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Abstract: The soil and water conservation ratio (SWCR), which is a quantitative index for measuring
the control degree of soil and water loss, is equal to the percentage of the land areas with a slight
erosion intensity in the study area. The dynamic change in the SWCR reflects the dynamic process
of realizing a specific soil and water conservation goal in a certain stage. The objectives of this
study were to evaluate the change in the SWCR in the Guizhou Province in this century and to
analyze its causes. The temporal and spatial variations of soil erosion intensity and SWCR were
measured based on GIS technology and revised universal soil loss equation (RUSLE). The results
showed that the spatial pattern of soil erosion intensity in the Guizhou Province was high in the west
and low in the southeast, and that the soil erosion characteristics were obviously different between
karst and non-karst areas. In the karst areas, the land with a moderate and above erosion intensity
(>3 thm—2 y_1 in the karst area; >25 t hm—2 y_1 in the non-karst area) accounted for 28.20-34.78%
of the total area, while only accounting for 2.39-2.72% in the non-karst areas. From 2000 to 2019, the
mean intensity of soil erosion decreased from 13.97 to 10.83 t hm~2 y_l, and the SWCR increased
from 32.95% to 35.31%. According to the change in erosion intensity grades, 22.30% of the whole
province’s erosion grade changed from high to low, especially in the west, with a high erosion
intensity. Meanwhile, about 11.99% of the land in the central, eastern and southeastern regions, was
where the erosion intensity showed a slight increase and the spatial distribution showed sporadic
patch distribution characteristics, which may be related to an increase in infrastructure investment
in the Guizhou Province in recent years. A large number of production and construction projects
caused the destruction of surface vegetation and also caused patchy soil erosion. The spatial and
temporal characteristics of the soil erosion and the SWCR in the Guizhou Province between 2000
and 2019 were mastered through this study, and our results provide an important basis for further
scientific and reasonable soil and water conservation planning work.

Keywords: soil loss tolerance; soil and water conservation ratio (SWCR); RUSLE; karst rocky
desertification; soil erosion environment

1. Introduction

Soil erosion leads to a loss of soil nutrients [1,2], and land degradation caused
by soil erosion is one of the main threats to environment and human security in the
21st century [3-5]. Soil erosion is also a major environmental and ecological problem in
China, especially in the Loess Plateau in northwest China, the black soil area in northeast
China and the karst area in southwest China [6,7].

Guizhou Province in the center of the southwest karst is one of the regions with
serious soil erosion in China because it has the largest contiguous exposed area of carbonate
rocks and the strongest karst development in China [8]. The ecological environment is
extremely fragile, and it has a low resistance to erosion. In previous periods, due to
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the double pressures of population overload and social and economic backwardness,
soil erosion in the karst areas has intensified, rock desertification has developed rapidly,
and the ecological environment has deteriorated [9-11]. Due to the special geological
and geomorphic environment and climate conditions in the karst areas, the natural soil
formation rate is slow, the soil loss tolerance is low, and serious soil erosion leads to a decline
in soil fertility, a thinning of the soil layer and an expansion of rocky desertification [12,13].
In recent years, with the attention of policy makers on ecological protection and the rapid
development of local societies and economies, more and more investment has been made to
control soil erosion and rock desertification in this region, and the ecological environment
has been improved. In this process, the spatial pattern of land use and land cover changed
greatly, which will inevitably lead to a change in the soil erosion environment and erosion
characteristics in the region; however, there are few quantitative evaluation results on
the temporal and spatial characteristics of soil erosion and soil and water conservation in
this region.

The soil and water conservation ratio (SWCR) [14] is a recently proposed (2019)
parameter to measure the control degree of soil and water loss. A regional calculation
of the SWCR is usually based on the assessment of different soil erosion intensity areas;
however, at the watershed or regional scale, the quantitative evaluation of soil erosion has
always been a difficulty in soil erosion research due to the heterogeneity of the erosion
environment and the complexity of the driving mechanism. In this regard, scholars of
various countries have carried out a significant number of explorations to build soil erosion
prediction models to simulate the amount of soil and water loss at different scales, such
as the RUSLE [15], WEPP [16], CSLE [17] and EUROSEM [18] models. Among these
models, the RUSLE model is the most widely applied [19]. Due to its simple structure
and few parameters, the required data are relatively easy to obtain, and the main factors
affecting soil erosion are considered with minimal data and calculation requirements. The
simulation results at the large-scale level have been recognized by scholars at home and
abroad. In the past 40 years, it has been widely used in the soil erosion studies at the
regional scale, national scale and global scale in more than 100 countries [20]. The RUSLE
model was originally developed from field plots and small watersheds, but some recent
studies have shown its unique advantages over other models when applied to large scales.
For instance, Karamage et al. [21] evaluated the soil erosion status of different land cover
types in Uganda using the RUSLE model, and predicted the impact of support practices
on soil loss reduction. Panagos et al. [22] estimated the soil erosion in Europe in 2010 by
using the RUSLE model, and generated a map of the soil loss in the European Union with a
resolution of 100 m. Borrelli et al. [23,24] quantitatively estimated soil erosion on a global
scale based on the RUSLE model and assessed the impact of global land use change on
soil erosion from 2001 to 2012. In subsequent studies, they built the RUSLE-based Global
Soil Erosion Modeling platform (GloSEM), and the change characteristics of global soil
erosion under different land use and climate change scenarios from 2015 to 2070 were
predicted. In the above studies, at the national, continental and global scales, the RUSLE
model was applied to evaluate the effect of support practices, to simulate soil erosion
and study the spatial-temporal patterns of soil erosion, and to predict soil erosion under
different environmental conditions in the future. It can be seen that the RUSLE model
has certain advantages and application prospects, and is a reliable method in large-scale
soil erosion simulations; however, there is a lack of a SWCR study based on the RUSLE
model because the SWCR is a new concept, especially in karst regions with a fragile
ecological environment.

In the studies of soil erosion simulations in karst areas, the RUSLE model is also used,
but most of them are implemented at the watershed scale, with relatively few applications
at the regional scale [10,25]. Chen et al. [26] estimated the annual average soil erosion rate
of the Mawoshan Karst Basin in northwest Guizhou from 1980 to 2000 based on the RUSLE
model, and analyzed the sensitivity of each sub-model. Wang et al. [27], based on the GIS
and RUSLE models, applied the geodetector method to study the quantitative attribution
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of soil erosion in karst areas of different geomorphic types in the Sanchahe River Basin.
Based on the RUSLE model and geodetector method, their studies explored the soil erosion
status and quantitatively attributed the main influencing factors in the study area. Under
the complex soil erosion environmental conditions in the karst areas, these pioneering
studies provided a certain basis for large-scale soil erosion simulations in karst areas, and
illustrated the applicability of the RUSLE model in those karst areas; however, these studies
only assessed the soil erosion intensity at a karst watershed scale. At larger scales, such as
a region scale, the study area may include both karst and non-karst regions. The rate of soil
formation in a karst region is 1040 times less than that of a non-karst region [28], leading
to a soil loss tolerance that is different for the different landform area and a soil erosion
intensity classification is entirely different; therefore, the study area should be divided into
two landform types to more accurately measure the soil erosion intensity and SWCR at a
regional scale.

