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Abstract: Soil erosion poses a significant threat to land conservation, freshwater security, and ocean
ecology. Climate change, with rainfall as one of its primary drivers, exacerbates this problem. There-
fore, reliably predicting future soil erosion rates and taking into account anthropogenic influences are
crucial for policymakers and researchers in the earth-system field. To address this challenge, we have
developed a novel framework that combines the Bayesian Model Averaging (BMA) method with the
Revised Universal Soil Loss Equation (RUSLE) model to estimate erosion rates on a national scale.
We used BMA to merge five Regional Climate Models (RCMs), reducing uncertainty in ensemble
simulations and improving the plausibility of projected changes in climatic regimes over China
under two Representative Concentration Pathway (RCP) scenarios (RCP4.5 and RCP8.5). The RUSLE
model was applied to forecast the effects of climate change and land-use change on water erosion in
China, using high-resolution climate simulation and prediction inputs. Our findings revealed that
under the RCP4.5 and RCP8.5 scenarios, average annual soil loss will increase by 21.20% and 33.06%,
respectively, compared to the baseline period. Our analysis also demonstrated a clear distinction
between the effects of climate change and land-use change on water erosion. Climate change leads
to an increase in precipitation, which exacerbates water erosion rates, with contributions ranging
from 59.99% to 78.21%. Furthermore, an increase in radiative forcing will further amplify the effects
of climate change. The transformation of land from one that has not been disturbed by humans to
one that has been exposed to some soil and water conservation measures will have a mitigating
effect on water erosion, with a contribution of —6.96% to —4.68%. Therefore, implementing effective
soil and water conservation measures can somewhat mitigate the severity of ongoing soil loss. Our
findings have significant implications for policymakers seeking to develop national strategies for soil
conservation and model developers working to reduce uncertainty in erosion predictions.
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1. Introduction

The survival of all living species on Earth is dependent on the health of the land,
which is critical for protecting biodiversity and promoting the thriving of organisms within
the ecosystem. However, global land degradation is a major environmental issue that is
endangering sustainability [1,2]. Currently, up to 30% of land areas are degraded globally,
exposing over 3.2 billion people to a decline in ecosystem services, with an annual decline
of over 10% [3,4]. Soil erosion, which is the primary factor contributing to land degradation,
involves the complex process of soil and its parent material, stripping, migration, and
accumulation driven by external forces such as hydraulic power, wind, and freeze-thaw [5].
Climate change exacerbates soil erosion by intensifying some of the primary driving
forces [6]. For instance, increasing temperatures can enhance the atmosphere’s ability
to hold moisture, which will lead to intensified extreme precipitation globally in the
coming decades [7]. This increased precipitation will directly separate soil particles through
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raindrops and indirectly enhance runoff scouring. Additionally, the increased frequency
and intensity of droughts caused by climate change will exacerbate the process of dryland
land degradation and desertification [8,9], which is difficult to reverse. Anthropogenic
land-use change is another major factor contributing to human-induced soil erosion. The
parameters of microtopography and surface vegetation cover are significantly altered
by land-use change. Dramatic land-use changes can result in a decrease in soil organic
matter content, destruction of soil structure, and other cascading consequences, including
reduced grain yield, increased flood risk, river siltation, and water eutrophication [10-13].
To develop effective adaptation strategies and build local resilience, there is a need to
understand the existing and future soil erosion hazards. Therefore, it is crucial to estimate
soil erosion rates accurately and develop appropriate mitigation measures.

