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Abstract: As one of  typical areas in the world, northern Chinese Loess Plateau experiences serious 
wind-water erosion, which leads to widespread land degradation. During the past decades, an ecological 
engineering was implemented to reduce soil erosion and improve soil protection in this area. Thus, it is 
necessary to recognize the basic characteristics of  soil protection for sustainable prevention and 
wind-water erosion control in the later stage. In this study, national wind erosion survey model and revised 
universal soil loss equation were used to analyze the spatiotemporal evolution and driving forces of  soil 
protection in the wind-water erosion area of  Chinese Loess Plateau during 2000–2020. Results revealed 
that: (1) during 2000–2020, total amount of  soil protection reached up to 15.47×108 t, which was realized 
mainly through water and soil conservation, accounting for 63.20% of  the total; (2) soil protection was 
improved, with increases in both soil protection amount and soil retention rate. The amounts of  wind 
erosion reduction showed a decrease trend, whereas the retention rate of  wind erosion reduction showed 
an increase trend. Both water erosion reduction amount and retention rate showed increasing trends; and 
(3) the combined effects of  climate change and human activities were responsible for the improvement of  
soil protection in the wind-water erosion area of  Chinese Loess Plateau. The findings revealed the 
spatiotemporal patterns and driving forces of  soil protection, and proposed strategies for future soil 
protection planning in Chinese Loess Plateau, which might provide valuable references for soil erosion 
control in other wind-water erosion areas of  the world. 
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1  Introduction 
The report of the United Nations Convention to Combat Desertification (UNCCD) states that up 
to 40.00% of land globally has deteriorated (UNCCD, 2022), and about 85.00% of land 
degradation is associated with soil erosion (Oldeman et al., 1990). Soil erosion not only affects 
local soil fertility and land productivity, but also increases the danger of pollution and disasters in 
local and surrounding areas (Cerretelli et al., 2023). Under the influence of natural environment 
and human activities, Chinese Loess Plateau is among the most severe soil erosion worldwide (Li 
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and Gao, 2011; Xi et al., 2017). In northern and western Loess Plateau, due to frequently strong 
winds in spring and heavy rainfall in summer, wind erosivity and rainfall erosivity are strong 
(Shen et al., 2018; Jiang et al., 2019, Cui et al., 2020; Wang et al., 2023a). Therefore, a typical 
wind-water erosion area with high erosion intensity was developed (Li et al., 2022). Soil 
protection is urgent in this area, which is essential for regional environmental sustainability and 
socio-economic development. 

Soil protection represents the ability of vegetation to reduce water and wind erosion. 
Quantitative assessment can be carried out by two indicators, i.e., water erosion reduction 
(assessing soil and water conservation) and wind erosion reduction (assessing windbreak and sand 
fixation) (Wang et al., 2023c). Soil and water conservation in the Loess Plateau has received 
extensive attention. Related studies cover the distribution, mechanism, driving factors, and 
control measures (Shi and Shao, 2000; Tang et al., 2015; Xi et al., 2017; Xia et al., 2017; Jin et al., 
2021; Li et al., 2022; Mu et al., 2022; Wen and Zhen, 2023; Wu et al., 2023; Zhu et al., 2023). 
Recently, numerical simulation has become effective means to resolve this issue with its 
quantitative and convenient regional-scale calculation advantages (Jodhani et al., 2023; Zhang et 
al., 2023a). In the Loess Plateau, Tang et al. (2015) assessed the water erosion of Yangou 
watershed using the revised universal soil loss equation (RUSLE). Xi et al. (2017) analyzed the 
impact of land use change on water erosion from the 1980s to 2010 using soil erosion severity 
index (SESI). Li et al. (2022) used the RUSLE to discuss the drivers and water erosion rates from 
1901 to 2016. Mu et al. (2022) used the RUSLE model to study the spatiotemporal patterns and 
driving forces of soil-water erosion during 1901–2016. In contrast, windbreak and sand fixation 
received less attention in this area. Preliminary explorations of wind erosion process (Zhou et al., 
2020; Pang et al., 2022), analysis of the underlying influencing factors (Han et al., 2023), and 
sand fixation assessment (Song et al., 2022) in some sandy lands or deserts had been conducted. 