As the center of the karst region in southwest China and being an important ecological
barrier in the upper reaches of the Yangtze River and Pearl River, the Guizhou Province has
strong representativeness and a practical significance for a quantitative evaluation of the
soil erosion in this region [29]. The objective of this study was to simulate the soil erosion in
the Guizhou Province from 2000 to 2019 by using the RUSLE model, to analyze the temporal
and spatial variation characteristics of soil erosion and various elements influencing the
occurrence of soil erosion in the RUSLE model, to identify the current value of the SWCR
in the study area, and to analyze its change trend during the study period. Additionally,
an evaluation of the effect of soil and water conservation in the Guizhou Province in
the previous 20 years was conducted. This will provide a scientific basis for soil and
water conservation and ecological environment evaluation in the Guizhou Province and in
karst regions.

2. Materials and Methods
2.1. Study Site

The study area is located in the Guizhou Province, east of the Yunnan-Guizhou Plateau
(103°36'~109°35" E; 24°37 to 29°13' N) (Figure 1). Guizhou Province is the center of the
karst distribution in southwest China and is an important water conservation area and
ecological security barrier area in the upper reaches of the Yangtze River and the Pearl
River. The province is about 595 km long from east to west and about 509 km from north
to south, with a total area of 17.6 x 10* km?. The terrain west of the study area is higher
than in the east, tilting from the middle to the north, east and south, and the average
altitude is about 1100 m. The climate is warm and humid, belonging to the subtropical
warm and humid monsoon climate zone, which is characterized by simultaneous heat
and precipitation, an obvious rainy season and having high precipitation. Guizhou has
complex natural conditions and various soil types, including yellow soil, lime soil, red
soil and purple soil. Among them, the distribution of yellow soil is largest. The general
distribution of the soil types in the province is as follows: the red soil is mainly distributed
in the south and east; yellow soil is widely distributed in the central and northern re-
gions, and purple soil is concentrated in the northwest corner. In addition, except for the
eastern part of the southeast, there are large areas of lime soil distribution in the whole
province. Karst and non-karst environments account for about 70% and 30% of the area,
respectively. In the karst region, the soil layer is shallow, and the soil erosion and rocky
desertification are serious. According to the data, from 2000 to 2018, the province invested
about CNY 1.87 x 10* million in the ecological environment construction of soil and water
conservation, covering an area of 3.05 x 10* km?2. From 2005 to 2016, the area of rocky deser-
tification in the Guizhou Province decreased by 25.5%, or about 8460 km?. In recent years,
the social and economic development of Guizhou Province has been rapid. The province
has vigorously implemented the “Big Ecology” strategy, and intensified the soil and water
conservation and control of karst rocky desertification. In 2016, Guizhou Province became
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one of the first batch of national ecological civilization pilot zones, achieving remarkable
achievements in ecological environment construction.
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Figure 1. Locations, karst distributions, and weather stations distributions of the study area.
2.2. Data Sources
The main data of this study are: the daily precipitation data, land cover data, vegetation
index data, soil data, digital elevation data and the karst distribution data in the Guizhou
Province. The specific data sources and accuracy information are shown in Table 1.
Table 1. Basic data.
Data Type Accuracy Source Dataset Name
Daily rainfall dataset from ) C;ﬁ?&?ﬁeﬁo/rgzgfﬂa])c?? S;?:;; d Daily data set of Surface
2000 to 2019 P e climatic data in China
on 9 July 2021)
Earth big data science and engineering
Land cover dataset from data sharing service system
2000 to 2020 30m (https:/ /data.casearth.cn/, accessed on GLC_FCS30-1985_2020 [30]
21 March 2022)
Normalized vegetation index 250 m. (https:/ /earthexplorer.usgs.gov/,

from 2000 to 2020

accessed on 9 April 2022)

MOD13Q1 V61
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Table 1. Cont.
Data Type Accuracy Source Dataset Name
FAQ SoilGrids (https:/ /www.isric.org/
Soil dataset 250 m explore/soilgrids/faq-soilgrids, FAQ SoilGrids
accessed on 15 February 2022)
Alaska Satellite Facility Distributed
Digital elevation model 125m Active Archive Centers (ASFDAAC) 4y 56 pATSAR 12.5 m DEM

(https:/ /search.asf.alaska.edu/#,
accessed on 7 December 2021)

Karst distribution

Karst Data Center, Chinese Academy of
- Sciences (http:/ /www.karstdata.cn/,
accessed on 22 January 2021)

Karst types and distribution
map in Guizhou !

1 Karst distribution data are scanned image files in the format of .jpg, which need to be geographically registered
and vectorized.

The basic data are divided into the S1 period (2000-2004), S2 period (2005-2009),
53 period (2010-2014) and S4 period (2015-2019). After obtaining the above basic data, the
coordinates were unified as an Albers_Conic_Equal_Area, and the spatial resolution was
uniformly sampled to 12.5 m for analyzing the soil erosion characteristics.

2.3. Methods
2.3.1. Soil Erosion Intensity Calculation

In this study, the revised universal soil loss equation (RUSLE) [15] was used to estimate
the soil erosion in the Guizhou Province from 2000 to 2019.
The RUSLE equation is:

A=RXKXxLSxCxP @D

where, A represents the soil erosion rate (t hm=2 y~!); R is the rainfall erosivity factor
(MJ mm hm~! h~! y=1); K is the soil erodibility factor (thm? h MJ~! hm~2 mm~!); LS is
the slope length and slope steepness factor; C is the land cover and management factor;
P is the support practice factor. LS, C and P factors are dimensionless.

(1) Rainfall erosivity factor (R). Rainfall erosivity is a measure parameter of the soil erosion
caused by rainfall. R reflects the potential erosion due to rainfall factors on the soil,
and it is the main driving force of soil erosion. The monthly and annual mean rainfall
erosivity in each station were determined by using the daily rainfall observation data
from 49 meteorological stations in Guizhou Province and its surrounding areas and
the R factor of the whole study area was obtained by using the co-kriging interpolation
method. In this paper, the rainfall erosivity calculation method is a daily rainfall-
erosivity model established by Yu and Rosewell [31] and modified by Xie et al. [32],
which was proved by Zhu et al. [33] to be suitable for the calculation of rainfall
erosivity in the karst areas of southern China. The equation is as follows:

R qy = 0.2686 [1 +0.5412 cos(g j— 7;” p}7263 2)
where, Ry, is the rainfall erosivity on a day in month j, and P; is the rainfall of that
day (mm), monthly and annual rainfall erosivity is the sum of the daily rainfall
erosivity (M] mm hm~! h~! y~1). The daily erosive rainfall threshold was set
to 12 mm.

(2) Soil erodibility factor (K). The K factor is an indicator of the soil detachment and
transport by raindrop impact and surface flow. Soil with a strong erosion resistance
has a low K value, and, vice versa, the K value is high. The conventional calculation
methods of the soil erodibility factor are considered to be overestimated in China
and are not suitable for direct use, thus they need to be calibrated [34]. The K factor
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calculation method modified by Zhang et al. [35] was adopted in this paper. The
equation is as follows:

Kepic = {0.2+0.3exp[—0.0256SAN( - %)}} x (%)0'3

®)
0.25C 0.7SN1
X [1.0 — m] X [1'0 - SN1+exp(—5.51+22.9SN1)]
- log(Dg) +1.675\*
Kpg = 7.594{0.0017 +0.0494 exp [ o.5< T 4)
n
Dg =exp 0.0lZfi Inm; ®)
i
Kipie = —0.01383 + 0.5158Kpc Q)
bg = —0.00911 + 0.5507K )
1
K= 0.1317{ —0.0041 +1.2978 {2( Eprc + K{)g)} } ®)

where Kgpjc is the K value obtained by the EPIC model [36] calculation method,
Kpg is the K value of the Shirazi formula [15,37], SAN is the sand content (%), SIL is
the silt content (%), CLA is the clay content (%), C is the soil organic carbon content (%),
SN1 =1 — SAN/100, Dg is the geometric mean diameter, and m; is the arithmetic
mean of the particle size limits (mm). The figure of 0.1317 is a factor to convert the
soil erodibility index to the SI metric unit of t hm? h MJ~! hm =2 mm .