In light of the potential impact of soil erosion and its cascading effects on ecosys-
tems, it is essential to utilize effective erosion models that can incorporate climate change
scenarios [14]. The Universal Soil Loss Equation (USLE) and the Revised Universal Soil
Loss Equation (RUSLE) models, due to their simplicity, robustness, and ability to simulate
erosion, have been extensively used across various spatial scales [15]. In China, the RUSLE
model has been particularly successful in predicting erosion rates in the Loess and Tibetan
Plateaus [16-18]. Given the potential of soil erosion and associated cascading effects being
aggravated by climate change, it is crucial to incorporate climate modeling outputs under
different climate scenarios into erosion models to examine the prospective changes in soil
erosion [19-21]. Uncertainties inevitably reside in climate models because of parameter-
izations, coarse resolution, and driving conditions. Using a multiple-model ensemble
can potentially reduce the uncertainty and increase the robustness of the experimental
study [22]. Although previous studies have provided valuable insights into soil erosion pro-
jections for different Chinese regions, they have been limited to local scales, and the relative
performance of climate simulations in an ensemble has been neglected. These limitations
could lead to biased conclusions, emphasizing the importance of conducting national-scale
studies that incorporate a range of climate models to better inform future decision-making
processes. To achieve these goals, the study will gather and analyze spatial data on soil
erosion, climate changes, and land-use changes. Soil erosion maps will be developed
for the entire country, projecting the possible changes in erosion amounts compared to
the historical period. The relationship between the scale and spatial distribution of soil
erosion, climate changes, and land-use changes will be evaluated to determine the relative
importance of these factors in contributing to erosion. To improve the accuracy of climate
simulation and projection, the study will merge five Regional Climate Models (RCMs)
using Bayesian Model Averaging (BMA). This approach will enhance the dependability of
projection under representative emission scenarios. The RUSLE model will then be used
at the national scale to predict the impact of climate and land-use changes on soil erosion
in China, using the enhanced climate simulation and predictions as inputs. The findings
of the study will provide valuable insights into the potential impacts of climate change
and land-use change on soil erosion in China. The soil erosion maps and the assessment
of erosion factors will be useful in developing effective soil conservation strategies and
land-use policies to mitigate erosion risks and preserve soil productivity. The improved
climate simulation and projection approach can also contribute to enhancing the accuracy
of climate projections and supporting climate change adaptation and mitigation efforts.

2. Data and Methods
2.1. Study Area

The study area is divided into eight soil and water conservation areas based on
the Soil Erosion Classification Standard of China developed by the Ministry of Water
Resources to identify hotspots vulnerable to changes in rainfall erosivity and uncover
regional variations in erosion characteristics, as shown in Figure 1. Regional differences in
soil erosion control measures are taken into account as well as the type, intensity, related
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Figure 1. The eight soil and water conservation areas in mainland China: Northeast China black soil
region (I), North China mountainous region (II), Northwest China Loess Plateau region (III), North
China sandstorm region (IV), South China red soil region (V), Southwest China purple soil region
(VI), Southwest China karst region (VII), and Qinghai-Tibet Plateau region (VIII).

2.2. Data Used

To develop soil erosion maps and project the possible amount of soil erosion in the fu-
ture, this study used two sets of precipitation data: (1) daily precipitation from APHRODITE
(Asian Precipitation-Highly Resolved Observational Data Integration Towards Evaluation)
dataset based on interpolation from more than 5000 valid stations across Asia and cov-
ering more than 50 years; (2) historical precipitation records (1986-2005) and the future
climate simulations (2071-2090) of five RCMs, which were selected for experiments in
the Coordinated Regional Climate Downscaling Experiment (CORDEX). Future climate
scenarios used to drive the projection of rainfall erosivity are a medium-emission scenario
(RCP4.5) and a high-emission scenario (RCP8.5). In addition to precipitation data, two
sets of land use-type data were used: observed data from four periods (1990, 1995, 2000,
and 2005) generated through manual visual interpretation of Landsat TM/ETM remote
sensing images, and simulation data from Land Use Harmonization (LUH1) for historical
and future periods. Other data such as soil, terrain, vegetation, and land use were also
considered and described in Table 1. To improve the accuracy of the climate simulation
and the dependability of projections under representative emission scenarios, five RCMs
are merged using Bayesian Model Averaging (BMA), and the RUSLE model is used at the
national scale to predict the impact of climate and land-use changes on soil erosion in China
using enhanced climate simulation and predictions as inputs.
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Table 1. Data used in the study.

