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Abstract: Soil erosion in the Three-River Headwaters (TRH) region has continued to intensify in
recent decades due to human activities and climate change. To reverse this situation, the Chinese
central government has launched the Subsidy and Incentive System for Grassland Conservation
(SISGC). As a sign of the effectiveness of SISGC implementation, the dynamic changes of soil erosion
can provide timely feedback for decision makers and managers. The Revised Universal Soil Loss
Equation (RUSLE) model was used to simulate the spatial distribution of soil erosion before and after
SISGC implementation, and Mann—Kendall (MK) test to reveal the effect of policy implementation.
The results showed that: (1) the soil erosion in the TRH was mainly mild (83.83% of the total

-1 and

eroded area), and the average soil erosion rate and the total erosion were 13.63 t ha! y
323.58 x 10° ty_1 respectively before SISGC implementation; (2) SISGC implementation has curbed
soil erosion. After SISGC implementation, the total soil erosion decreased by 3.80%, which showed
obvious differences between grassland types; (3) The influences of SISGC were mainly because it has
increased vegetation cover, further decreasing soil erosion. However, soil erosion in Alpine grassland
has deteriorated, indicating direct targeted policymaking should be on the agenda. Furthermore,

SISGC should be continued and grassland-type-oriented to restore the grassland ecosystem.

Keywords: water erosion; grassland; Subsidy and Incentive System for Grassland Conservation;
Three-River Headwaters; RUSLE

1. Introduction

Soil erosion is a complex process, affected by the interaction of multiple factors such
as rainfall erosivity, soil texture, slope, vegetation coverage, freezing and thawing, human
activity, etc. [1,2], and these factors generally have obvious spatial differences [3]. Therefore,
it is vitally important to accurately simulate the intensity of soil erosion and formulate
effective soil and water conservation measures. Soil erosion studies generally use the runoff
plot method, isotope tracer method, and model simulation [4-6]. However, the runoff plot
method and isotope tracing method are suitable for small-scale research such as patch scale
and slope scale [2], but are inefficient and expensive for large-scale quantitative research.
Therefore, the use of modeling is a critical mothed to assess soil erosion.

Several models have been developed around the world for the assessment of water
erosion, ranging from physical model and empirical model. The physical models include
the Water Erosion Prediction Project (WEPP) [7,8], The European Soil Erosion Model
(EUROSEM) [9,10], the Limburg Soil Erosion Model (LISEM) [11], and the Soil Erosion
Model for Mediterranean regions (SEMMED) models [12]. Empirical models include the
Universal Soil Loss Equation (USLE) and Revised Universal Soil Loss Equation (RUSLE).
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The USLE was established in 1958 by American scholars [13] and improved in subsequent
research works [14-16]. At present, the RUSLE is by far the most widely applied soil
erosion prediction model globally because of its adaptable architecture and relative ease in
obtaining the required data to simulate soil erosion risk [16-19]. Borrelli et al. [20] estimated
the RUSLE C-factor to reflect the effect of the Common Agricultural Policy in reducing
soil erosion. Olorunfemi et al. [21] successfully assessed the potential soil erosion using
RUSLE model in Southwestern Nigeria. Teng et al. [2] used RUSLE to estimate both current
and potential soil erosion by water on the Tibetan Plateau. Chuenchum et al. [22] used
the integrated RUSLE model to evaluate soil erosion and identified the influencing factors
in semi-arid regions of China. Lin et al. [23] also used the RUSLE model to estimate soil
erosion in TRH regions. Therefore, RUSLE is an appropriate choice to estimate soil erosion
in the TRH.