Slope length and steepness factors (LS). The LS factor shows the combining effect of
the slope length (L) and slope steepness (S) that shows the topographical influences on
soil erosion, and usually shows an accelerated effect on soil erosion. In karst areas, the
topographic fluctuations vary greatly, and a low-resolution DEM may underestimate
the impact of topographic changes on the soil erosion simulation. In this paper, we
used the LS calculation method in CSLE [17] to calculate the LS factor value, realized
by the LS-Tools developed by Zhang et al. [38]. The expression is as follows:

)\ m

L= (22.13) ©)

02, 6 <1°

03, 1°<6<3°
M= 04, 3°<0<5° (10)

0.5, 0 > 5°

10.8 sin 6 + 0.03, 0 < 5°
S=1{ 168sin0—050, 5° <0 < 10° 11)
21.9sin6 — 0.96, 0 > 10°

where A is the slope length (m), and m is a variable length slope exponent.
McCool’s [39] S factor calculation method is adopted when the slope is less than
10°, and Liu’s [40] S factor calculation method is adopted for a steep slope when the
slope is greater than 10°. S is the slope steepness factor; 6 is the slope value.

Vegetation cover and management factor (C). The vegetation cover and management
factor is used to represent the impact of vegetation cover and management measures
on soil erosion. It is defined as the ratio of soil loss under certain surface cover
and management measures to the soil loss under the same conditions under timely
ploughing and a continuous fallow control. The C value also depends on the amount
of erosive rainfall in the different growing periods of crops, and the annual average C
value is weighted according to the annual monthly distribution of rainfall erosivity.
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Borrelli et al. [23] estimated global soil erosion at a large scale and calculated the
C-factor values for agricultural and non-agricultural land, respectively. Li et al. [41]
adopted this method and, based on the crop composition of each province in China,
the weighted average C factor value of the cultivated land in each province was
calculated. Our study area was the Guizhou Province, which is between the national
large-scale and the large watershed scale. The calculation of the C factor value by
using the above methods cannot well show the spatial distribution of the C factor
value of agricultural land. The method of calculating the C factor value was based on
the vegetation coverage proposed by Cai et al. [42]. This method has been applied to
the calculation of the C factor value at the watershed scale in the karst area [43,44]. The
method of Borrelli et al. [23] was adopted to calculate the C value of non-agricultural
land, and the method of Cai et al. [42] to calculate the C value of agricultural land in
this paper, and expression is as follows:

o NDVI— NDVlL,;
NDV Iyeg — NDV Iy

(12)

where, f is the fractional vegetation coverage (FVC) (%) in each season; NDVTI is the
NDVI value of each month; NDVI,; is the NDVI value of bare soil or a non-vegetation
covered area; ND VI is the NDVI value of the pixels completely covered by vegeta-
tion. In the absence of measured data at the large scale, the cumulative percentages of
5% and 95% are usually selected as the NDVI,,; and NDVT,, thresholds, respectively:

1 f=0
Ca =< 0.6508—03436lg(f), 0< f<783% (13)
0 f > 78.3%

where Cj4 is the value of C of the agricultural land; f is the vegetation coverage.
Referring to the method of Borrelli et al., the C value of non-agricultural land was
calculated by the land use type and fractional vegetation coverage, and the expression
is as follows:

Cna = MIN(Cyc) + Range(Crc) x (1 — f) (14)

where Cp4 is the value of C of the non-agricultural land; f is the vegetation coverage.
The range of Cn4 for each land cover (LC) is as follows (Table 2):

C= 2 R;C; (15)

where C is the annual average C value; i is the plant growth season (month); R; is the
percentage of rainfall erosivity in month 7 in annual rainfall erosivity; C; is the value
of C in month i.

Table 2. Values of C-factor for the non-agricultural land.

Group Cna
Woodlands 0.0001-0.003
Shrublands and grasslands 0.01-0.15
Transitional woodland-shrub 0.01-0.15
Barren or sparsely vegetated 0.1-0.5
Water body and Impervious surfaces Nodata
others 1

Note: In order to avoid the conflict between land type and vegetation coverage caused by different data sources
(for example, the original land cover is Woodlands, but the FVC calculated by NDVI is extreme low), the original
land type was fine-tuned in combination with the land type and FVC. Woodlands, Shrublands and Grasslands
with an FVC less than 0.15 were modified as Sparsely vegetated, Woodlands with an FVC between 0.15 and
0.4 were modified as Transitional woodland-shrub, and Sparsely vegetated with an FVC greater than 0.15 was
modified as Sparsely vegetated or Shrublands.
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(5) Support practices factor (p). The soil and water conservation support practices factor
is the ratio of soil loss under certain surface conditions to soil loss on the control
surface under the same conditions when planting along a slope without the support
measure. The p value ranges from 0 to 1, and the smaller the p value is, the more
obvious the effect of soil and water conservation measures on the soil erosion control
is. The p factor is also one of the most difficult factors to determine. At a large scale,
it is difficult for a support practice to be specific; therefore, the p value is usually
not considered [45]. At the large watershed scale, the p factor is usually assigned
according to land use. The scale of this study was between the national scale and the
large watershed scale; therefore, it was reasonable to assign the p factor by land use.
In this study, the p values of the different land use types were acquired from previous
studies of karst areas in southwest China [43,46-48], that is, Woodlands, Shrubby land
and Bare land were 1. The Water body and Impervious surfaces were 0, in the Rainfed
cropland they were 0.4, and 0.15 in the Irrigated cropland fields.

2.3.2. Soil and Water Conservation Ratio Calculation

The soil and water conservation ratio (SWCR) is a new evaluation index of soil and
water conservation and was proposed in 2019. It is generally divided into a current value
and long-term target value. The current value of the SWCR is an important reflection of
the regional soil and water conservation status, and it is the ratio of the area where erosion
intensity is a slight degree to the total study area [14], as follows:

Slight erosion area

SWER = Study area

x 100% (16)

Guizhou Province is located in the center of the karst region in southwest China, and
the karst distribution area accounts for about 70% of the total area of the province. Owing
to the high and steep mountain karst area, with a shallow soil layer, where the majority of
the carbonate rock acid insoluble content is low (less than 10%) [28], the soil formation is
slow, and the soil loss tolerance is small [12,13,49], using the same standard of soil erosion
intensity in a karst area and non-karst area is obviously inaccurate [12]. Scientific division
of the soil erosion intensity level is particularly important in the study area; therefore, the
present Soil Erosion Classification Standard (SL 190-2007) was used as the classification
basis of the soil erosion intensity in the non-karst areas. The classification of soil erosion
intensity in the karst areas was based on the Technical Standard for Comprehensive Control
of Soil erosion in Karst Areas (SL 461-2009) (Table 3).