Datasets Resolution Data Sources Derivation
https:/ /climatedataguide.
APHRODITE 0.25° ucar.edu/climate-data
(accessed on 1 March 2022)
CLMcom-CCLM5-0-2-CNRM-
CERFACS-CNRM-CM5
(CCLM)
CLMcom-CCLM5-0-2- ) ]
) ] HadGEM?2-ES Coordinated Regional Rainfall erosivity
Daily rainfall data (HCLM) Climate Downscaling factor (R)
Experiment (CORDEX)
CLMcom-CCLM5-0-2-MPI-M- 0.5° (https:/ /esg-dnl.nsc.liu.
MPI-ESM-LR se/search/cordex/
(MCLM) (accessed on 1 March 2022))
DMI-HIRHAMS-ICHEC-EC-
EARTH
(IDMI)
PRECIS-HadGEM2-ES (PREC)
National Tibetan Plateau
. . Data Center Soil erodibility
The global soil dataset for earth system modeling 10 km (http://data.tpdc.ac.cn factor (K)
(accessed on 1 March 2022))
Resource and Environment
Science and Data Center Slope
Digital Elevation Model (DEM) 1km (https:/ /www.resdc.cn/ length-steepness
data.aspx?DATAID= 123 factor (LS)
(accessed on 1 March 2022))
National Tibetan Plateau
. . . o Data Center Cover management
Normalized Difference Vegetation Index (NDVI) 1/12 (http://data.tpdc.ac.cn factor (C)
(accessed on 1 March 2022))
The remc?te sensing dataset of https:/ /www.resdc.cn/
multi-period land use 30 m
L . (accessed on 1 March 2022)
monitoring in China
. Conservation
Land-use data Land Usii-{?;n;)omzatlon support practice
Hazl;o\r{léifj1%%)%ligllldgn\c;1Use 0.5° (https:/ /doi.org/10.3334/ factor (P)
! ORNLDAAC/1248

(accessed on 1 March 2022))

2.3. RUSLE Model

The RUSLE model is a modified version of the original USLE system that includes
sub-elements in addition to the six factors linked with climate, soil, terrain, vegetation,
and management [23]. The research goal of studying the effects of climate change and
land-use change on soil erosion can be achieved by entering the data of projected rainfall
and land-use type in the future. The model is given by

A=RXLSxKxCxP

)

A is the annual soil erosion (thm~2.a=!); R is the rainfall erosivity factor
(MJ- mm-hm~2-h~1.a~1); K is the soil erodibility factor (thm?-h-MJ~1.hm—2.-mm™1); C
is the cover management factor; LS is the slope length-steepness factor; P is the conserva-
tion support practice factor. The estimated results of RUSLE factors in the study area based
on the observed data are shown in Figure 2.


https://climatedataguide.ucar.edu/climate-data
https://climatedataguide.ucar.edu/climate-data
https://esg-dn1.nsc.liu.se/search/cordex/
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http://data.tpdc.ac.cn
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https://doi.org/10.3334/ORNLDAAC/1248
https://doi.org/10.3334/ORNLDAAC/1248
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Figure 2. The RUSLE factor estimation of the study area: (a) the rainfall erosivity (units:
MJ-mm-hm~2-h~—1.a~1); (b) the soil erodibility factor (units: thm2-h-MJ~Lhm=2-mm™1); (c) the
slope length—steepness factor; (d) the cover management factor; and (e) the conservation support
practice factor.

(1) Rainfall erosivity (R factor)

A universal rainfall erosivity calculation method based on daily rainfall data from
71 representative meteorological stations across China is applied in this study [24]. This
method has been widely used to calculate the R-factor in different regions of China [25-27].
The R-factor combines the rainfall characteristics of duration, frequency, and intensity in
rainfall events to represent the erosive power of rainfall. Rainfall erosivity for a single
rainfall event is the product of the kinetic energy of a rainfall event and its maximum
30-min intensity [28]. Due to the difficulty of data collection and the complicated calculation
process, daily and even monthly rainfall data are mostly used as basic data in the practical
application to establish the R-factor for a selected region [29-31]. The calculation process of
the R-factor is as follows:

L8
R; = aZ P )
j=1
18.177  24.455
B=08363+ ———+ 75— (3)
di12 y12
a=21.586p 71891 (4)

where Ry is the rainfall erosivity of a half-month, MJ-mm-hm~2-h~}; L is the day in the
half-month; P; is the effective rainfall for day j in the half-month, by which P is set to the
actual value of a rainfall event when its value is over 12 mm/day, otherwise, Dj is set to
zero; « and f§ are parameters; Py1; and Py, represent the average daily and annual rainfall
for erosive rainfall days, respectively. The first half and the second half of one month are
divided by the 15th day in each calendar month, which results in a total of 24 half months
in one year.
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(2) Soil erodibility (K factor)

The K-factor, defined as the interaction of soil permeability, texture, and organic
content, indicates the soil particles’ role in transporting and erosion of soil by rainfall and
runoff kinetic energy. In order to estimate the soil erodibility, the following equation was
used [32]:

K = {0.2 + 0.3 exp[—0.0256ms (1 — mg;; /100)]} x [mgipe / (me + mgipe) >
x{1 —0.250rgC/[orgC + exp(3.72 — 2.950rgC)| } )
s {1 —0.7(1 — ms/100)/{(1 — ms/100) + exp[—5.51 + 22.9(1 — ms/100)] } }

where ms, mgy;, m, orgC are percentage content of sand, silt, clay, and organic matter,
respectively. The calculated K value needs to be multiplied by 0.1317 to convert to the
International System of Units.

