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Abstract: Soil water erosion is considered to be a major threat to ecosystems and an important
environmental problem. Aggravation of soil and water loss in the Three-River Headwaters Region
(TRHR) is a prominent problem in China. In this research, the Revised Universal Soil Loss Equation
(RUSLE) was applied to evaluate annual soil loss caused by water erosion in the TRHR from 2000
to 2020. Spatiotemporal patterns of soil water erosion were analyzed and the main driving factors
of rainfall erodibility and vegetation coverage were investigated using ArcGIS spatial analysis. The
results revealed that during the study period, soil erosion in the TRHR averaged 10.84 t/hm2/a,
and values less than 25 t/hm2/a were characterized as micro and mild erosion. The soil erosion
modulus observed a slightly increasing trend over the past decade. The changing trends in the
Yangtze, Huanghe, and Lancang river source regions (YRSR, HRSR, and LRSR) were 0.03, 0.07, and
0.03 t/hm2/a, respectively. Both rainfall erodibility and vegetation coverage observed a growing
trend, with slopes of 6.78 MJ·mm/(t·hm2·a) and 0.12%/a, respectively. In general, variation of rainfall
erodibility showed a relatively higher contribution to soil erosion than vegetation coverage. Findings
of this study could provide information for sustainable vegetation restoration, soil conservation, and
water management at a regional scale.

Keywords: soil water erosion; rainfall erodibility; vegetation coverage; the Three-River Headwaters
Region

1. Introduction

Land is one of the most important resources for human survival, and its damage
directly feeds back to human economic and social development. In the early 1990s, it was
estimated that 56% of the global land was being degraded and showed light to severe
forms of soil erosion by water [1]. Soil water erosion has become a global environmental
problem that threatens national and regional ecological security. Serious soil erosion leads to
land resource destruction, productivity declines, grain production reduction, and regional
food insecurity [2]. Moreover, a large amount of sediment loss causes water pollution
and siltation in rivers, lakes, and reservoirs; aggravates flood disasters; and threatens
downstream cities. Current erosion rates are several orders of magnitude higher than the
natural rates of soil formation [3], and soil erosion in China is among the most severe
worldwide [4]. Accelerated forms of soil erosion have become a major challenge to achieve
the UN Sustainable Development Goals [5]. In addition, soil erosion can release carbon
dioxide, thereby exacerbating global warming [6].

From the actual investigation of erosion markers in the early stage, to localization
observation, localization simulation test, and then to the soil erosion model, soil erosion
research has experienced a development stage from qualitative to semi-quantitative to
quantitative. Quantifying soil erosion is a prerequisite for guiding soil conservation and
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sustainability. Soil erosion models are effective methods to detect and predict soil loss. In
the 1950s, the Universal Soil Loss Equation (USLE) was established in the USDA (United
States Department of Agriculture) based on a large number of plot observations and
artificial simulated precipitation experiments [7]. Its derivative, RUSLE, was developed in
1997 to improve the measurement method of each factor of the USLE equation [8]. They
were both empirical models, and some process-based physical models were put forward
by researchers, such as the WEPP (Water Erosion Prediction Project) [9], the EUROSEM
(European Soil Erosion Model) [10], and the LISEM (Limburg Soil Erosion Model) [11].
Model comparisons show that the empirical models do not necessarily lead to higher
uncertainties compared to physical models [12]. Among these models, the RUSLE is widely
applied throughout the world due to its simple structure and available parameters [13].
The development of GIS and remote sensing technologies has enabled quantitative study
over long time scales and large spatial scales.

According to the RUSLE model, spatiotemporal variations in soil water erosion are
related to soil, precipitation, topography, vegetation, and conservation measures [14].
Among these factors, topography and soil are relatively stable and change little over short
time periods [15]. Thus, vegetation and rainfall are two sensitive and direct factors that
affect soil water erosion [16], which could strengthen or weaken regional soil erosion
intensity. The impacts of rainfall on soil water erosion are mainly responded by rainfall
erodibility [17]. Vegetation could decrease the kinetic energy of raindrops through litter
and canopy [18], thus reducing the loss of soil, and root fixation also could prevent soil
erosion [19]. The relationships among vegetation, rainfall, and soil water erosion become
complex and uncertain because of their interactions [20]. Therefore, the dominant factors
of soil erosion must be identified for sustainable soil and water management.