Table 3. Soil erosion intensity grading in the study area (unit: t hm=2 y=1).

Slight Light Moderate Intense Extremely Severe

Erosion Erosion Erosion Erosion Intense Erosion Erosion
Non-karst area <5 5~25 25~50 50~80 80~150 >150
Karst area <0.5 0.5~3 3~15 15~30 30~60 >60

3. Results
3.1. Spatial and Temporal Characteristics of Soil Erosion Factors in Guizhou Province

In this paper, the rainfall erosivity was estimated based on the daily rainfall. The
spatial pattern of rainfall erosivity in the Guizhou Province is generally low in the northwest
and high in the southeast. There are several high-value belt regions in northeast, southeast
and southwest Guizhou, and the rainfall erosivity in northwest Guizhou is the lowest
(Figure 2). The mean annual rainfall erosivity in the Guizhou Province from 2000 to
2019 was 4154 MJ] mm hm~! h~! y~1. From 2000 to 2009, the rainfall erosivity decreased
from 4209 MJ mm hm ! h™! y~! to 3921 MJ mm hm~! h™! y=!. From 2010 to 2019,
the rainfall erosivity showed an increasing trend (from 3945 MJ mm hm~! h™! y_1 to
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4539 MJ mm hm~! h~! y~1). The mean value of the rainfall erosivity had little change from
2005 to 2015 and increased slightly from 2000 to 2019.

h

b

(2000 —2004) (2005 —2009)

legends R factor

MJ-mm-hm >h™-a?
Value
B <2500
2500 -3000
1113000 - 3500

3500 - 4000

4000 - 4500

4500 - 5000

5000 - 5500

}N\
15500~ 6000

d.
6000 - 6500
= ~1%500 (2015-2019)

C.
(2010 -2014)

150km

Figure 2. Spatial distribution of rainfall erosivity in Guizhou Province from 2000 to 2019. (a) S1;
(b) S2; (c) S3; (d) S4.

From 2000 to 2019, the variation range of the rainfall erosivity in the eastern and
northeastern parts of Guizhou Province was more severe, and the variation in the central
and the western parts was more moderate. In order to directly reflect the overall change and
spatial pattern of the rainfall erosivity, an overall multi-annual average R-value distribution
zone (MARD) (black area in Figure 2) was described by 25 M] mm hm-1h-1! y_1 as the
buffer radius based on the multi-annual average rainfall erosivity of the four periods. Based
on the mean distribution belt, the R value less than the mean was considered to be the
low value region, and the R value greater than the mean was considered to be the high
value region.

In the S1 period, the MARD was wave-shaped, starting from northern Guizhou,
southward to the northern part of the center urban zone in central Guizhou, and then
westward to the junction of Yunnan and Guizhou. In this period, a large area MARD was
distributed in eastern Guizhou, and the transition of the high value region to a mean value
region and low value region was gentle. In the S2 period, the rainfall erosivity decreased
as a whole, and the MARD moved southward as a whole. The MARD divided the study
area into two areas with an almost equal area from the middle of the study area along the
latitude direction. The northern part of the study area became all low-value areas, and the
transition between high and low values was hard. The mean value of the rainfall erosivity
in the S3 period was roughly the same as that in the S2 period, but the distribution pattern
was very different. The MARD continued to move southward in general, with a small
movement in the west and a large movement in the east and even moved to the southeast
boundary of the study area. A high value area reappeared again in the northeast corner.
The areas less than the multi-year average in the S3 period occupied 63.56% of the total
area of the Guizhou Province. During the 54 period, the MARD significantly shortened and
moved to the northwest, the rainfall erosivity of the whole province increased significantly
and the high-value area occupied most of the area.
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There was a negative correlation between the vegetation cover and soil erosion, that
is, the vegetation cover inhibited the soil erosion. In the RUSLE model, the higher the
vegetation coverage, the closer the C factor value is to zero. The vegetation cover factor C
and rainfall erosivity factor R in Guizhou Province was opposite in the spatial distribution.
In general, the C value was higher in the west and lower in the southeast, and the muti-
annual average of the province was 0.0658 (Figure 3). The distribution of a low C value
was most concentrated in the southeast non-karst area of the province. Different from the
rainfall erosivity, the C value was high in the middle of the study area, which was due
to the fact that this area belongs to the urban economic belt of central Guizhou, and the
vegetation coverage is relatively low in this area. Since 2000, the vegetation status of the
Guizhou Province has shown a trend of obvious improvement on the whole. Except for the
53 period, the vegetation coverage increased and C value decreased in each period. The
mean value of C in the S1 period was 0.0677, in the S2 period was 0.0623, in the S3 period
was 0.0674, and in the S4 period was 0.0600. From the perspective of spatial distribution,
most of the study area in the S1 period belonged to the high-value region, except for the
southeast region and a part of the northern region (which belong to the non-karst area).
Compared with the S1 period, the C value in most regions of the province decreased in the
52 period, and the mean value decreased from 0.0677 to 0.0623. In the S3 period, the C value
in the study area increased slightly compared with the S2 period, and part of the C value
in southeast Guizhou showed signs of increasing, but was still decreased compared with
the S1 period. The vegetation in the north of the study area and the karstic trough valley
area showed a good recovery, and the C value decreased in patches. For the 54 period, the
distribution pattern of the C value in the study area had changed significantly. Low-value
regions occupied most of the province area, and the high-value centers gradually moved
to the main urban areas in the central part of the province. Due to the development of
urbanization and the expansion of urban areas, there were some signs showing the C value
also increased in other urban regions and counties, more or less.

legends C factor

0-0.004
0.004 -0.008
0.008 - 0.01
0.01-0.02

[ 0.02-0.03
B 0.03-0.04
B 0.04-0.05
B 0.05-0.075
Ho.075-0.1

B oi-1

Cover and management factor C

0 75 150km 75 150km
S S

Figure 3. Spatial distribution of C factor in Guizhou Province from 2000 to 2019. (a) S1; (b) S2;
(c) S3; (d) S4.
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From S1 to 54, the mean p values of Guizhou Province were 0.8092, 0.8094, 0.8082
and 0.8077, respectively, showing a decreasing trend on the whole. Figure 4 shows the
distribution of the p factor in 54 and the change of p from S1 to S4. The spatial distribution
characteristics of the p value and C value were highly similar, but their values were opposite.
The p values showed a basic pattern of the lower value distributed in the urban areas and
the higher value distributed in the suburbs and cropland.

S1_S4
W Decrease
- Constant
M increase

Figure 4. Spatial distribution and the change in p factor in Guizhou Province. (a) P_S4; (b) S1 to S4.

The K factor reflects the sensitivity of the soil to erosion caused by rainfall, and the
higher the value is, the more likely that soil erosion will occur in the process of rainfall. The
mean value of the K factor in the Guizhou Province was 0.0118 t hm? hMJ~! hm 2 mm™!,
and the minimum value was 0 t hm? h MJ~! hm~2 mm ™! (mainly in urban areas, water
areas and some areas with a shallow soil layer). Because there is no soil in this area or
the soil layer is extremely shallow, the attribute value of the soil layer thickness was 0
in the soil database, and it was considered that there was no soil to be eroded in this
area; therefore, the K value was 0 t hm? h MJ™! hm~2 mm~!. The maximum value
was 0.0146 t hm? h MJ~! hm~2 mm~!. The spatial distribution characteristics of the soil
erodibility factor K (Figure 5b) in Guizhou Province were mainly as follows: the large areas
with high values were concentrated in the east, the middle and high values mixtures were
distributed in the southwest, and the north, central and southern regions were mainly

distributed with low values.