(8) Slope length—steepness factor (LS factor)

The topographic factor (LS) represents the effect of topography on soil erosion by
the calculation of the constituents of the slope length factor (L) and slope steepness factor
(S) [23]. It was found that increases in slope length and steepness could cause a faster
overland flow velocity and a higher erosion rate before reaching a certain threshold and
that the effect of slope steepness on the increase in soil erosion was greater than that of
slope length [33]. The LS factor was calculated for each cell as [28]:

L= (A/2213)™ (6)
m=n/(n+1) (7)
n = (sin6/0.0896)/(3sin’® 6 + 0.56) ®)

where A is the horizontal slope length; the exponent m is related to the ratio of rill to inter-
rill erosion (n); 6 is the slope angle in degree also being used to estimate slope steepness
factor S [28,34]:

16.8sin6 —0.05 (5 < 6 < 10") ©9)

10.8sin6+0.03 (6 <5)
S prm—
219sin —0.96 (6 >10")

(4) Cover management factor (C factor)

Cover management factor C refers to the ratio of soil loss from land cultivated under
specified conditions to the corresponding clean-tilled continuous fallow, and it is non-
dimensional. NDVI is mostly used to estimate C. This study used the equation from van
der Knijff et al. [35] to calculate C.

NDVI ) (10)

C=exp (—oc[3 “NDVI

wherea =2and f=1.
(5) Conservation support practice factor (P factor)

Conservation support practice factor refers to the ratio of soil loss with a specific
support practice to the corresponding loss with up and downslope tillage [36]. The P values
range from 0 to 1, with 1 for no soil conservation and smaller vales for more significant
effects of conservation measures [37]. According to previous studies, the p values can be
well defined based on land use types [38—40]. The spatial distribution of P factor changes
with the land use type.

In LUH1 dataset (Harmonized Global Land Use for Years 1500-2100, V1), land-use
categories of cropland, pasture, primary land, secondary (recovering) land, and urban land,
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and underlying annual land-use transitions, are included. They define primary land as
natural vegetation (either forest or non-forest) that has never been impacted by human
activities (e.g., agriculture or wood harvesting) since the beginning of our simulation
(the initial year of the simulation depends on the dataset being used). Secondary land
is also natural vegetation (either forest or non-forest) that is recovering from previous
human disturbance (either wood harvesting or agricultural abandonment). Secondary
land can range from very young vegetation recovering from a recent human disturbance
to vegetation that is very mature, recovering from a human disturbance many years ago,
and which could be similar in biomass density to primary vegetation of the same type. In
our model, there are no transitions in primary land; secondary land can never return to
a “primary” state, even if it is very mature. Based on the definition in the literature, this
study defined the P values of cropland, primary land, pasture, secondary land, and urban
land as 0.4, 1, 0.5, 1, and 0.3, respectively.

2.4. Bayesian Model Averaging Method

Bayesian Model Averaging (BMA) is a multi-factor model uncertainty analysis method.
In recent years, BMA has been widely used in various research fields [41,42]. The advantage
of BMA over other model combing techniques is that it creates a forecast distribution,
which captures the uncertainty surrounding the deterministic prediction in addition to the
deterministic model weighted average prediction of the desired variable. Most studies
have shown that BMA performs better than an individual model and is more accurate
than other ensemble models [43—45]. BMA is used to calculate the aggregate average of the
soil erosion results obtained from five RCM simulations. Suppose that y is the projected
variable, D = [y1, ¥, ... , yr] is the calibration period’s observations, and f = [f1, f2, ... , fk]
are the models that are being examined (ensemble members). The BMA forecast’s posterior
distribution, y can be expressed as

p(y|D) = ZP (f¢|D)pe(ylfx, D) (11)

where p(fi | D) is the likelihood of model f; under the assumption that observed data D;
pk(y | fx,D) is the posterior distribution of y given the prediction of f; and observed data
D. This likelihood, which reflects how well this specific ensemble member matches the
observations, is expressed as the weight of model f being the best model [46]. If w; is used

to represent py(f | D), then E wi = 1. The ensemble output of the BMA probability density

function (PDF) is essentlally a weighted average of the posterior under each of the models
taken into consideration [47]. The variance of ¥ and its mean value are given as

K
E[y|D] = Z wiElpk(ylfie, D)) = Y wifi (12)
pa Pt
K K K
Varly|D] = ) w <fk - wifi) + Y weof (13)
k=1 i=1 k=1

The weights (w;) and variances (¢;2) of each model forecast must be accurately estimated
for the BMA approach to be applied. In this study, the probability distribution parameters w;
and ¢;? of the BMA simulation variables are computed using the EM algorithm.