In recent decades, due to factors such as global warming and overgrazing [24], grass-
land degradation has become the most outstanding ecological problem in the THR re-
gion [25]. The most seriously degraded area is the secondary bare land (“black beach”)
that accounts for 16.5% of the total area of degraded grassland [26]. The most serious
ecological security problem caused by grassland degradation is soil erosion [25,27]. Soil
erosion leads to nutrient losses, such as nitrogen, phosphorus, and potassium [28], which
can not only reduce soil productivity [6], but also easily block the river and cause eco-
logical disasters after being deposited [29,30]. To reverse the degradation and ensure
the sustainable use of resources, multiple eco-environmental protection policy initiatives
have been implemented in various countries [31-34]. It is worth mentioning that Chinese
central government launched two phases of Subsidy and Incentive System for Grassland
Conservation (SISGC) (2011-2015 and 2016-2020) in 2011, which is the subsidy and in-
centive policy covering the widest area in the world [30]. According to the SISGC, the
grasslands were divided into grazing exclusion and livestock-forage balance areas based
on their conditions [35]. The livestock-forage balance means to raise livestock based on the
carrying capacity of the grassland (similarly for the grazing quota) [35]. Generally, grazing
exclusion was implemented in areas where the grassland had severely degraded and were
not suitable for grazing [36,37], while in the remaining grasslands livestock-forage balance
was implemented. Grassland restoration is the key goal of policy evaluation [27], and
soil erosion is the main indicator of grassland restoration. Therefore, the effectiveness of
SISGC was evaluated by analyzing the dynamic changes of soil erosion before and after its
implementation.

This paper attempts to achieve the following objectives: (1) analyzing the spatial and
temporal changes of soil erosion in TRH at 1 km resolution before SISGC implementation
(2001-2010); (2) analyzing changes of soil erosion in different grassland types after the
SISGC implementation; and (3) identifying the key influencing factors of soil erosion and
providing a data basis for SISGC implementation in TRH.

2. Materials and Methods
2.1. Study Area

The TRH region is located in the hinterland of the Qinghai-Tibet Plateau [38] and has
a unique climate, geomorphology, and ecological service. It is the origin of the Yangtze,
the Yellow and the Lancang Rivers, known as the “Chinese Water Tower” [39] for an
extremely important ecological status in water conservation. The TRH region is located at
89°24/-102°23' E, 31°39'-36°16' N, covering an area of approximately 3.58 x 10° km? [40],
with an elevation between 3335-6564 m (Figure 1). Having a typical plateau continental
climate, the region presents a unique geographic environment and complex terrains. With
alternate hot and cold, dry and wet seasons, it has a limited annual temperature range, a
large daily temperature range, long days, and strong radiation [22,26]. From 2001-2018,
the annual average temperature was —2.43 °C and the annual average evaporation was
730-1700 mm [38]. The annual average precipitation was 205.01-796.23 mm, concentrated
from June to September. The soil types in TRH under the Chinese Genetic Soil Classification
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of China (GSCC) mainly include Alpine meadow soils (similar to Mattli—Cryi—Calcic
Kastanozem in FAO—UNESCO) [41] and Alpine steppe soils (similar to Calcic Chernozems
in FAO-UNESCO) [6,42]. The soils in this region have formed in weathered Tertiary
sandstone with a sandy loam texture (13% clay, 41% silt, and 52% sand), containing
22.78 g kg~ ! of organic matter. The study was based on the TRH region’s natural grassland,
which covers 70% of the area, and followed by bare land (12.70%), desert (8.57%), forest
and shrubland (4.71%) and cropland (0.25%) [43,44]. The grassland is composed mainly of
alpine steppe grassland and alpine meadow, the latter accounting for 82.6% [45]. Dominant
plant species include Kobresia pygmaea, C. B. Clarke, Kobresia humilis, C. A. Meyex Trauvt,
Kobresia capillifolia C. B. Clarke, Kobresia tibetica Maximowicz, Stipa aliena, E. nutans Griseb,
Potentilla multicaulis Bunge et al. [46]. Local herders make a living on traditional livestock
husbandry [6,47].
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Figure 1. Distribution of grassland types in Three-River Headwaters region.

2.2. Data Sources and Methods
2.2.1. The RUSLE Model

The RUSLE model is a linear equation to quantify soil erosion according to the follow-
ing equation [13,48]:
A=RxKxLSxCxP 1)

where A is the average rate of soil erosion by water at each cell (t ha=! y~1), R is the rainfall

erosivity factor (M] mm ha—! h~! y~1), Kis the soil erodibility factor (t ha h ha=! MJ~! mm™1),
LS is the slope length and slope gradient factor, C is the cover management factor, and P is the
support practice factor. We describe the derivation of the factors below.