0.01

Figure 5. Spatial distribution of LS factor and K factor in Guizhou Province. (a) LS factor; (b) K factor.
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The LS factor reflects the effect of topography on soil erosion, which is usually ac-
celerated during the soil erosion process. The LS factor of Guizhou Province (Figure 5a)
generally presented a pattern of low value in the middle, and high value in the surrounding
areas, with an average value of 13.37. Geomorphic types control the characteristics of the
natural ecological environment and restrict the intensity of regional soil erosion from a
macro perspective [29]. The spatial heterogeneity of the LS value in Guizhou Province was
high, which was related to the complex topography conditions of the Guizhou Province.
Guizhou Province is the only province in China that has no plains distribution. It has
high mountains and steep slopes, and the terrain is very fragmented. The low LS values
were mainly distributed in the central karst plateau region, and the high LS values were
mainly distributed in the western Beipanjiang karst valley region, the southern peak clus-
ter depression region, the northeastern karst trough valley region and the southeastern
non-karst region (the karst zoning reference to the rocky desertification control project in
China). There was a high value belt along the main channel of the Wujiang River basin in
the central and northern parts.

3.2. Changes in Soil Erosion
3.2.1. Characteristics of Soil Erosion (Quantity) Variation

After calculating each factor of the RUSLE model, the soil erosion intensity in the study
area and two subzones (e.g., the karst and non-karst areas) were calculated through the
model formula. The results show that the average soil erosion rate of the Guizhou Province
showed a downward trend (Table 4) during the 20 years from 2000 to 2019, which decreased
from 13.97 t hm~2 y~! in the S1 period (2000-2004) to 12.43 t hm 2 y~! in the S2 period
(2005-2009), 12.85 t hm~2 y~! in the S3 period (2010-2014) and 10.83 t hm~2 y~! in the S4
period (2015-2019). Compared with the S1 period, the average soil erosion rate in the 52, S3
and 54 periods decreased by 11.00%, 7.98% and 22.42%, respectively. According to the cal-
culation results of soil erosion in the karst area and non-karst area, the average soil erosion
rate in the karst area in the four different periods were 15.09 thm=2y~!,12.84 thm 2y},
13.75 t hm =2 y~! and 11.26 t hm~2 y~!, respectively, whereas the average soil erosion
rate in the non-karst area was 11.34 thm 2y~ !, 1146 thm =2y !, 10.74 thm 2 y~! and
9.84 thm~2 y~1, respectively. The average soil erosion rate in the non-karst areas was less
than the average soil erosion rate in the whole province, and it was also less than the
average soil erosion rate in the karst areas. From the perspective of a time variation, the
soil erosion rate in the karst and non-karst areas showed an overall decreasing trend from
S1 to S4, which was consistent with the change in soil erosion in the whole province.

Table 4. Average soil erosion rate in the study area.

Indicators Region Area fraction (%) 2000-2004 2005-2006 2010-2014 2015-2019
Soil erosion rate Non-karst area 29.97 11.34 11.46 10.74 9.84
Karst area 70.03 15.09 12.84 13.75 11.26

(thm2y~1)

100.00 13.97 12.43 12.85 10.83

The soil erosion was classified and counted according to intensity levels, and the
results are shown in Figure 6. In general, the area of slight erosion accounted for the largest
proportion in the Guizhou Province, followed by light erosion, and the area of both soil
erosion intensities showed a trend in fluctuation and an increase with the time change.
On the contrary, the other erosion grades showed a decreasing trend. From S1 to 54, the
proportion of moderate-erosion intensity and above in the study area was 37.50%, 33.07%,
35.38% and 30.59%, respectively, showing a decreasing trend, indicating that the area of the
more than moderate-erosion intensities had obtained a gradual control and decrease.
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Figure 6. Proportions of different soil erosion intensity grades in karst area and non-karst areas of
Guizhou Province from 2000 to 2019.

For the two subzones with karst and non-karst areas, it was found that the area occu-
pied by a different soil erosion intensity grade in the two regions had obvious differences
(Figure 6). The distribution characteristics of the erosion intensity in the non-karst areas
were similar to that in the whole province, that is, with the increase in the soil erosion
intensity grade, the area occupied by this erosion intensity grade gradually decreased, and
the slight erosion areas also accounted for the largest proportion in the non-karst areas.
From S1 to 54, the proportion of the non-karst areas with a moderate and above erosion
intensity in the study area was 2.72%, 2.64%, 2.53% and 2.39%, respectively, and the area
with a higher erosion level decreased gradually. In the karst area, the proportion of the
moderate and above soil erosion area was large, and the proportion of the area of erosion
intensity grade in the karst area was larger than that of the corresponding soil erosion
intensity grade in the non-karst area except for the slight-erosion. From S1 to S4, the area
of moderate and above erosion intensity in the karst area accounted for 34.78%, 30.43%,
32.85% and 28.20% of the study area, respectively.

The above results show that the proportion of the area with a moderate and above
erosion intensity in the Guizhou Province presented a decreasing trend from 2000 to 2019,
the area with a slight erosion intensity and light erosion intensity gradually increased, and
the erosion intensity grade continuously converted from a high erosion intensity to a low
erosion intensity.

The transfer matrix of the soil erosion intensity indicates the specific change mode and
change area of the soil erosion intensity grade in each period. It can be seen from Figure 7
that the change in soil erosion intensity grade mainly converted into the adjacent grade
(i.e., the area shown around the green square in Figure 7), and the main conversion pattern
was from a high erosion grade to a low erosion grade. In particular, light erosion showed
the greatest change and the convert pattern of the soil erosion was mainly from moderate
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Figure 7. Transfer matrix of soil erosion intensity in Guizhou Province from 2000 to 2019. (a) S1-S2;
(b) S2-53; (c) S3-54; (d) S1-54.

Further, the transfer characteristics of the soil erosion intensity grades were extracted
for an analysis of the soil erosion change, and the results are shown in Table 5. From the
S1 to S4 periods, the change in the soil erosion intensity grade in the study area mainly
showed that the erosion downgraded (e.g., a soil erosion intensity downgrade in 22.30% of
the regions, and upgrade in 11.99% of the regions). In the different research periods, the
change trend in erosion intensity grade shows a certain difference. From the S1 period to
the S2 period, 12.98% of the area of the soil erosion intensity grade showed a characteristic
downgrade sequentially, and 4.65% of the area showed the characteristic of an across-grade
transfer to a low level. From S2 to S3, the proportion of soil erosion intensity upgrade was
larger than that of the downgrade, with 7.39% of the area presenting the characteristic of a
sequential grade down, and 2.36% of the area showing the characteristic of an across-grade
transfer to a low level; however, in the same period, the soil erosion grade of a 14.27%
area upgraded, and the soil erosion intensity grade of a 3.21% area changed from a low
grade to high grade with the characteristic of an across-grade. From S3 to 54, the upgrade
ratio gradually decreased, and the downgrade ratio increased again. Although the rainfall
erosivity increased significantly during the 54 period, the soil erosion continued to decrease.
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Table 5. The proportions of soil erosion intensity grade change in the study area (%).
. . Stage
Type of Erosion Intensity Grade Change
§1-S2 $2-S3 S$3-S4 S$1-S4
Grade constant 73.33 75.98 73.33 65.71
Upgrade 9.04 14.27 10.18 11.99
Sequential upgrading 6.94 11.06 8.60 8.74
Across-grade upgrading 2.09 3.21 1.58 3.25
Downgrade 17.63 9.75 16.49 22.30
Sequentially downgrading 12.98 7.39 11.64 14.52
Across-grade downgrading 4.65 2.36 4.85 7.79