2.5. Contribution of Climate and Land-Use Change to Soil Erosion

It is worth noting that the contribution rate is calculated by controlling precipita-
tion and land-use factors in the simulation process. The specific scenarios include only
precipitation change (AP) or only land-use change (AL), and then the contribution rate of
precipitation (Cp) or land use (Cp) is calculated by the following formula. If the contribution



Sustainability 2023, 15, 7865

8 of 16

rate is positive, it means aggravating soil erosion, and if it is negative, it means alleviating
soil erosion.

AP
Cp = 100 x AP TAL (14)
AL

2.6. Classification of Soil Erosion Intensity

According to the standards for classification and gradation of soil erosion (SL190-2007)
issued by the Ministry of Water Resources of China in 2008, the soil erosion calculated in
this paper was divided into six levels, and the higher the level, the greater the soil loss
(Table 2).

Table 2. Classification of soil erosion intensity.

Average Erosion Modulus (tkm~2-a—1)

. . South China Red Soil
Level Northwest China Loess Norlt(he?st 5:1\}11 1ntahBC1;c.k Soil Region/Southwest China Purple
Plateau Region M(:)ilr(:tr;ingfls Re 1;(1;11 Soil Region/Southwest China
8 Karst Region
Mired erosion <1000 <200 <500
Mild erosion 1000-2500 200-2500 500-2500

Moderate erosion 2500-5000

Intense erosion 5000-8000
Extremely intense erosion 8000-15,000

Violent erosion >15,000

3. Results
3.1. Historical Simulation of Soil Erosion

The areal mean annual rate of soil loss by water (Figure 3) calculated using RUSLE
based on the observational data is 40 t-km~2-a~! in China for the historical period
(1986-2005). The high soil-loss rates are found in the Qinghai-Tibet Plateau region, North-
west China Loess Plateau region, Southwest China karst region, and South China red soil
region. The Qinghai-Tibet Plateau has a steep slope in its eastern part and low vegetation
coverage in the western part. In addition, melting ice and snow produce large amounts
of runoff, which can seriously erode waterways in the summer. The Northwest China
Loess Plateau region is well known for its fragile ecological environment, loose soil, vertical
and horizontal surface gullies, and sparse vegetation. The Southwest China karst region
not only has a unique karst landform, high elevation, and steep slope but is also mostly
cultivated land with a dense population and low soil retention. As for the South China
red soil region, it is prone to intense precipitation and land-use change. Therefore, in the
former two regions, natural reasons are mostly to blame for the high erosion rates, whereas
in the latter two, both anthropogenic and natural factors are involved. RCMs capture the
spatial distribution of soil erosion over China compared to observation, but they overstate
the magnitudes over the majority of China, particularly over the Qinghai-Tibet Plateau.
This is mainly because the observation data are obtained by inverse distance weighted
interpolation of the measured rainfall data of the rainfall stations. The reliability of gridded
data is limited by the density of station data. Since there are few rainfall stations in the
Qinghai-Tibet Plateau, this may lead to the uncertainty of the results. The results of MCLM
model are closer to the observed values than those of other RCMS, except that the simu-
lation results of soil erosion in the Qinghai-Tibet Plateau are relatively high. The CCLM
and IDMI models overestimate the soil erosion in the Northwest China Loess Plateau and
South China red soil region, while the PRECIS model underestimates the results in the
South China red soil region.
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Figure 3. Soil erosion spatial patterns over China from 1986 to 2005, as determined by (a) CCLM,
(b) HCLM, (c) MCLM, (d) IDMI, (e) PRECIS, and (f) observation mean (units: t-km~2-a~1).