The R factor indicates the potential of precipitation to detach and transport soil
particles [2,49]. The monthly precipitation data was then used to calculate R in the fol-
lowing formula, which has been widely used for assessing rainfall erosivity [2,50,51]. The
daily observed precipitation data provided by China Meteorological Data Service Center
(http://data.cma.cn) (accessed on 12 October 2019) were calculated rainfall erosivity. The
daily precipitation, longitude, latitude, and altitude data of 149 meteorological stations
in the TRH region from 2001-2018 were downloaded. Then, the daily precipitation data
were processed into monthly data. According to the longitude and latitude of each meteo-
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rological station, Thin-Plate Smoothing Spline (ANUSPLIN, version 4.36) [52] developed
by Australian National University was used to obtain the precipitation data with a spatial

resolution of 1 km.
12

2
Pi _
R=Y (1735% 1015715 08088, @)
i=1
where, i represents the number of the month, p; is monthly precipitation, and p is an-
nual precipitation.
The soil erodibility factor K was estimated according to soil texture and soil organic
carbon data from China’s second national soil investigation [53].

5 . 0.3
K = 0.1317 % (02 % 0.3 X e[70.0256><5an><( 7%)]) % ( Sil ) % [1 _ 0.25xTOC ]

Cla+Sil TOC+e(372-295xTOC)
o 0.7xSN; (3)
SN +e(—531+229x5Ny)

SN; =1- 355
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where San is the sand content (%), Sil is the silt content (%), Cla is the clay content (%), and
TOC is the total soil organic carbon content (%).

The LS factor used 90 m spatial resolution Shuttle Radar Topography Mission (SRTM)
Digital Elevation Model (DEM) data to extract the slope length and slope gradient by
ArcGIS 10.2.2. The calculation is as follows:

(Aij—in+4+Dy)™ T —Am+]

L' . ij—in
17T DMP2xxMx22.13m
_ B p_ __sinB/0.089%
M= 175 P = Fsin60% 1059 )

S — 10.8sin 6 + 0.03, 6 < 9%
N 16.8sin0 4 0.5, 6 > 9%

where, Li,j represents the L factor from the raster cell (i, j); Ai, j-in represents the contribut-
ing area at the inlet of the raster cell measured in m2; D represents the raster cell size, in m;
Xi,j = (sinoy, j + cosey j); &, j represents the aspect direction for the raster cell (i, j); 0 is the
slope angle [53]; and m is related to the ratio 3 of the rill to interill erosion.

Vegetation coverage management factor C was estimated by the vegetation coverage
(VC), an equation for estimating C factor using the VC was proposed [51]. VC estimated by
the pixel binary model based on NDVI data. NDVI data were downloaded from MOD13A2
Version 6 product developed by NASA Earth Observation System (https:/ /earthdata.nasa.
gov/) (accessed on 16 August 2019). MOD13A2 v006 data throughout 2001 to 2018 were
downloaded by Google Earth Engine [54].

1 fc=0
DVI — NDVIy;
C =< 06508 —0.3436 log,) VC 0 < VC <78.3% VC = Nl[\I)V;] NN]\;{;}I“. ®)
0 fc > 78.3% mee -

where NDVl i, and NDVIyax are the NDVI values of a pure pixel for bare soil and a pure
pixel with 100% vegetation coverage, respectively. The 0.5% and 99.5% are selected as the
endmembers of the NDVI cumulative percentages, and the corresponding NDVI values
of the 0.5% and 99.5% cumulative percentages are considered as the NDVI,,;, (0.5%) and
NDVIax (99.5%) values [2,55].

The support practice factor (P) reflects the effect of contouring, terraced contour
farming, and buffer strips [53]. The consideration of the P factor in this study is estimated
based on land use type, the P factor in grassland was 1 because human engineering
activities are limited there [2]. The land use data used International Geosphere—Biosphere
Programme (IGBP) classification schemes from Land Cover Type (MCD12Q1) Version 6
data (MCD12Q1 v006), which were downloaded from NASA [33], with a spatial resolution
of 1 km.

Because SISGS was implemented in 2011, the research period was divided into two
periods, 2001-2010 and 2011-2018. The results of the RUSLE model were classified by
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the Standards for Classification and Gradation of Soil Erosion from Ministry of Water
Resources of the People’s Republic of China [2].

2.2.2. Trend Analysis and Mann—Kendall (MK) Test

Through Theil—Senmedian trend analysis and Mann—Kendall test, the current (2001-
2018) soil erosion change trend was assessed. When the Theil—Senmedian value > 0, it
reflects the increasing trend of this time series, and vice versa.