The Three-River Headwaters Region (TRHR) is known as the “Chinese water tower”
and located in the hinterland of the Tibetan Plateau (TP), which is the source of the Yellow
River, the Yangtze River, and the Lancang River [21]. Due to its special geographical
location, rich natural resources, highly concentrated plateau biodiversity, and important
ecological functions, the TRHR has become a significant part of TP’s ecological security
barrier in China. In recent decades, the ecological environment in the TRHR has suffered
continuous degradation owing to the combined effects of climate change and anthropogenic
activities [22], which seriously threatens the sustainable development and ecological secu-
rity of the middle and lower reaches of the three rivers. Water and soil loss are prominent
issues associated with the ecological environment in this region.

Intensive research has focused on grassland degradation and restoration [23], grass-
land yield and grazing pressure [24], vegetation dynamics [25], climate change [26], ecosys-
tem services, and values [27], and has assessed the effects of ecological conservation
projects [28]. Moreover, previous studies mainly focused on soil erosion and its driving
factors in the TRHR. Therefore, we applied the RUSLE to simulate soil water erosion
over the last 20 years and then quantitatively analyzed the spatiotemporal patterns and
dominant factors controlling soil erosion in this study. Findings of this study could provide
scientific support for future ecosystem conservation at a regional scale.

2. Material and Methods
2.1. Study Area

Located in the south of Qinghai Province, the TRHR (31◦39′~36◦12′ N, 89◦45′~102◦23′ E)
covers an area of 36.3 × 104 km2 (Figure 1). The area ratios of the Yangtze River Source
Region (YRSR), the Huanghe River Source Region (HRSR), and the Lancang River Source
Region (LRSR) are 45.36%, 27.75%, and 10.19%, respectively. The geomorphic type is mainly
mountainous, and the average altitude is 4500 m (Figure 2a). The region has a typical plateau
continental climate, characterized by alternating hot and cold seasons, distinct wet and dry
seasons, small annual temperature differences, large daily temperature differences, long
sunshine duration, and strong radiation. The average annual precipitation is 262.2~772.8 mm,
and the average annual temperature is −5.6~3.8 ◦C. The vertical zonal distribution of soil
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is obvious, and the soil types from low to high altitudes are mountain forest, chestnut, gray
cinnamomic, mountain meadow, alpine steppe, alpine meadow, and alpine cold desert soils.
The TRHR was dominated by grasslands, which account for 67.54% of the total land area.
The areas of other land use types were unused land, water bodies, forest land, farmland, and
construction land (Figure 2b).
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2.2. Data Sources

The RUSLE parameters include precipitation, NDVI, soil property, and DEM. Daily
rainfall data collected from the NMIC (National Meteorological Information Center, http:
//data.cma.cn/ accessed on 20 May 2022) from 2000 to 2020 were used to analyze the
R factor of the TRHR. The factor K was estimated by using soil texture and soil organic
carbon data, which were collected from the RESDC-CAS (Resource and Environment
Science and Data Center, Chinese Academy of Sciences, http://resdc.cn/ accessed on
20 May 2022), with a resolution of 1-km. The L and S factors were estimated using the
DEM dataset derived from the GDC (Geospatial Data Cloud, http://www.gscloud.cn/
accessed on 20 May 2022) with a resolution of 90-m. The factor C was estimated based
on the 16-day NDVI gridded products (MOD13Q1), collected from NASA EOS DATA
(https://modis.gsfc.nasa.gov/data/ accessed on 20 May 2022) with a resolution of 250-m.
The annual station data for R were spatially interpolated into raster grids using the Anusplin
method. All raster datasets with various spatial resolutions were resampled to the same
resolution of 250-m.

http://data.cma.cn/
http://data.cma.cn/
http://resdc.cn/
http://www.gscloud.cn/
https://modis.gsfc.nasa.gov/data/
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2.3. Methods
2.3.1. Estimating of Soil Water Erosion

Soil water erosion intensity of the TRHR is estimated by applying the RUSLE model [8].
It can be expressed as follows:

A = R× K× L× S× C× P (1)

In this formula, A is the annual modulus of soil water erosion, t/hm2/a; R is the
rainfall erodibility factor, MJ·mm/(t·hm2·a); K is the soil erodibility factor, t·h/(MJ·mm); L
is the slope length factor and S is the slope gradient factor; C is the vegetation coverage and
management factor, dimensionless with values ranging from 0~1; and P is the soil erosion
control practice factor, dimensionless with values ranging from 0~1.