3.2. Future Projections of Soil Erosion

The results suggest that both climate change and land-use change will significantly
increase soil erosion rates in China in the future. However, the magnitude and spatial
pattern of the increase will vary depending on the region and the scenario considered.
The BMA ensemble approach provides a more reliable estimate of soil erosion under
future climate and land-use scenarios, considering the uncertainty associated with different
RCMs [48]. A higher weight is given to the RCM, which is more adept at reconstructing
historical climate in the BMA technique, which is shown to be a more reasonable process
for enhancing reliability [49]. The BMA approach yields single RCM weights ranging from
0.01 to 0.46. MCLM, with a maximum weight of 0.46, and makes the largest contribution
to the ensemble mean, followed by HCLM, PREC, IDMI, and CCLM with a weight of
0.31, 0.20, 0.02, and 0.01, respectively. Figure 4 illustrates the percentage of annual soil
erosion change generated from the BMA ensemble under RCP4.5 and RCP8.5 in 2071-2090
relative to 1986-2005, as well as the distinction between the two scenarios. This figure
takes into account the effects of both climate change and land-use change on erosion. The
multi-model ensemble mean indicates that soil erosion increases under both scenarios (with
a 21.20% increase under RCP4.5 and 33.06% under RCP8.5) all over the nation. The most
prominent increase in soil erosion is found over the Qinghai-Tibet Plateau, while the least
change is located in the Northwest because of its aridity and hence low soil loss by water.
In contrast, precipitation intensity is projected to be amplified over the South China red
soil region which is dominated by hydraulic erosion. With the region’s gradual economic
development, plenty of comprehensive and scientific soil and water conservation measures
have been adopted in this region [50]. Benefiting from human interference, soil erosion
over South China is found with no remarkable changes. As radiative forcing increases, not
all regions are experiencing a concomitant increase in soil loss. For example, the percentage
change in soil loss in the Qinghai-Tibet Plateau region under the climate scenario of RCP8.5
is not as high as that under RCP4.5. This may be related to future precipitation and land-use
changes in the Qinghai-Tibet Plateau (Figures S1 and S2).
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Figure 4. Percentage of annual soil erosion change (unit: %) derived from the BMA ensemble under
RCP4.5 and RCP8.5 in 2071-2090 relative to 1986-2005.

The specific variation of soil erosion in each subregion is shown in Table 3. The
Northwest China Loess Plateau region’s erosion area accounts for the biggest percentage of
the entire area, reaching 94.98%, while the South China red soil region’s erosion areas are
the largest. The Northwest China Loess Plateau region shows the most evident increase
in erosion intensity. Due to the poor spatial resolution, the erosion intensity simulated
in most areas is dominated by mild erosion, and more than 90% of the area presents
tolerable erosion. Moreover, the Northeast China black soil region has the least amount
of gently degraded land in China, whereas the North China mountainous region has the
biggest share. Impacted by climate and land-use changes, the erosion area is expanding in
Northeast China’s black soil region, the Northwest China Loess Plateau region, and the
Southwest China karst region.

3.3. Impacts of Climate and Land-Use Changes on Soil Erosion

How soil erosion responds to climate and land-use changes serves as the foundation
for our assessment of anthropogenic and natural factors in erosion. In this research, we
consider changes in erosion induced by land-use changes to be human contributions, and
changes in rainfall erosivity caused by rainfall changes to be climate-influenced. Primary
land, secondary land, arable land, pasture, and urban land are the different land-use
classifications identified in the land-use dataset utilized in this study. Primary land and
secondary land are considered to be the lands that are not disturbed by human activities,
so the P factor is 1. Increased rainfall and rainfall intensity due to climate change will
increase the risk of hydraulic erosion. At the same time, the land-use type will change
from primary and secondary land to cultivated land, pasture, and urban land as a result of
ongoing human activity. Measures for preserving soil and water are continuously being
improved thanks to human activity, and changes in land use caused by people will lessen
the intensity of soil and water loss.

In Figure 5, there is a distinct difference between climate change and land-use change
impacts on soil erosion. In the research area, the contribution rates of land-use changes
and climate change to soil erosion range from —6.96% to —4.68%, and 59.99% to 78.21%,
respectively. In addition, with the increase in radiation force, the contribution rate of
climate change increases, while the contribution rate of land use change decreases. This
shows that climate change will be the dominant driving factor in soil erosion change in
China in the future. The increase in rainfall caused by climate warming will aggravate
soil erosion. Land-use changes caused by human activities, on the contrary, mitigate soil
erosion to some extent, especially in rapidly developing South China. It is believed that
the conversion of the land area into farmland, pasture, and urban land will alleviate soil
erosion in the future mainly due to the active transformation of land use by human beings.
It is incontrovertible that soil and water conservation measures considerably contribute to
the mitigation of soil erosion. Therefore, protective measures should be taken to keep the
future soil erosion rate at the current level or even below it within an ideal range.
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Table 3. Variation of soil erosion intensity in each subregion.