The MK method can also be used to test the aberrance of the series. The detailed
calculation can be summarized as the following procedure. The soil erosion sequence
order (xq, Xp, ... X;) and Sy as the accumulated amount of the ith sample, which is x; > Xj
(i >j > 1). The statistics was calculated as:

k
Se=Y 1, (=12...5k=123,...,n) (6)
i=1

Then, the respective average and variance [56] of Sy were calculated to get the UF
value. Meanwhile, we repeated the calculation process for the reverse of order sequence x
(i-e., Xn, Xp—1, - .- X7 and set UB(k) = —UEFE(k) [57]. The confidence level o was set at 0.05,
When the intersection within the confidence level (+1.96, with p < 0.05), i.e., UF = UB, the
aberrance point of variation would be at the moment [58].

3. Results
3.1. Spatial Distribution of Soil Erosion before SISGC Implementation (2001-2010)

The average annual rainfall erosivity in the TRH region were 827.82 MJ mm ha=! h~! y~!
before SISGC implementation (Median, 747.15 M] mm ha~! h=! y~1; SD, 233.78 M] mm ha~!
h~! y~1). The low R value (R value < 400 M] mm ha~! h=! y~!) area was mainly distributed
in the northern part of the TRH, and the highest R value (R value > 1600 M] mm ha~! h~!
y~1) was observed in the northwestern Sichuan Province, TRH (Figure 2a). The average K
value was 0.024 tha hha=! MJ~! mm™!, and the least susceptible soil (K <0.025thah ha~!
MJ~! mm~1) was mainly in the southeast with high vegetation coverage, high soil organic
carbon content, and low soil sand content, while the most susceptible areas were mainly in the
northwest where the soil organic carbon content was low, and the soil sand content was large
(Figure 2b). The average LS factor value was 5.68. The lowest LS factor (<1) occurred in the
east and northwest, while the highest LS factor (>8) occurred in the central area (Figure 2c).
The annual average value of C factor was 0.22 before SISGC implementation (Median, 0.501;
SD, 0.23), the maximum occurring in the northwest with low vegetation coverage, and the
minimum occurring in the southeast with better hydrothermal conditions (Figure 2d). The P
factor reflects the effect of contouring and tillage practices. However, in the TRH, the P factor
in most areas was 1 because human engineering activities are limited there (Figure 2e).

The average annual soil erosion rate was 13.63 t ha=! y~! (Median, 298.99 tha~! y~1;
SD,24.79 tha! y’l), and the total erosion loss were about 323.58 x 10° t y’l before SISGC
implementation. The erosion rate in the northwest was the highest, and in the southeast
lower, especially in the eastern edge of the TRH (Figure 3a). The soil erosion in the TRH
was mainly slight and light (83.83% of the total eroded area) before the implementation of
SISGC (Figure 3b). In terms of various grassland types, the highest erosion rate of Alpine
desert grassland was 25.78 t ha=! y~!, the total soil loss was 2.57 x 10° t y~1. As for the
Alpine meadow, the erosion rate was 11.92 tha=! y~!, and the total soil loss 211.72 x 10° ty 1,
accounted for 65.43% of the total erosion in the TRH region. The erosion rate of the Marsh
was 245 tha~! y_l, and due to its limited area in the TRH, the total erosion was minimum
(0.08 x 10° t y~!) among all grassland types. The soil erosion rate of the Alpine steppe was
19.80 tha™! y’l, and the soil erosion accounted for 32.74% of the total erosion. The erosion
rates of Temperate grassland and Mountain meadow were 9.30 tha=! y~! and 1.69 t ha=! y~!
respectively. The erosion rate of Temperate desert grassland was 10.94 t ha=! y~! (Table 1).
The area of erosion grade 1 (slight) accounted for 35.36% and the area of grade 2 (light) 48.47%



Sustainability 2021, 13, 2702 6 of 14

of the total eroded area. Mild erosion mainly occurred in the southeast. The area of the erosion
grade 6 (severe) made up 0.52% of the total eroded area, mainly distributed in the northwestern
border area (Figure 3b) (Table 2).
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Figure 2. Maps of (a) annual mean (2001-2018) rainfall erosivity, R factor; (b) soil erodibility, K factor; (c) slope length and
steepness, LS factor; (d) cover management, C factor; and (e) support practice, P factor.
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erosion (2011-2018); (b) soil erosion grade (2011-2018) in the Three-River Headwaters region.
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Table 1. The mean and total soil erosion statistical description of different grassland types before (2001-2010) and after
(2011-2018) the Subsidy and Incentive System for Grassland Conservation (SISGC) implementation.