In recent decades, several ecological projects (e.g., Three-North Shelter Forest Program, 
National Key of Soil and Water Conservation Projects, Gain for Green Program, Natural Forest 
Conservation Program, Soil and Water Conservation Plan, etc.) and soil protection measures (e.g., 
vegetation rehabilitation, check-dam, terracing construction, etc.) have been implemented 
gradually in the Loess Plateau. Through the effective implementation of these ecological 
measures, a notable amount of regional vegetation has been restored (Chen et al., 2023), soil 
erosion rate has been reduced, and regional soil protection has been improved considerably (Wang 
et al., 2018). Identifying the spatiotemporal patterns and driving factors of soil protection are 
essential to evaluate the effectiveness of projects and measures. The amount of soil and water 
conservation in the wind-water erosion area of the Loess Plateau showed an increasing trend in 
recent decades. Land use changes, vegetation restoration, check-dam, and terracing construction 
were all important driving factors for above variations (Chen et al., 2007; Fu et al., 2011; Jiang et 
al., 2016; Wang et al., 2018; Feng et al., 2020; Li et al., 2024). However, studies on the 
spatiotemporal pattern and influencing factors of windbreak and sand fixation were lacking and 
unsystematic in the wind-water erosion area, which hinders the in-depth understanding of soil 
protection issues (Zou et al., 2024). Meanwhile, as the area is sensitive to global climate change 
(Liu et al., 2022), drastic changes in climate and increasingly frequent and extreme weather 
events (Ren et al., 2023) on the Loess Plateau will also cause significant changes in soil erosion, 
posing great challenge to regional soil protection studies. 

Wind-water erosion area of the Loess Plateau serves as vital ecological barrier in northern 
China, and the major hub for Chinese energy and chemical industries. It is also an important area 
for socioeconomic development and ecological security. Comprehensive understanding of the 
spatiotemporal evolution characteristics and driving forces of regional soil protection is the basis 
for realization of regional ecological protection and high-quality economic growth. In this study, 
the modelling and spatial analysis were applied to: (1) examine the spatiotemporal evolution 
characteristics of soil protection in the wind-water erosion area of the Loess Plateau during 
2000–2020; (2) analyze the effects of human activities and climatic variability on soil protection, 
and investigate the trade-off and synergy under different soil protection measures; and (3) put 
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forward the proposal of regional soil erosion prevention and control for wind-water erosion area. 

2  Materials and methods 
2.1  Study area  
The Chinese Loess Plateau (34°15′N–41°16′N, 102°23′E–114°33′E; Fig. 1) covers Shanxi and 
Shaanxi provinces, and Inner Mongolia and Ningxia Hui autonomous regions (Shen et al., 2018). 
There are three types of soil erosion on the plateau, i.e., water erosion, wind erosion, and 
freeze-thaw erosion. The wind-water erosion area is distributed in the northern and western Loess 
Plateau, which is located in the transition zone between inland arid and East Asian monsoon 
climate areas. The inter- and intra-annual variability of regional precipitation is substantial. Mean 
annual precipitation spans from 131 to 593 mm. Within a year, the maximum and minimum 
precipitation can differ by magnitudes of 2–7 times. The precipitation during June–September 
accounts for >60.00% of the annual total, and it falls mainly in heavy rainfall events (Lu et al., 
2022). Strong and gusty winds occur in spring, with an average wind speed of 1.2–2.7 m/s. In the 
wind-water erosion area of the Loess Plateau, the average vegetation coverage is only 19.23%. 
Soils predominantly consist of loess and sandy soil, with a loose soil structure that is prone to erosion. 
According to land use data from 2020, grassland accounts for 61.78% of the total area, and cultivated 
land and desert accounts for 26.30% and 6.90%, respectively. The unique natural conditions of the 
area lead to a fragile ecological environment with interleaved wind erosion and water erosion, 
representative of the center of high erosion modulus and strong sediment content in China. 

 
 
Fig. 1  Location and digital elevation model (DEM) of the wind-water erosion area of Chinese Loess Plateau. 
Note that the figure is based on the standard map (GS(2022)4309) of the Map Service System 
(https://bzdt.ch.mnr.gov.cn/), and the boundary has not been modified. 
 

2.2  Data sources 
Fundamental datasets included meteorological and remote sensing data (Table 1). Meteorological 
data comprised hourly wind speed and monthly precipitation recorded at meteorological stations. 
Hourly wind speed data were obtained from the National Climatic Data Center (NCDC; 
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https://www.ncdc.noaa.gov/cdo-web/). Time series of 50 sites during 2000–2020 and cumulative 
time of wind speed greater than (equal to) the critical erosion wind speed (5.0 m/s) were obtained 
statistically. Precipitation data were acquired from the China Meteorological Science Data 
Sharing Service Network (http://cdc.cma.gov.cn/home.do), and monthly data recorded during 
2000–2020 at 257 stations within and surrounding the study area were selected. Meteorological 
data were interpolated into raster data with spatial resolution of 1 km×1 km using ANUSPLINE 
software. 