3.2.2. Spatial Distribution Characteristics of Soil Erosion

From the perspective of the spatial distribution of soil erosion (Figure 8), the spatial
distribution pattern of the soil erosion intensity grade in the Guizhou Province was con-
sistent from 2000 to 2019, with a common pattern of low intensity in the east and high
intensity in the west. There were some contiguous low-value areas in the southeast, south
and north, which mainly were distributed in the non-karst areas. The high value areas of
soil erosion were mainly distributed in the high altitude area of the west, in the northwest
area, in the Beipanjiang River basin of the southwest and the surrounding gorge area, and
in the karst trough valley area of the northeast. From 2000 to 2019, the erosion intensity
grade of the whole province showed a decreasing trend, and the erosion intensity grade
of each high value area was an obvious downgrade; however, the erosion intensity in the
western Beipanjiang River basin was still the most intense, and the erosion intensity grade
in the central and southeastern parts of the study area showed the trend of a slow increase.

Soil erosion
intensity grade

Slight

Light

. Moderate
. Intense

. Extremely intense

. Severe

Figure 8. Spatial distribution of soil erosion intensity grade in Guizhou Province from 2000 to 2019.
(a) S1; (b) S2; (c) S3; (d) S4.
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The spatial distribution of the soil erosion intensity grade changes (Figure 9) showed
that more than 70% of the soil erosion intensity grade had not changed during the adjacent
period, and the change in the erosion intensity grade in the different periods was mainly
a sequential grade change, with a slight area of across-grade change. From the S1 period
to the S2 period, the regions with a downgraded soil erosion intensity were scattered and
this was distributed in all sub-areas of the province. From S2 to S3, the intensity of the soil
erosion continued to downgrade in the west and in some parts of the south, and there were
signs of erosion upgrade in the central, east, northeast and in some parts of the sensitive
south areas. A large part of the areas with erosion upgrading (38.83%) were the areas in
which erosion had downgraded in the previous period. Because these areas were in high
erosion-sensitive areas, the erosion intensity was an easy change with the change in erosion
factors. From S3 to 54, the downgraded areas of soil erosion intensity in the western and
northern regions increased again, and the grade of the soil erosion intensity in the central
region and the urban fringe of each county showed signs of upgrading. A 36.46% portion of
the upgraded areas were the downgraded areas in the previous period and the proportion
of re-upgrades in downgrade areas decreased. Compared with the S1 period, the grade
distribution pattern of the soil erosion intensity changed significantly in the S4 period.
The proportion of the downgrade areas was 22.30% of the province, mainly in the west
and northwest. The intensity of soil erosion increased in some sporadic areas in the east
and southeast.

Changes of soil erosion
intensity

5 150 km

l Across-grade downgrading
Sequentially downgrading
Grade constant
Sequentially upgrading

d. S1-S4
l Across-grade upgrading

Figure 9. Changes in soil erosion intensity in Guizhou Province from 2000 to 2019.
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3.3. Changes of SWCR

The SWCR is a standard to measure the control degree of soil and water loss, which
can not only reflect the final and phased goals of regional soil and water conservation,
but also reflect the dynamic process of realizing the definite goals through soil and water
conservation work in a certain stage.

According to the calculation and analysis of the soil erosion in the previous step,
with the decrease in soil erosion intensity, the SWCR in the Guizhou Province showed an
increasing trend from 2000 to 2019, rising from 32.95% in the S1 period to 35.16% in the
52 period. The SWCR in the S3 period decreased by 1.11% compared with the S2 period,
and it rose to 35.31% in the S4 period (Table 6). These results indicate that the soil erosion
in Guizhou Province is gradually decreasing, the SWCR is gradually increasing, and the
ecological environment is gradually improving. The variation trend of the SWCR in the
karst and non-karst areas was basically similar with that in the whole province, but the
SWCR in the non-karst areas was much higher than that in the karst areas. The average soil
erosion rate and SWCR of the study area were closer to that of the karst area, but different
from that of the non-karst area, because the study area was a more than 70% karst area and
a less than 30% non-karst area.

Table 6. Average soil erosion rate and soil and water conservation ratio in the study area.

Indicators Region Area Fraction (%) 2000-2004 2005-2006 2010-2014 2015-2019
Soil and water Non-karst area 29.97 70.87 73.55 72.62 73.99
conservation ratio Karst area 70.03 16.72 18.73 17.54 18.75
(SWCR) (%) Total 100.00 32.95 35.16 34.05 35.31

4. Discussion
4.1. Accuracy and Uncertainty Assessment and Particularity

At the regional scale, the model method is the only way to evaluate soil erosion and soil
and water conservation; however, due to the limitation of model accuracy, the simulation
results may be uncertain. Based on the previous research results in this area, the calculation
of the sub-model elements (e.g., the R, K and C factors) and the data analysis methods
were improved to improve the simulation’s accuracy. In this study, the daily rainfall data
of 49 weather stations around the study area from 2000 to 2019 were used to calculate the
monthly rainfall erosivity and the calculation method of the rainfall erosivity was proved by
Zhu et al. [33] to be suitable for the karst area in southwest China. The K factor calculation
method modified by Zhang et al. [35] was adopted to avoid an overestimation of the soil
erodibility. Using 458 MODIS NDVI data from 2000 to 2019, monthly NDVI values were
obtained by using the internationally accepted maximum value composite method (MVC).
Then, the monthly FVC was calculated with the 5-year average monthly NDVI. Finally, the
C factor of the agricultural lands and non-agricultural lands were calculated by the method
of annual distribution of rainfall erosivity combined with land use data. The MVC method
reduces the influence of cloud and other factors to a certain extent, and the mean value
synthesis method limits the influence of interannual rainfall variation and cloud cover
variation on the NDVI, while further reducing and eliminating the influence of outliers [23].
Considering the monthly distribution of rainfall erosivity, the simulation results could then
be closer to the actual situation. The combination of the above methods can improve the
accuracy of soil erosion estimation in large scale regions without measured data. Secondly,
the previous model estimates of the soil erosion in karst areas mostly estimate the soil
erosion status in a certain year based on the time scale of years. In this study, the average
annual rate of soil erosion in each period was calculated over a period of five years. This
can reduce the influence of the annual fluctuation of the soil erosion rate on the spatial
and temporal characteristics of soil erosion under the influence of special environmental
conditions (for example, with extreme dry or rainfall periods in a certain year). Thirdly, the
soil erosion intensity grade of the karst and non-karst regions was classified according to
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different soil erosion intensity classification standards, and the spatial differences of the
soil erosion grade based on the soil loss tolerance in the karst and non-karst regions were
fully considered.