2001-2010 Year 2011-2018 Year
Grassland Types Mean Total Mean Total
(tha—1y-1) 106 ty-1) (tha-1y-1) 10% ty—1)
Temperate grassland 9.30 1.98 7.89 1.68
Mountain meadow 1.69 0.66 1.66 0.65
Alpine meadow 11.92 211.72 11.94 211.98
Marsh 2.45 0.08 2.32 0.08
Alpine steppe 19.80 105.93 17.58 93.92
Temperate desert grassland 10.94 0.64 10.22 0.60
Alpine desert grassland 25.78 2.57 23.77 2.39

Table 2. Each erosion grade and its proportion on the Three-River Headwaters region before (2001-2010) and after
(2011-2018) the SISGC implementation.

Soil Erosion Rate Grade Area Proportion (%) Area Proportion (%)
(tha—ly-1) 2001-2010 Year 2011-2018 Year
<2 Slight 35.36 35.96

5-25 Light 48.47 47.96
25-50 Moderate 9.56 9.63
50-80 Intense 3.68 3.57
80-150 Extremely Intense 231 2.29

>150 Severe 0.52 0.50

Note: The standard of soil erosion classification was developed by the Ministry of Water Resources of China (SL190—2007).

3.2. Spatial Distribution of Soil Erosion after SISGC Implementation (2011-2018)

The average annual rainfall erosivity in the TRH region were 850.34 M mm ha=! h=! y~!
after SISGC implementation (Median, 817.26 M] mm ha~! h=! y~1; 256.66 M mm ha—! h=! y~1)
(Figure 4a), an increase of 2.45% compared to before SISGC implementation. The annual average
value of C factor was 0.21 after SISGC implementation (Median, 0.49; SD, 0.21) (Figure 4b), a
decrease of 6.17% compared to before SISGC implementation. On the whole, compared to 2001
2010, the spatial distribution of soil erosion stayed consistent, but the situation of soil erosion
has improved. The erosion rate in the northwest was the highest, and lower in the southeast
after SISGC implementation (Figure 3c). The average annual soil erosion rate and the total
erosion loss were about 13.12 t ha=! y~! and 311.30 x 10° t y ! (Median, 267.63 tha~! y~1; SD,
24.72 tha~! y~1) (Figure 4c). The annual soil erosion amount decreased by 3.80% compared with
that before SISGC implementation. As for grassland types, the amount of soil erosion in Alpine
meadow increased by 0.12%, while in other types they declined. In Temperate grassland and
Alpine steppe, the declines were the largest, 15.15% and 11.34% respectively (Table 1).

3.3. Trends in Soil Erosion in TRH before and after SISGC Implementation

Overall, the MK test indicated some mutation points in the mean soil erosion trends
from 2001 to 2018. As shown in Figure 5, soil erosion showed an overall decreasing
trend during 2001-2018. After 2001, a mutation point was observed, and the soil erosion
decreased noticeably. Moreover, the lowest value was observed in 2004. Soil erosion
increased obviously during 2006-2009, which could be evidenced by the abrupt point
found during 2006-2009. A mutation point appeared after 2011, implying that soil erosion
showed an obvious decreasing trend after 2011.
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4. Discussion
4.1. Vegetation Recovery Is the Key Factor of Curbing Soil Erosion