Northwest
China Loess
Plateau
Region

Southwest
China Karst
Region

North China
Mountainous
Region

South China
Red Soil
Region

Southwest
China Purple
Soil Region

Northeast
China Black
Soil Region

Parameters

Historical
period

Erosion area

(km?) 568,700.00

559,625.00 629,200.00 1134,375.00 450,725.00 701,800.00

The proportion
of erosion area
in total area
(%)

37.23 58.18 94.98 83.71 80.11 95.87

The proportion
of mired
erosion in total
erosion area
(%)

100.00 89.19 99.04 99.73 97.32 97.84

The proportion

of mild erosion

in total erosion
area (%)

0.00 10.81 0.96 0.27 2.68 2.16

The proportion
of moderate
erosion in total
erosion area
(%)

0.00 0.00 0.00 0.00 0.00 0.00

RCP4.5
compared with
the historical
period

The absolute
value of
change in
erosion area
(km?)

3025.00 0.00 3025.00 0.00 6050.00 0.00

The absolute
value of
change in
mired erosion
area (km?)

3025.00 0.00 —6050.00 —3025.00 9075.00 0.00

The absolute
value of
change in mild
erosion area
(km?)

0.00 0.00 9075.00 3025.00 —3025.00 0.00

RCP8.5
compared with
the historical
period

The absolute
value of
change in
erosion area
(km?)

3025.00 0.00 12,100.00 0.00 9075.00 0.00

The absolute
value of
change in
mired erosion
area (km?)

3025.00 —3025.00 —3025.00 —3025.00 9075.00 —9075.00

The absolute
value of
change in mild
erosion area
(km?)

0.00 3025.00 15,125.00 3025.00 0.00 9075.00
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Figure 5. The contribution of climate change and land-use change to soil erosion under two RCPs
relative to the historical period. (a—c) RCP4.5 relative to the historical period; (d—f) RCP8.5 relative to
the historical period.

4. Discussion
4.1. The Main Driving Forces Affecting Soil Erosion

As we know, the two major factors affecting the occurrence and development of soil
erosion are natural factors and human factors. Natural factors include rainfall, vegetation,
topography, and soil. From the macro point of view, the terrain and soil factors are relatively
stable. They will not change much for years, decades, or even centuries [51]. Rainfall factors
and vegetation factors closely related to rainfall are factors of change, but vegetation factors
will not change qualitatively in the short term macroscopically. Generally speaking, the
change in soil erosion in a particular area is most likely due to the change in rainfall factor
among the dynamic factors. Global climate change, characterized by global warming,
affects the regional soil loss process by changing rainfall, rainfall intensity and rainfall
spatial distribution. As the temperature rises, the energy contained in the atmosphere
increases, the airflow becomes more active and the evaporation becomes more vigorous,
which then affects the atmospheric circulation and the spatial pattern of precipitation, and
finally leads to the change in rainfall, rainfall intensity, and other factors affecting rainfall
erosivity, so that the erosive external force is readjusted on a global scale. Rainfall erosivity
is the most active factor in soil erosion. The contribution rate of climate change to soil
erosion is 59.99-78.21% in China. The key factor contributing to increased erosion in most
parts of China is the increased erosivity in rainfall caused by climate change. Human
activities not only aggravate soil erosion but also mitigate it [52]. The modern rate of
erosion is four times higher than in geological times, and soil erosion caused by human
activity is 10 times higher than soil erosion caused by all natural processes combined [53,54].
However, human activities play a substantial role in effectively controlling soil erosion,
mainly through water and soil conservation projects. The conservation support practice
factor (P factor) used in this study serves as a reflection of how changing land use has
affected soil erosion. Land use is regarded as a concentrated reflection of human activities,
affecting the dynamics and resistance mechanisms of soil erosion by changing the micro-
topography, vegetation types, and cover of the surface. Land-use information can indirectly
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reflect soil and water conservation measures in the RUSLE model. In the land-use type
with more frequent human activities, the human protection of land will be considered
more positive, and vice versa. The smaller the p value, the greater the mitigation effect of
human activities on soil erosion through soil and water conservation action. We found that
increasing human disturbance activities reduces soil erosion’s subsequent intensification,
which is important for future soil erosion control. Many studies also believe that optimized
land-use structures (as a result of human activities) might reduce the erosion risk [55,56]. An
appropriate agricultural management system and practices also help to achieve Sustainable
Development Goals by reducing soil erosion [57].

