decreasing trends with increasing slope steepness, while 
slope length has a significant impact on the migration 
of eroded soil materials. In other words, the longer the 
slope length, the lower the probability that eroded soil 
materials enter the gullies. The LS factor in Guizhou 
Province ranged from 0 to 234.05, with high- and low-
value areas distributed in the peripheral and central 
parts of the province, respectively (Fig. 3b)).

In this study, the P factor values ranged from 0.2 
to 0.49. Their spatial distribution in the province was 
consistent with that of the LS factor values (Fig. 3c)).

The C factor reflects the effect of vegetation on 
erosive rainfall: the better the vegetation condition in 
an area, the lower the likelihood of soil erosion. In this 
study, the C values in Guizhou Province ranged from 0 
to 1 over the 2000-2020 period, showing a temporally 
increasing trend during this period (Fig. 4). This 
finding might be related to human activities driven by 
the rapid economic development of the province, such 
as urban expansion, road construction, and mining 
activities. Specifically, these human activities led to the 
deterioration of vegetation conditions, which in turn 
increased soil erosion. 

The soil erosion modulus values for Guizhou 
Province from 2000 to 2020 ranged from 0 to 3,252.96 
t/(hm²·a). The spatial distribution of the soil erosion 
modulus was relatively scattered due to the 30-m spatial 
resolution of the data (Fig. 5). The average soil erosion 
modulus values in the Bijie area and the entire Guizhou 
Province in 2020 were 48.67 t/(hm²·a) [30] and 5.81 t/
(hm²·a) [31], respectively. In contrast, the calculated 
average soil erosion modulus in Guizhou Province 

Fig. 3. Spatial distributions of the a) K, b) LS, and c) P factors in Guizhou Province.
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in this study was 76.27 t/(hm²·a) in 2020, indicating 
an overestimation of the soil erosion modulus. This is 
attributed to the limitations of the RUSLE application in 
karst landforms, neglecting the underground seepage in 
karst regions and the impacts of rock clast distribution 
on soil erodibility and topographic factors. This can 
lead to the overestimation of soil erosion modulus in 
the study area. Meanwhile, the "salt-and-pepper noise" 
arising from the use of 30 m-resolution NDVI data 
might result in discontinuous and fragmented spatial 
distribution of soil erosion modulus, negatively affecting 
the soil erosion assessment results.

Temporal Variability of Soil Erosion

Temporal Variability of the Annual 
Average Soil Erosion Modulus

The average annual soil erosion modulus values 
in Guizhou Province increased from 65.22 to 76.27 t/
(hm²·a) over the 2000-2020 period, showing an overall 
significant linear increasing trend with a change rate 
of 0.0001 t/(hm²·a) per year (P<0.05). The variability 
consisted of decreasing-increasing stages. Specifically, 
the first stage was from 2000 to 2013, during which 
the average soil erosion modulus decreased from 65.22 
to 37.58 t/(hm²·a), corresponding to a reduction rate of 
42.37%. The second stage, on the other hand, was found 

from 2013 to 2020, showing an increasing trend in the 
average soil erosion modulus, which increased from 
37.58 to 76.27 t/(hm²·a), accounting for an increasing 
rate of 102.92% (Fig. 6).

Area Change of Different Soil Erosion Levels

In this study, soil erosion was classified into six 
levels based on the thresholds of 1000, 2000, 5000, 8000, 
and 15000 t/(km²·a) and according to the Standards for 
Classification and Grading of Soil Erosion (SL190-2007) 
[48, 49]. These classes included the very slight, slight, 
moderate, severe, very severe, and extremely severe 
erosion classes. Additionally, the area proportions of 
the different soil erosion levels and their changes were 
further calculated and analyzed in this study (Fig. 7).

There were relatively slight changes in the area ratio 
of different soil erosion levels in Guizhou Province over 
the 2000-2020 period. The average annual area ratios 
of the very slight, slight, moderate, severe, very severe, 
and extremely severe erosion areas were 24.33, 11.46, 
23.77, 15.45, 17.01, and 7.98%, respectively. The six area 
ratios also decreased from 21.95, 9.64, 22.17, and 15.17% 
in 2000 to 20.09, 8.35, 20.32, and 14.49% in 2020, 
corresponding to change rates of -0.054, -0.034, -0.067, 
and -0.015%/a, respectively. In contrast, the area ratios 
of the very severe and extremely severe erosion classes 
increased from 19.84 and 11.24% in 2000 to 21.08 and 

Fig. 4. Spatial distributions of the C factor in Guizhou Province during 2000-2020.
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15.67% in 2020, with corresponding change rates of 
0.033 and 0.136%/a, respectively. However, the above-
mentioned change rates were statistically non-significant 
at the P<0.05 level, indicating that these changes were 
mainly dominated by fluctuations without a clear future 
development trend (Fig. 7).