The results were compared with the studies carried out in areas having similar geo-
environmental and rainfall characteristics. Compared to Wang et al. [6], who assessed
erosion for the source region of the Yellow River based on measurements of 137 Cs concen-
tration, soil erosion in the alpine steppes was more serious (high cover, 23.50 tha=! y~—1;
middle cover, 25.72 t ha—! y~!; and lower-cover, 28.35 t ha=! y~!) than in the alpine
meadows (high cover, 11.0 t ha~! y’1 ; middle cover, 18.32 t ha! y’1 ; and lower-cover,
2222 tha=! y~1). These results were similar to ours. Wang et al. [59] estimated the soil
erosion on the TRH based on RUSLE model. According to Wang et al. the estimation was
significantly linearly correlated with the observations and the correlation coefficient is
0.62 in TRH. From 2000 to 2015, the average soil erosion modulus on Alpine steppe was
21.95 tha—! y~!, which is similar to our results (19.35 t ha™! y_l). Therefore, soil erosion
estimated by RUSLE model is an appropriate method in TRH region.
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Grassland vegetation recovery is the key factor for soil erosion alleviation. Compared
with the other parameters related to RUSLE model in this paper, the R and C factors were
the most variable factors during 2001-2018 (Figures S1 and S2, Electronic Supplementary
Material), and their trend over the past 18 years (2001-2018) was presented in Figure 6.
The annual C factor and R factor trend over the past 18 years (2001-2018) was presented
in Figure 6. Through calculations of the proportions of increasing pixels to decreasing
pixels, we found that the ratios of increasing pixels for C and R were 45.17% (Figure 6a) and
91.18% (Figure 6b), respectively. Meanwhile, the ratio of the stable pixels for C was 31.48%,
but decreasing pixels occupied 23.36%. Obviously, multitudinous pixels of R factor show a
positive tendency, except for in Alpine meadow in the southeast. The increasing rainfall
erosivity will directly increase the soil erosion induced by water, but simultaneously, soil
erosion in the TRH region has generally shown a modest declining trend. The ratios of
decreasing pixels (50.76%) for soil erosion was larger than with increased erosion modulus
(the ratios of decreasing pixels was 41.67%), and the ratios of the other 7.57% of the total
eroded area remained stable. Indicating that may the C curbed soil erosion, which is
directly relevant to grassland coverage, and where grassland coverage increased, soil
erosion declined, vice versa (Figure 6a,c). Thus, grassland coverage increase was the
main factor affecting soil erosion decline. Grassland coverage increase mainly comes from
climatic factors and human activities [24,55]. In TRH, after 2011, the human activity of the
largest-scale has been SISGC [25,37]. As a result, SISGC has exerted positive impacts on
grassland coverage restoration and soil erosion limitation.

(a) Vegetation coverage

(C) Soil erosion

(b) Rainfall erosivity

A C ___ ., Mann-Kendall test
o) [ sebersmH)
[ Decreasing(46.25%)
3 I Singnfficantly decreasingi4.51%) kR

[ Increasing(38.09%) T

Bl singnificantly increasing(3.58%)

Figure 6. Temporal trends of vegetation coverage (a), rainfall erosivity (b) and soil erosion (c) at different significance levels

during 2001-2018.

The results of MK test suggested that an overall decreasing trend from 2001 to 2004
(Figure 5), which may be attributed to the implementation of the Grain to Green Program
(GTGP) initiated in China since 1999. This program is one of the largest ecological programs
in China, and it aims at converting croplands and livestock grazing lands in a broad range
of fragile areas to forests or grasslands. As a result, the successful implementation of the
GTGP is likely to reverse degradation and improve the regional soil quality. The lowest
value of soil erosion was observed in 2004, which may be attributed to another vegetation
restoration program, the Grazing Withdrawal Program (GWP), which was initiated in
2003 to reduce the grazing pressure on the natural grassland through forbidding grazing,
employing cultivated pastures or rotational grazing. It was worth nothing that the lowest
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number of cattle (main local livestock species) [42] in stock was recorded in the same year
(2004) [41], which further proved the above results. Based on the results of the MK test,
an obvious decreasing trend (2011-2018) was observed after the Subsidy and Incentive
System for Grassland Conservation (SISGS) [25,37], meaning the program has played a
positive role in the development of soil erosion in THR region. Which was initiated in
2011 to reverse degradation and ensure the sustainable use of resources on grassland
through granting grazing prohibition subsidies, balancing the relationship between grass
and livestock or evaluating performance.