Compared with previous results (Table 7), the estimated results of this study had
some differences in their specific values due to the methods, basic data and scales, but
the distribution pattern and change rules of the soil erosion were similar. Zeng et al. [43]
simulated soil erosion in the Yinjiang County, Guizhou Province based on the RUSLE model
and observed that the soil erosion rates in 2000, 2005 and 2013 were 25.09 t hm 2 y’l,
21.53thm =2y ! and 18.84 thm 2 y~!, respectively. All were greater than the provincial
average in this study. The Yinjiang County is located in the karst trough valley area in
the northeast of the Guizhou Province, which is a serious area of soil erosion; therefore,
the soil erosion rate in this area was higher than the provincial average. Wang et al. [27]
and Gao et al. [47] estimated soil erosion in the Sanchahe River Basin using RUSLE con-
sidering the rock bare rate, observing that the soil erosion rates in 2010 and 2015 were
11.37 thm 2y~ ! and 12.22 thm 2 y !, respectively. In this paper, the soil erosion rates of
the same period were similar to this. In addition, the proclamation of soil and water loss
in the Guizhou Province showed that the average soil erosion rates in Guizhou Province
from 2000 to 2005 and from 2006 to 2010 were 14.32 t hm =2 y~! and 13.61 thm 2 y 1,
respectively. This is close to the results of this study. Based on the same classification
method of soil erosion intensity (SL190-2007) with the proclamation, the SWCR in this
paper was 62.78%, 67.84%, 65.15% and 70.49%, respectively. The overall trends and values
are close to the results of the proclamation of soil and water loss.

Table 7. Obtained previous research data.

. Erosion Rate Soil and Water
Study Area Timescale (hm~2 y1) Conservation Ratio (%) Reference
Yini C 2000 25.09
c H?Jlgmg . ounty, 2005 21.53 Zeng et al. (2017) [43]
uizhou Province 2013 18.84
Sanchahe River Basin, 2010 11.37 Wang et al. (2018) [27]
Guizhou Province 2015 12.22 Gao et al. (2019) [47]
Maotiaohe river basin, 2002 28.2
’ X 1. (2011) [4
Guizhou Province 2007 26.37 uetal. (2011) [48]
South China 2015 24.73 Qian et al. (2018) [50]
Mawoshan Karst Basin
in northwest Guizhou 1980-2000 30.24 Chen et al. (2017) [26]
2000 21.61
2005 5.76
Karst trough valley 2010 557 Cao et al. (2019) [51]
2015 1.04
Guizhou Province 2000-2018 10.51 Niu et al. (2020) [44]
2000-2005 14.32 58.46
2006-2010 13.61 68.63 The proclamation of soil
Guizhou Province 2011-2015 72.29 and water loss in
2018 72.60 Guizhou Province
2019 72.92
2000-2004 13.94 62.78
. . 2005-2009 12.43 67.84 . 1
Guizhou Province 2010-2014 12.85 65.15 This study
2015-2019 10.83 70.49

1 In order to make them comparable, the soil and water conservation ratios listed in this table are based on
(SL 190-2007) only, the same as the proclamation of soil and water loss in Guizhou Province.
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The assessment results of the soil and water conservation in different research
areas have their own particularity due to different environmental characteristics.
Mohammed et al. [52] estimated the risk of soil erosion in southern Syria based on RUSLE,
and observed that the average soil erosion rate was 137.4 thm ! y~! in the region. The soil
erosion was serious in 5% of the region, which contributed to most of the soil erosion. The
remaining 95% of the region was in an acceptable range of erosion rates, that is, the SWCR
in the region was 95%. The results reported by Vijith et al. [53] showed the average soil
erosion rate in a selected region in the tropical forests of the Baram River basin, Sarawak,
Malaysia and indicated that the soil erosion rate increased from 4.02 t hm~! y~! in 1991
to 24.24 thm~! y~! in 2015, and the area ratio of a low soil erosion intensity to the study
area decreased from 84.2% to 12.7%. In other words, the SWCR reduced by approximately
70%. Singh and Panda’s [54] study showed that in a small agricultural watershed of east-
ern India, the average soil erosion rate was 3.68 t hm~! y~!, and the SWCR was 82.63%.
Ostovari’s [55] study of the Dembecha Watershed, Northwestern Ethiopia showed that the
average soil erosion rate was 5.7 t hm ! y~! and the SWCR was 73.64%. The threshold
of soil loss tolerance in the first three articles was 5t hm~! y~!, while in the last it was
12 thm~! y~1. It can be seen from the above existing studies that there are similar soil
erosion rates in different regions, but their SWCRs may be very different. Different regions
have different soil loss tolerances due to environmental differences (the lithology, climate,
and weathering, etc.); therefore, it may be inaccurate to adopt a unified evaluation standard
to assess the SWCR in a large area. In the Guizhou Province, karst landforms have a wide
distribution, which are characterized by a slow soil formation rate (slower than 1040 times
compared to non-karst areas) [28], shallow soil layers and serious rock desertification. In
some areas with serious rock desertification, there is no soil to erode, so that the soil erosion
in these areas will be overestimated more or less [43,47]. Due to the existence of a special
surface and underground dual three-dimensional hydrological structure in karst areas, the
coexistence of surface and underground erosion also affects the accuracy of the RUSLE
simulation results in those karst areas to a certain extent [10,25], but the underground soil
erosion in karst areas is very light (with a sediment concentration less than 0.05 g/L) [56].
In a large region, the underground soil erosion is less than 5% of the total soil erosion [57];
therefore, the effect of underground soil erosion on karst soil erosion is slight at a regional
scale. In order to make the study results more reliable, this study adopted different soil
erosion classification standards for the karst regions and non-karst regions, and calculated
and analyzed the differences in soil erosion and SWCR between the karst regions and
non-karst regions, which had more reference value for the evaluation of the soil and water
conservation in this area.

4.2. The Main Effect Factors of Soil Erosion Change

This study used the method of assigning values according to the land use types to
generate the p value data layer; therefore, the p value was closely related to the land use.
If the low p value land area, such as the Impervious surface increased, this would drive
p value decreases and if a high p value land class, such as Woodlands increased, this would
drive an increase in p value. Different from the R factor and C factor, it is difficult to observe
the spatial pattern of a p factor change under the global perspective of the scale of this
study; therefore, it was necessary to analyze the p value change with the help of the land
cover change.

The analysis of land use changes (Table 8) shows that the Woodlands had the largest
increased area and it was mainly transformed from a Transitional woodland-shrub, Sparse
vegetation land and Cropland. This was related to the implementation of ecological
restoration measures since 2000 in the Guizhou Province, such as the Green for Grain
Project and Hillsides Enclosure for Afforestation Project, that have achieved remarkable
results; thus, the area of Woodlands increased significantly.
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Table 8. Land cover transfer matrix in the S1-54 periods (unit: km?).