Spatial Change in Soil Erosion

Spatial Change Process of the 
Different Soil Erosion Levels

Soil erosion in Guizhou Province was predominantly 
at the very slight, slight, and moderate erosion levels from 
2000 to 2020, covering 59.55% of the provincial area. In 
2000, the very slight, slight, and moderate erosion levels 
were mainly distributed in the central and western parts 
of Guizhou Province, while the severe, very severe, 
and extremely severe erosion levels were concentrated 
in the southeastern, northern, and southwestern parts 
of the province. The spatial distribution pattern of the 
different soil erosion levels was consistent from 2001 to 
2020. Specifically, the very slight, slight, and moderate 
erosion levels generally expanded from the central part 
to the western and northern parts in 2001, 2003, 2005-
2006, 2009, 2013-2014, and 2016. Nevertheless, Guizhou 
Province exhibited extensive severe, very severe, and 
extremely severe erosion levels in 2020 when compared 
with the very slight, slight, and moderate erosion levels 
(Fig. 8).

Transition Matrix of the Different Soil Erosion Levels

The soil erosion modulus of Guizhou Province 
in 2000, 2010, and 2020 was selected to compute the 

Fig. 5. Spatial distribution of soil erosion modulus (A) values in Guizhou Province during 2000-2020.

Fig. 6. Temporal changes in the soil erosion modulus (A) values 
in Guizhou Province from 2000 to 2020.
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transition matrices of areas and proportions between the 
different soil erosion levels in the 2000-2010, 2010-2020, 
and 2000-2020 periods (Table 1).

The results showed changes in the severe, very 
severe, and extremely severe erosion levels in Guizhou 
Province to the very slight, slight, and moderate soil 

erosion levels over the 2000-2010 period, indicating 
decreased soil erosion. Among the outflow areas (in 
2000) of the extremely severe, very severe, severe, 
moderate, and slight erosion levels, the converted area 
of the very severe, severe, moderate, slight, and very 
slight erosion levels (in 2010) accounted for 97.24%, 

Fig. 7. Temporal changes in the area ratios of the different soil erosion levels in Guizhou Province from 2000 to 2020.

Fig. 8. Spatial distributions of the different soil erosion levels in Guizhou Province during 2000-2020.
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78.08%, 79.23%, 73.13%, and 72.89%, respectively. In 
contrast, among the inflow areas (in 2010) of the very 
severe, severe, moderate, slight, and very slight erosion 
levels, the percentages of the converted areas from the 
extremely severe, very severe, severe, moderate, and 
slight erosion levels were 73.16%, 81.85%, 82.93%, 
87.16%, and 97.11%, respectively.

The transition between the different soil erosion 
levels in Guizhou Province from 2010 to 2020 was 
mainly from the low (very slight, slight, and moderate) 
to high (severe, very severe, and extremely severe) 
soil erosion levels, generally showing increased soil 
erosion. Among the outflow areas (in 2010) of the 
very slight, slight, moderate, severe, and very severe 
erosion, the percentages of the converted areas to the 
slight, moderate, severe, very severe, and extremely 
severe erosion levels (in 2020) were 92.60%, 95.65%, 
86.40%, 95.21%, and 95.06%, respectively. Whereas the 
percentages of the converted inflow areas in 2020 from 
the very slight, slight, moderate, severe, and very severe 

erosion levels were 95.00%, 90.82%, 94.59%, 85.24%, 
and 96.83%, respectively.

The transitions between the different soil erosion 
levels in Guizhou Province over the 2000-2020 period 
were characterized by a shift from the low (very slight, 
slight, and moderate) to the high (severe, very severe, 
and extremely severe) soil erosion levels, indicating 
increased soil erosion. Among the outflow areas (in 
2000) of the very slight, slight, moderate, severe, 
and very severe erosion levels, the percentages of the 
converted areas to the slight, moderate, severe, very 
severe, and extremely severe erosion levels (in 2020) 
were 91.48%, 90.72%, 85.74%, 89.70%, and 88.27%, 
respectively. On the other hand, the converted inflow 
areas from the very slight, slight, moderate, severe, and 
very severe erosion levels in 2020 were 83.19%, 80.01%, 
88.55%, 86.20%, and 96.18%, respectively.