4.2. SISGC Is the Main Reason for Vegetation Recovery

Soil erosion reduction mainly came from grassland vegetation restoration. Research
has already showed that SISGC has contributed significantly to grassland restoration. Liu
et al. [57] estimated Net Primary Productivity (NPP) including potential NPP (PNPP),
human-induced NPP (HNPP), and actual NPP (ANPP) and found that an increase in
human-dominated ANPP mainly occurred in Qinghai from 2000-2013. Cai et al. [60]
used SPOT NDVI-based residual trend as an indicator to explore to what extent the
ecological project influenced grassland NDVI variation from 2005-2012, and the results
indicated that ecological protection projects in the central Tibetan Plateau have mitigated
grassland degradation and even reversed it in some areas. Yan et al. [61] assessed how
significantly climatic and human factors have influenced NPP in Qinghai from 2000-2015
through quantitative methods; their results showed that human factors were dominant
(contributing to 86.87%). Wei et al. [62] have proven that climate influence has been
weakening while human influence has been strengthening on Tibetan pastures. Xu et al. [63]
assessed the dynamics of annual NPP from 2000-2012, and found that the ecological
project has aided the recovery of grassland ecosystem function by decreasing grazing
pressure. In consequence, SISGC implementation has reversed grassland degradation,
further decreasing soil erosion.

4.3. Implementing SISGC Based on Grassland Types Is an Important Direction

In different types of grassland, due to the differences in various attributes (such as
vegetation types and coverage, soil properties, and regional climate), even if they are
subjected to equivalent erosion external forces, the final results of soil degradation will
differ greatly [6,64]. In order to reverse soil degradation precisely and implement SISGC
efficiently, grassland types should be partitioned accurately in local grassland degradation
control plans just before implementing SISGC. Besides, the key to achieve the above goals
is to strengthen the correlation between restoration technology and various properties of
different types of grassland. Our empirical results suggest that only the amount of soil
erosion in Alpine meadow, the grassland type with the largest area in the TRH, increased
slightly after the policy implementation, presenting an insignificant response to SISGC.
The experimental results of the other nine grassland types were the opposite.

According to the comprehensive analysis of this paper and previous studies, it was
found that there are three main reasons to explain this [24]. Firstly, alpine meadow is the
main grazing grassland with the largest area in TRH [37]. As the current incentives and
subsidies are insufficient to offset the economic losses caused by herders’ reduced grazing
intensity, and herders are affected by the soaring prices of livestock products and poverty,
the number of livestock has not significantly decreased. Consequently, the restoration
of grassland coverage has been limited and soil erosion has been exacerbating [35,65].
Secondly, this may be because the differences between productivity and ecological service
functions of different grassland types have been ignored [45,66], as the policy was exerted
according to administrative divisions [67]. Thirdly, these areas were distributed in remote
regions with weak supervision, leading to limited effects. Therefore, compensation and
supervision should both be strengthened in Alpine grassland. As a result, in TRH, a both
ecologically fragile and necessary area, SISGC should be strengthened and grassland-type-
oriented to match different ecological services.
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Our study has several limitations. Initially, only the annual values of the R and C
factors are used to calculate the soil erosion, while the K factor has adopted a constant
value for the past 18 years. However, the total soil organic carbon needed for K factor was
changing over the years [68,69], that constant value might have an effect on the accuracy of
their calculations on the soil erosion rate. Hence, it is significant to estimate the dynamic
total soil organic, which is a topic that needs further research. Additionally, our analysis
only included the eight years after the implementation of SISGC, and its longer-term
effectiveness was not analyzed. Because the SISGC implementation policy is still ongoing,
we will continue to investigate the effectiveness of the policy.

5. Conclusions

Before the SISGC implementation, the average soil erosion rate and the total erosion
were 13.63 t ha—! y~! and 323.58 x 10° t y~! respectively; after implementation, the total
soil erosion decreased by 3.80%, indicating that SISGC has been successful in preventing
grassland degradation. However, this response has obvious differences between grassland
types. The amount of soil erosion in Alpine meadow increased 0.12%, while in other types
they declined. In Temperate grassland and Alpine steppe, the declines were the largest,
15.15% and 11.34% respectively. The mechanism of how SISGC worked was that it has
increased vegetation cover, then curbing soil erosion. However, soil erosion in Alpine
grassland has worsened, indicating direct targeted policy should be proposed. There were
differences among grassland types, which may be caused by the lack of consideration on
the differences among types during the policy implementation. We suggest that SISGC
should be grassland-type-oriented to match different features during grassland recovery.
This study will help promote rational grassland utilization and establish a protection
strategy in the TRH region and the Qinghai-Tibetan Plateau.
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