Rainfall is an external factor causing soil water erosion. Rainfall erodibility reflects the
capacity of soil to strip and carry by rainfall, and is related to rainfall amount, intensity,
kinetic energy, type, and duration [29]. In this research, the R was estimated by the
accumulations of half-month rainfall erodibility applying daily rainfall data [30]. Since the
time resolution of the Normalized Difference Vegetation Index (NDVI) data for calculating
vegetation coverage and management factor is 16-day, to maintain consistency of time
steps for each parameter, this paper changed the time step from half month to 16-day, with
23 periods per year [31]. Annual rainfall erodibility is estimated as follows:

M = α
16

∑
j=1

Dj
β (2)

α = 21.586× β−7.1891 (3)

β = 0.8363 +
18.144
Pd12

+
24.455
Py12

(4)

In this formula, M is the 16-day rainfall erodibility, MJ·mm/(t·hm2·a); and Dj is the
rainfall effective for the day j in 16-day, with the actual rainfall exceeding 12 mm [32]. Terms
β and α are undetermined parameters. Pd12 is the average daily rainfall exceeding 12 mm,
while Py12 is the average annual rainfall for those days with rainfall exceeding 12 mm.

The factor K is a parameter of the sensitivity of the properties of soil to water erosion.
In this study, K was estimated according to the properties of soil by using the following
equation [33]:

K =
{

0.2 + 0.3exp
[
−0.0256SAN (1−SIL)

100

]}(
SIL

CLA+SIL

)0.3

×
[
1− 0.25C

C+exp(3.72−2.95C)

][
1− 0.7SNI

SNI+exp(−5.51+22.9SNI)

]
× 0.1317

(5)

SNI = 1− SAN/100 (6)

In this formula, SAN serves as the fraction of sand (%); SIL serves as the fraction of
silt (%), and CLA serves as the fraction of clay (%). C serves as the content of soil organic
carbon (%).

Topography impacts the occurrence, formation, and development of soil and veg-
etation; determines the redistribution of land surface matter and energy; and limits the
movement and direction of land surface runoff [34] and responds the impacts of slope
gradient and length on soil erosion [35]. Topographic factors L and S were estimated by
using the algorithms from McCool et al. (1989) [36] and Liu et al. (2000) [37]:

L =

(
λ

22.13

) m
(7)

m = β/(1 + β) (8)
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β = (sinθ/0.0896)/
[
3.0× (sinθ)0.8 + 0.56

]
(9)

S =


10.8 sinθ + 0.03 θ < 9%
16.8 sinθ − 0.50 9% ≤ θ ≤ 18%
21.9sinθ − 0.96 θ > 18%

(10)

In this formula, λ presents the slope length (m), the parameters β and m are dimen-
sionless constants that according to the percent slope θ.

The vegetation coverage and management factor C was calculated using vegetation
coverage from Cai et al. (2000) [38] as follows:

C =


1 F = 0
0.6508− 0.3436lgF 0 < F ≤ 78.3%
0 F > 78.3%

(11)

In this formula, F is the fraction of vegetation coverage (%), which is mostly calculated
using NDVI [39]. The dimidiate pixel model was applied in this study as follows:

F =
NDVI − NDVIsoil

NDVImax − NDVIsoil
(12)

In this formula, NDVI is the Normalized Difference Vegetation Index for a pixel,
NDVIsoil is the NDVI value for bare soil, and NDVImax is the NDVI value for pure vegetation.

The control practice factor P refers to the ratio of soil loss to specific support practices
for slope planting [40]. As the cropland area was very small in the TRHR, it was not
considered in this study.

2.3.2. Spatiotemporal Analysis of Soil Erosion

The temporal changing trends in soil erosion and related driving factors from 2000
to 2020 were estimated by using the equation of slope, which was calculated by linear
regression by using the OLS (ordinary least-squares) method [41]. It can be expressed
as follows:

Slope =
n×∑n

j=1
(

j×Mj
)
−∑n

j=1 j ∑n
j=1 Mj

n×∑n
j=1 j2 −

(
∑n

j=1 j
)2 (13)

In this formula, n is the total number of years, j is the number of years, and Mj presents
the value of soil erosion modulus or other variables. Positive value of the slope indicates
an increasing trend, while negative indicates a decreasing trend [42].