Fig. 9. Temporal variability of the soil erosion modulus under a) the unchanged precipitation and c) vegetation coverage; b) annual 
precipitation and d) NDVI in Guizhou Province from 2000 to 2020. 
Note: The soil erosion modulus was recalculated based on a) the rainfall erosivity (R) data for 2000, 2020, and the 2000-2020 period, as 
well as c) using the vegetation cover factor (C) data for 2000, 2020, and the 2000-2020 period.
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Relationships of Soil Erosion with 
Rainfall and Vegetation Changes

Contrary to rainfall erosivity and vegetation 
coverage, soil erodibility, slope length and steepness, 
and soil-water conservation measures are generally 
unchanged. Therefore, the rainfall erosivity and 
vegetation cover factor can be controlled separately. In 
addition, the soil erosion modulus in Guizhou Province 
from 2000 to 2020 can be calculated under the scenarios 
where rainfall erosivity and vegetation coverage remain 
unchanged to explore the quantitative impacts of 
rainfall and vegetation on soil erosion. In this context, 
four scenarios were considered in this study, including 
unchanged rainfall erosivity (recalculated soil erosion 
modulus separately for 2000 and 2020) (Fig. 9a)) and 
unchanged vegetation coverage (recalculated soil erosion 
modulus separately for 2000 and 2020) (Fig. 9c)).

The average annual soil erosion modulus value 
of Guizhou Province, calculated based on the 2000-
2020 rainfall erosivity data, was 54.32 t/(hm²·a), with 
a wide variation range. In contrast, the average annual 
soil erosion modulus value, recalculated using the 2000 
and 2020 rainfall erosivity data separately, exhibited 
relatively slight variability (Fig. 9a)), reaching 64.93 
and 76.20 t/(hm²·a), respectively. These differences 
might be attributed to the occurrence of relatively high 
rainfall amounts in 2000 and 2020 (Fig. 9b)), leading to 
relatively high average rainfall erosivity values in these 
two years, and the values were 5,323.83 and 6,244.06 
MJ·mm/(hm²·h·a) in 2000 and 2020, respectively, which 
are higher than the 2000-2020 average annual rainfall 
erosivity value of 4,432.12 MJ·mm/(hm²·h·a). Under 
stable rainfall erosivity, on the other hand, an unchanged 
soil erosion modulus was obtained with a relatively 
slight variability. Moreover, the soil erosion modulus 
values from 2000 to 2020 recalculated using the rainfall 
erosivity of 2020 and 2000 separately were higher than 
those determined using the 2000-2020 rainfall erosivity 
data (Fig. 9a)).

In this study, the changing patterns of the annual 
soil erosion modulus calculated based on the 2000-2020 
vegetation coverage data and those determined using the 
vegetation coverage data for 2000 and 2020 separately 
were relatively similar (Fig. 9c)). Indeed, the average 
annual soil erosion modulus values using the vegetation 
coverage data for the 2000-2020 period, 2000, and 2020 
were 54.32, 54.65, and 54.36 t/(hm²·a), respectively. 
These findings might be attributed to the significant 
increase in the NDVI values over the 2000-2020 
period, resulting in comparatively lower soil erosion 
modulus. On the other hand, the lowest and highest 
annual NDVI values were 0.7359 and 0.8026 in 2000 
and 2020, respectively (Fig. 9d)). The calculated soil 
erosion modulus values using the 2020 NDVI data were 
slightly lower than those obtained from the 2000 NDVI 
data (Fig. 9c)). This finding demonstrates the mitigation 
effects of vegetation on soil erosion. Nevertheless, these 
effects were weaker than those of precipitation changes.

Conclusions

(1) The average annual soil erosion modulus in 
Guizhou Province showed a significant linear increase 
over the 2000-2020 period, with a change rate of 
0.0001 t/(hm²·a) (P<0.05). Importantly, the proportions 
of the very slight, slight, moderate, and severe erosion 
areas decreased over the 2000-2020 period, while the 
very severe and extremely severe erosion areas had a 
temporal increasing trend.

(2) From 2000 to 2020, the very slight, slight, and 
moderate erosion levels were found in the central 
and western parts of Guizhou Province, while the 
severe, very severe, and extremely severe levels 
were concentrated in the southeastern, northern, and 
southwestern parts of the province. However, the results 
showed a conversion of the soil erosion levels over the 
study period. Specifically, the soil erosion levels were 
intensified, showing the conversion of the very slight, 
slight, and moderate levels to the high-level erosion 
levels (severe, very severe, and extremely severe), 
except for the 2000-2010 period, which experienced a 
conversion of the high-level areas to the low-level areas, 
resulting in reduced soil erosion. 

(3) Rainfall was the dominant factor affecting the 
spatial changes in the soil erosion levels in Guizhou 
Province from 2000 to 2020, whereas vegetation 
improvement played a secondary role in reducing the 
soil erosion modulus. 

Regional extreme heavy precipitation events have 
become frequent in recent years due to the continuous 
impacts of global climate change. Guizhou Province is 
a major karst landform area facing increasingly severe 
soil erosion, making the implementation of prevention 
and control measures crucial. In fact, it is recommended 
to increase financial investment, strengthen soil and 
fertilizer conservation measures within the province, 
and improve vegetation coverage to effectively mitigate 
soil erosion. In addition, it is suggested to conduct 
future research on the applicability and modification 
of the RUSLE model in karst areas, as well as on the 
improvement of geospatial data resolution, to enhance 
soil erosion assessments.
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