S1\S4 IS WB IC RC BA WL SAY GL SL TWSL WoL Total
IS - 0.39 66.16 104.57 0 0 2.45 8.04 0.04 1.06 1.00 183.71
WB 0.78 - 10.31 8.48 0 0.00 10.32 2.69 0.05 6.95 8.16 47.73
IC 167.70 12.93 - 660.56 0 0.00 7.38 3.66 0.85 10.85 19.89 883.84
RC 1161.44 76.27 836.46 - 0.00 0.01 240.42 382.76 325.03 916.12 3331.41 7269.92
BA 0.00 0 0 0.01 - 0 0 0.01 0 0 0 0.02
WL 0.00 0 0 0.00 0 - 0.00 0 0 0 0 0.01
SV 23.22 19.17 12.27 387.17 0.00 0 - 129.12 16.61 2028.22  1786.26 4402.04
GL 86.09 6.02 4.29 368.56 0.00 0.00 38.72 - 1.69 129.92 304.56 939.86
SL 0.33 0.33 0.46 169.59 0 0 451 1.26 - 4412 806.93 1027.53
TWSL 38.65 17.01 24.14 1310.22 0 0 663.84 197.94 137.13 - 15,895.65 18,284.57
WoL 43.28 34.70 37.28 2132.54 0.00 0.00 258.24 154.13 886.60 2226.14 - 5772.92
Total 1521.49 166.81 991.36 5141.70 0.01 0.01 1225.89 879.62 1368.00  5363.38  22,153.87 38,812.14

Note: (IS: Impervious surfaces; WB: Water body; IC: Irrigated cropland; RC: Rainfed cropland; BA: Bare areas;
WL: Wetlands; SV: Sparse vegetation; GL: Grassland; SL: Shrubland; TWSL: Transitional woodland-shrub; WoL:
Woodlands) The red font represents the area of the type of change where p increased and the blue font represents
the area of the type of change where p decreased.

According to the method of assigning the p value to land cover in this paper, Imper-
vious surfaces such as buildings were considered to have no erosion, and their p value
was 0; areas with better vegetation such as Woodlands were considered to have no soil
and water conservation measures, and their p value was the largest (p = 1). The increase
in Woodlands area would inevitably lead to an increase in p value; however, the p value
decreased during S1 to S4. This is because when the Woodlands area was increasing due
to an ecological restoration project, the social economy of the Guizhou Province was also
developing rapidly, the urbanization process and urban expansion were also in rapid
progress, and the investment in road transportation infrastructure was increasing, thus
leading to a rapid increase in the Impervious surface areas such as buildings and roads
during this period. During the study period, a total of 1521.49 km? was converted to
Impervious surfaces, which was only less than the amount of Woodlands, Transitional
woodland-shrub and Cropland. Although the transfer-in amount of Impervious surface
was less than that of the high p value land such as the Woodlands, most of the Woodlands
was from Transitional woodland-shrub land and Sparse vegetation land. The Transitional
woodland-shrubs had the same p value as the Woodlands, so that this type of land use
change did not lead to a p value change; however, the p values changed during the transfer-
in of Impervious surfaces, and the change rate of the p value per unit area was large with
a change from Woodlands to Impervious surfaces, i.e., the response of the p value to an
Impervious surface change was more sensitive than that of the Woodlands. In Table 8, the
red numbers represent the area of p value increases due to land use change (6129.24 km?),
and the blue numbers represent the area of p value decreases (6970.12 km?). The area
of the decreasing part of the p value was large; therefore, the average p value showed a
decreasing trend.

The increase in Impervious surfaces increased the area of slight erosion to some extent;
however, we cannot posit that urban expansion inhibits the occurrence of soil erosion,
because the area of soil erosion rate decline caused by the above reasons was 1520.75 km?,
which only accounted for 0.67% of the total area of the soil erosion rate decline in this
period. Due to the limited update frequency of the data, we believe that the terrain and soil
did not change in the short term; therefore, only rainfall, vegetation cover and land use
change were the main factors causing soil erosion change. During the study period, the
rainfall erosivity generally increased due to global climate change, while the soil erosion
continued to decrease. This indicates that there were important soil erosion inhibitory
factors. Although the increase in Impervious surfaces led to a decrease in soil erosion, this
was insignificant. It can be seen from Table 8 that the transfer amount of Woodlands was
the largest, and the increase in Woodlands represents the improvement in vegetation; hence,
the decrease in the soil erosion rate in the study area was attributed to an improvement
in the vegetation status, which inhibited the occurrence and development of soil erosion.
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With the gradual improvement in the vegetation conditions, the vegetation cover continued
to increase, and its inhibition of soil erosion became more prominent.

From 2000 to 2019, although the soil erosion intensity decreased overall, a part of
the region increased in each period, with the increased area distributed in the central,
southeast and eastern regions of the study area (Figure 9). This is related to vegetation
destruction and land cover change due to rapid urbanization and the increasing intensity
of human activities, such as production and construction projects in the recent years. An
increase in the rainfall erosivity due to climate change also played a role. The appearance
of patchy soil erosion areas was related to the destruction of the original vegetation in
the process of urbanization, which was similar to the results obtained by Li et al. [41]. In
the S3 and 54 periods, 38.83% and 36.46%, respectively, of the regions with an increased
erosion intensity grade were the regions which had a downgraded soil erosion intensity
in the previous period. This phenomenon (an erosion intensity downgrade and then an
upgrade again) reflects the vulnerability of the ecological environment in the karst areas.
The reasons for the above phenomena are as follows: although the vegetation coverage
is relatively high in this region and most of the vegetation is in good condition, the soil
erodibility factors in this region are distributed in a large part of the area with medium
and high values, and the soil is easily eroded by rainfall. In addition, the terrain in this
part of the region is complex, with the elevation rising from the east to the west, a steep
slope and a relatively large slope length value, which results in a large slope length factor
value, and which provides good topographic conditions for the occurrence of soil erosion.
Moreover, from 2000 to 2019, the rainfall erosivity in the Guizhou Province showed a trend
of decreasing first and then increasing, and the eastern part of the Guizhou Province was
located in the high value distribution area of rainfall erosivity, which provided strong
external force conditions for the occurrence of soil erosion in this region. Due to rapid
urban expansion in recent years, the NDVI value representing the vegetation status in the
urban and surrounding areas of the study area decreased sharply. The changes of the above
conditions have formed a certain number of sensitive areas prone to soil erosion in the
study area and as long as the vegetation status deteriorates or land use changes, it is highly
likely to cause soil erosion in those areas without soil erosion and to increase the intensity
of soil erosion in the areas where soil erosion has already occurred. This shows that the
work of soil and water conservation has achieved success in this period, but that it is still
necessary to strengthen the existing achievements.

5. Conclusions

Soil erosion in the Guizhou province from 2000 to 2019 was calculated based on the
RUSLE method. During the study periods, the soil erosion intensity continued to decline,
the SWCR increased gradually except for the S3 period (2010-2014), the soil erosion had
obtained control, and the ecological environment gradually improved. The current value
of the SWCR is 35.31%.

The distribution of soil erosion in Guizhou mainly presents the pattern of a western
high and southeast low, and the soil and water conservation condition in the non-karst
area overall is better than that of the karst area. The non-karst area is mainly characterized
by slight erosion and light erosion, and the area above the moderate erosion grade only
accounts for 2.39-2.72% of the total area of the study area. The area above moderate erosion
in the karst area is relatively large, accounting for 30.59-37.50% of the study area.

From 2000 to 2019, a soil erosion intensity of 22.30% of the whole province was a
downgrade, and that of 11.99% was an upgrade; thus, there exists the phenomenon of an
erosion intensity downgrade and then an upgrade. The downgrade regions are distributed
all over the province, and the significant downgrade regions are mainly distributed in
the western part of the Guizhou Province. Meanwhile, the upgrade areas are scattered in
the central, eastern and southeastern parts of the Guizhou Province. Most of the upgrade
areas are distributed in sensitive areas prone to soil erosion; therefore, the supervision and
management of soil and water conservation in those sensitive areas should be strengthened.
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