2.3.3. Classification and Gradation of Soil Water Erosion

The simulated soil water erosion modulus for each raster is plotted to visualize the
spatial patterns. Furthermore, according to the Standards of SL 190—2007 for the Classifica-
tion and Gradation of Soil Erosion promulgated by the Ministry of Water Resources (China),
soil erosion is generally grouped into six different grades according to its intensity [43],
and each grade represents a different degree of erosion (Table 1).

Table 1. The gradation and classification of soil water erosion intensity (t/hm2/a).

Classification Water Erosion Intensity

micro <10
mild 10~25

moderate 25~50
strong 50~80

extreme 80~150
severe >150
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3. Results
3.1. Spatiotemporal Variations of Soil Erosion in the TRHR

The average annual soil erosion of the TRHR was 0.39 billion t/a between 2000 and
2020. Over this period, the soil erosion modulus was 10.84 t/hm2/a, which showed a
slightly increasing trend of 0.02 t/hm2/a. From the gradation and classification standards
of soil water erosion intensity, the TRHR mainly presented micro and mild soil erosion.
Regions with soil water erosion modulus less than 25 t/hm2/a (micro, mild) accounted for
90.59% of the total TRHR. The area presenting strong, extreme, severe soil water erosion
(higher than 50 t/hm2/a) accounted for 5.10% and was distributed in local areas of the
TRHR (Figure 3).
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The temporal changing trend of modulus of the soil water erosion in the TRHR
during 2000~2020 was shown in Figure 4. The soil water erosion change was divided into
five classifications according to the slope: obvious increase (slope > 0.5), slight increase
(0.02 < slope ≤ 0.5), stable (−0.02 < slope ≤ 0.02), slight decrease (−0.5 < slope ≤ −0.02),
and obvious decrease (slope ≤ −0.5). Of the total area, 49.12% presented a stable soil
erosion modulus, 27.26% showed an increase, and 23.62% showed a decrease. Soil erosion
modulus increase mainly occurred in the northern regions of the HRSR and the middle
regions of the TRHR, while the decreasing phenomenon was primarily distributed in the
western and southern areas of the TRHR.

Average annual soil water erosion modulus was highest in the LRSR during the years
of 2000 to 2020, with the amount of 21.85 t/hm2/a, which was 2.20 and 3.46 times higher
than that of the YRSR and HRSR, respectively. The percentage of area at each soil erosion
classification level in the three source regions of the TRHR during 2000 and 2020 was shown
in Table 2. Moreover, in the YRSR, HRSR, and LRSR, 91.61%, 95.48%, and 81.73% showed
micro and mild soil water erosion (less than 25 t/hm2/a), while 4.50%, 2.31%, and 11.55%
showed more than severe soil water erosion (higher than 50 t/hm2/a), respectively. The
temporal trends in soil erosion modulus of the YRSR, HRSR, and LRSR were 0.03, 0.07, and
0.03 t/hm2/a, respectively. The HRSR had the lowest soil erosion modulus but the highest
variation tendency. The areas of the YRSR, HRSR and LRSR where soil erosion modulus
remained stable accounted for 50.55, 58.48, and 37.70% of each area.
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Table 2. Area percentage of soil erosion classification of the three source regions in the TRHR, China.

Classification YRSR HRSR LRSR

micro 81.18 88.26 66.99
mild 10.43 7.22 14.74

moderate 3.90 2.21 6.72
strong 1.73 0.91 3.60

extreme 1.79 0.90 4.21
severe 0.98 0.50 3.74

3.2. Driving Forces of Soil Water Erosion in the TRHR

As soil property and topography are more stable than other factors, soil erosion
is more related to climatic factor (rainfall erodibility) and vegetation factor (vegetation
coverage). Rainfall erodibility is significant for the severity degree of soil loss. In addition,
the vegetation coverage impacts positively on the terrestrial surface by conserving the soil
surface from water erosion.