In China, rainfall erosivity is a crucial driver of soil erosion, and soil and water
conservation measures can significantly reduce erosion rates. However, despite these
efforts, erosion rates remain higher than the rate of soil formation needed for sustainable
agriculture [58]. To address this issue, it is important to increase efforts to combat the
ongoing and intensifying effects of climate change and land-use changes on soil erosion.
Improving technical expertise is also essential for effective soil erosion mitigation.

4.2. Limitations

The calculation and analysis of large-scale soil erosion is a complex and challenging
task, as it requires spatial accuracy and authenticity. To address this issue, we employed
the BMA method to reduce inherent uncertainties in the climate model and achieve the
ensemble average of five RCMs. Our results indicate that the intensity of soil erosion
is reduced in the calculation results of 0.5° x 0.5° resolution, even though the RCMs
were selected to reproduce the impact of rainfall on soil erosion. However, future studies
conducted at a finer spatial resolution can explore responses of soil erosion to climate change
at different slope lengths and slope patterns, in addition to the gradient. Moreover, given
that extreme rainfall events can lead to high rates of soil erosion, it is essential to conduct
further research at a finer temporal resolution to understand their effects on erosion.

In summary, our study highlights the importance of understanding the impact of
climate change and human activities on soil erosion. Although soil and water conservation
measures have been effective in mitigating soil erosion, the ongoing and intensifying effects
of climate change necessitate continued efforts to combat soil erosion. Future studies
should focus on exploring the responses of soil erosion to climate change at different spatial
and temporal resolutions, taking into account the complex interactions between natural
factors and human activities. This will help to inform the development of effective soil
conservation strategies and support sustainable land management practices. In this study,
we aimed to evaluate the impact of climate and land-use change on soil loss, assuming
constant soil erodibility, slope, and vegetation cover parameters for the whole period due
to data and computational limitations. Nevertheless, our projections showed different rates
of soil erosion in areas with loess, purple soil, and black soil, indicating the significant
effect of soil texture on erosion in addition to climate and land-use changes. Tetzlaff and
Wendland [59] also highlighted the importance of the K factor, which has a strong influence
on soil erosion potential along with the LS factor, especially in risk-prone areas where
loess soils are prevalent. Although this study mainly focused on hydraulic erosion, it is
crucial to consider all types of erosion to achieve a comprehensive assessment of soil loss
in China’s various soil loss categories. Hence, future research should aim to improve the
accuracy of data and methods to provide more reliable regional information for estimating
large-scale soil erosion accurately. The findings will help to develop customized soil and
water conservation measures tailored to different regions of China, mitigating the impacts
of soil erosion and enhancing sustainable land-use practices.

5. Conclusions

In this study, a unique framework was developed to combine multiple RCMs using
the BMA approach, and the RUSLE model was applied on a national scale to improve the
precision of climate simulation and the dependability of soil erosion assessments under
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future climate and land-use change scenarios. The contributions of natural and anthropo-
genic forces to soil erosion across China were quantified, and the study could provide
valuable guidance for decision makers from a whole-country perspective. The study found
that greater rainfall erosivity had a more significant impact on minimizing soil erosion than
water and soil conservation efforts. Although the application of soil and water conservation
measures greatly help to decrease erosion in China, the erosion rates still appear to be higher
than the rate of soil formation needed for soil-neutral agriculture. Soil erosion will be on the
rise at the end of the 21st century, which could lead to more land degradation, particularly
in the Qinghai-Tibet Plateau region and the Northwest China Loess Plateau region. The
increase in precipitation intensity caused by climate change has an amplification effect, but
reasonable and effective soil and water conservation measures could restrain the severity
of soil loss to a certain extent. The results also indicated that different types of soils, such as
loess, purple soil, and black soil, experience different rates of soil erosion, and the effect of
soil texture is readily apparent in addition to the effects of climate change and land-use
change. Future work should be carried out to comprehensively assess all erosion types and
improve the data accuracy, which will provide more accurate regional information for the
large-scale estimation of soil erosion and a theoretical basis for formulating customized soil
and water conservation measures for different regions in China.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su15107865/s1, Figure S1. Spatial distributions of rainfall erosivity
(unit: MJ-mm-hm~2-h~1) over China for historical and future periods; Figure S2. Spatial distributions
of conservation support practice factor over China for historical and future periods.
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