The spatial distribution of rainfall erodibility changes between 2000 and 2020 of the
TRHR is shown in Figure 5. Erodibility of rainfall in the southern and eastern regions
of the TRHR was relatively high, whereas that in the western and central regions was
relatively low, which was similarly distributed with the spatial pattern of rainfall. The
average rainfall erodibility was 898.65 MJ·mm/(t·hm2·a) during 2000 and 2020, and this
increased annually by an average of 6.78 MJ·mm/(t·hm2·a). Soil water erosion modulus was
correlated positively with rainfall erodibility (R2 = 0.67), and the higher erosion modulus
was observed in the regions with higher rainfall erodibility degrees. The rainfall erodibility
values of the YRSR, HRSR, and LRSR were 808.80, 1078.81, and 1191.06 MJ·mm/(t·hm2·a),
respectively, with trends of 3.50, 19.31, and 0.20 MJ·mm/(t·hm2·a). In general, the rainfall
erodibility of the TRHR mainly increased, primarily because of the increased precipitation
in recent years. Nearly 63.10% of this region showed increased rainfall erodibility. Moreover,
a large-scale artificial rainfall enhancement project had been carried out, resulting in a total
precipitation increase of 55.17 billion m3 during the period from 2006 to 2016, which was
mainly operated in the HRSR, and it was also a main reason for the significant increase
in the observed rainfall erodibility. With an increase in rainfall erodibility, the effects of
external forces on soil water erosion were strengthened, and the possibility of soil water
erosion was accordingly increased.
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During 2000~2020, the mean annual fraction vegetation coverage in the TRHR was
16.25%, which showed an increasing trend of 0.12% per year. The spatial vegetation
coverage during the period was most obvious from the northwest to southeast. For most
areas of the TRHR, vegetation coverage improved, with only 13.50% of this region showing
a decreasing trend, which was primarily observed in the middle regions of the TRHR
(Figure 6). Vegetation coverage of the YRSR, HRSR, and LRSR was 13.61, 24.02, and 23.45%,
respectively, with the changing trends of 0.09, 0.18, and 0.08%/a, respectively. In general,
vegetation coverage in the TRHR had improved significantly in recent years. On the
one hand, the climate tended to be warmer and wetter under the increased temperature,
precipitation, and glacial meltwater [22], and these conditions were conducive to faster
vegetation recovery. On the other hand, in order to cope with ecological deterioration
in the TRHR, the ecological protection project had been implemented since 2004, and
several ecological restoration measures had been performed. The situation of grassland
degradation had been locally and temporarily improved [41], which was effective to the
control and prevention of soil water erosion.
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4. Discussion
4.1. Overlapping Statistics of Soil Erosion and Driving Factors

Overlapping statistical analysis refers to assessing pixels in two or more grid layers at
the same location, to establish correlations among the attributes of more spatial objects [44].
In order to find the influence of rainfall erodibility and fraction vegetation coverage on
soil water erosion in the TRHR, we spatially overlapped the three variation trend datasets
between 2000 and 2020. According to the increasing or decreasing trend of each data, we
analyzed the four main combinations, which, with the proportion of 90.48%, accounted for
the TRHR’s total area (Table 3).

Table 3. Overlapping statistics among soil erosion modulus, rainfall erodibility, and vegetation
coverage in the TRHR, China 1.

Types Slope of A Slope of R Slope of F Area Ratio

I: A increase, R increase, F decrease 0.20 10.49 −0.08 8.84
II: A decrease, R decrease, F increase −0.14 −5.07 0.10 25.90
III: A increase, R increase, F increase 0.13 15.42 0.13 38.34
IV: A decrease, R increase, F increase −0.05 12.35 0.22 17.40

Notes: 1 A represents soil erosion modulus, R represents rainfall erodibility, F represents vegetation coverage.

Type I showed an increased soil erosion modulus with increased rainfall erodibility but
decreased vegetation coverage, with the proportion of 8.84% accounting for the total area,
and was mainly observed in the central and southern parts of the TRHR. Increased rainfall
erodibility resulted in an enhancement in the external force of soil water erosion, while
decreased fraction vegetation coverage weakened the conservation effect of vegetation on
the surface soil. The combined effects of these two factors led to an upward trend in soil
erosion. In this case, soil erosion increased most obviously with a slope of 0.20 t/hm2/a,
which was 10 times more than the mean slope of the entire region.

Type II showed the opposite trends as Type I, and accounted for an area ratio of
25.90%, which was primarily observed in the western regions of the TRHR. Combined
with decreased rainfall erodibility and increased vegetation coverage, which were both
conducive to control of soil loss, soil erosion modulus of this region showed a significant
decrease of 0.14 t/hm2/a.

Type III and Type IV showed increased and decreased soil erosion modulus with
both increased rainfall erodibility and increased vegetation coverage, and they accounted
for area ratios of 38.34% and 17.40%, respectively. The simultaneous increase in these
two driving factors had opposite effects on soil loss, with the former enhancing the soil
erosion modulus and the latter having an inhibitory effect. The final soil erosion showed
opposite results, which could be interpreted as the different dominant roles of rainfall
erodibility and vegetation coverage on soil loss in each region.

4.2. Suggestions for Sustainable Land Use Management

Under the joint action of climate change and ecological protection, soil erosion in
the TRHR showed an increased trend over the last 20 years. Artificial enhancements in
rainfall not only promoted vegetation growth and improved vegetation coverage, but also
resulted in significant improvements in rainfall erodibility. Vegetation recovery was based
on the combined impacts of ecological programs and climatic fluctuations. However, such
restoration was only temporary and local, and did not indicate a whole or fundamental
improvement in the TRHR [45]. Although the vegetation coverage was enhanced, the
restoration of vegetation roots was slow, and the soil’s ability to combat the soil erosion
did not obviously increase. Based on the spatially heterogeneous characteristics of the
overlapping analysis among soil erosion and its main driving factors, targeted soil erosion
prevention and control measures were suggested according to the four types discussed
above. The Type I area was the main grazing area of the TRHR, which would strengthen
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livestock reduction measures and reduce grazing pressure on grassland in order to promote
vegetation recovery. The Type II area basically realized a virtuous cycle, which would
strengthen the supervision of ecological protection and continue to strengthen the achieve-
ments. The Type III and Type IV areas would focus on community structure restoration to
enhance the soil fixation ability of vegetation roots.

4.3. Limitations and Future Work

Although the Anusplin method can significantly improve the interpolation precision
of R factor, low density of meteorological stations in the western TRHR was a source of
uncertainty, which would increase certain errors in model simulation. In addition, more
localization parameters and higher spatial and temporal resolutions of remote sensing data
would reduce the uncertainties.

Besides climatic factor and vegetation factor discussed in this paper, topography, soil
properties, and planting practices also had influences on soil water erosion. Thus, how to
determinize the contributions of each factor in soil water erosion needs to be considered in
the future.

5. Conclusions

Based on the RUSLE model simulation and ArcGIS spatial analysis, this study analyzed
the spatial and temporal patterns of soil water erosion in the TRHR, China, and discussed
the main driving factors underlying rainfall erodibility and vegetation coverage during the
years of 2000~2020. The primary conclusions we observed in this study are summarized
as follows.

The long-term average soil water erosion ranged from 9.31 t/hm2 in 2000 to 10.07 t/hm2

in 2020 for the entire TRHR, with an average of 10.84 t/hm2/a. Soil water erosion was
mainly observed as micro and mild, with the proportion of 90.59% accounting for the
total area. Soil water erosion modulus exhibited a slight increasing trend of 0.02 t/hm2/a
during the study period. Among all sub-basins, average annual soil erosion modulus of the
YRSR, HRSR, and LRSR was 9.94, 6.31, and 21.85 t/hm2/a, respectively. The HRSR showed
the highest increase at a rate of 0.07 t/hm2/a, while that in the YRSR was the lowest at
0.03 t/hm2/a.

Rainfall and vegetation were two sensitive and direct factors that impacted soil water
erosion, with increasing precipitation intensifying soil erosion by enhancing rainfall erodi-
bility. Vegetation coverage showed an increasing trend of 0.12%/a, which had inhibitory
effects on soil loss.

Nearly 47.18% of the TRHR exhibited increased soil erosion, which was mainly due
to increased rainfall erodibility (Type I and Type III). Nearly 43.30% of the area showed
decreased soil erosion, which was mainly because of the increased vegetation coverage
(Type II and Type IV). Adaptive management is needed to maintain a stable and balanced
development pattern for ecosystems in the TRHR.
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