Remote sensing data included land use, soil type, normalized difference vegetation index 
(NDVI), digital elevation model (DEM), and boundaries. Land use data during 2000–2020 were 
derived from the China Land Cover Dataset of Wuhan University (http://doi.org/10.5281/zenodo. 
4417810), with a spatial resolution of 30 m×30 m. Soil type with the scale of 1:1,000,000 was 
derived from the Resources and Environmental Science and Data Center, Chinese Academy of 
Sciences (CAS; http://www.resdc.cn/). NDVI were downloaded from the United States Geological 
Survey (http://glovis.usgs.gov/). DEM, which was based on shuttle radar topography mission data 
with a spatial resolution of 30 m×30 m, was derived from the Geospatial Data Cloud (https:// 
www.gscloud.cn/). All the raster data were resampled into a spatial resolution of 1 km×1 km. 
Additionally, the boundary of wind erosion areas in northern China and the Loess Plateau were 
derived from the Water Conservancy Census of China and Resources and Environmental Science 
and Data Center, CAS, respectively. 

 
Table 1  Data information and sources 

Data type Date Resolution Processing Data source 

Meteorological 
data 

Hourly wind speed 1 km×1 km Using ANUSPLINE, 
meteorological data 
were interpolated to 
raster data 

National Climate Data Center 

Monthly precipitation 1 km×1 km China Meteorological Science Data 
Sharing Service Network  

Remote 
sensing data 

LULC 30 m×30 m LULC, soil type, 
NDVI, and DEM data 
were uniformly 
processed into raster 
data with a spatial 
resolution of 1 km× 
1 km 

Wuhan University's Annual China 
Land Cover Dataset (CLCD) 

Soil type 1:1,000,000 
Resources and Environmental 
Science and Data Center, Chinese 
Academy of Sciences 

NDVI MODIS 1 km/16d United States Geological Survey 

DEM 30 m×30 m Geospatial Data Cloud 

  

Boundary of wind erosion 
area in northern China Vector  Water Conservancy Census of 

China  

Boundary of Loess 
Plateau Vector   

Resources and Environmental 
Science and Data Center, Chinese 
Academy of Sciences 

Note: LULC, land use and land cover; NDVI, normalized difference vegetation index; DEM, digital elevation model; MODIS, moderate 
resolution imaging spectroradiometer. 
 
2.3  Methods 
2.3.1  Soil protection assessment model 
Soil protection is the sum of soil erosion reduction amount by wind and water and calculated by 
the following equation: 

 SP wind water ,G G G= +  (1) 
where GSP, Gwind, and Gwater are the soil protection amount, wind erosion reduction amount, and 
water erosion reduction amount (t/(hm2•a)), respectively. 

Wind erosion reduction amount is the difference between actual wind erosion amount under 
conditions of plant protection and potential wind erosion amount in the absence of plants (Cui et 
al., 2023) and calculated as follows: 

 wind pwind awind ,G Q Q= −       (2) 
where Qpwind and Qawind are the potential and actual wind erosion amount (t/(hm2•a)), respectively. 
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Qpwind and Qawind are estimated by National Wind Erosion Survey Model of China (Zhao et al., 
2023). It is an empirical model used for predicting wind erosion in northern China based on 
measured data. The model considers the impact of land use, and it includes three sub-models, i.e., 
the cultivated land model, grassland (shrub land) model, and sandy land model. The sub-models 
are expressed as follows: 
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where Qwc, Qwgs, and Qws are the wind erosion amount of cultivated land, grassland (shrub land), 
and sandy land (t/(hm2•a)), respectively; Ti is the ith cumulative time (min); z0 is the surface 
aerodynamic roughness (cm); A is the wind speed modification factor associated with the surface 
(m/s); ui is the ith wind speed (m/s); V is the vegetation coverage (%); and the values of a1, b1, and 
c1 are 9.208, 0.018, and 1.955, respectively; a2, b2, and c2 are 2.487, –0.001, and –54.947, 
respectively; a3, b3, and c3 are 6.169, –0.074, and –27.961, respectively (Li et al., 2013). 

Sediment retention module in the InVEST model was used to calculate sediment by water 
erosion (Gwater) (Li et al., 2023): 

 water pwater awater DR ,G Q Q S= − +                   (6) 
where Qpwater is the potential water erosion amount in the absence of plants, management, and 
water and soil conservation measures (t/(hm2•a)); Qawater is the actual water erosion amount 
(t/(hm2•a)); and SDR is the sediment retention (t/(hm2•a)). Qpwater and Qawater are calculated by the 
revised universal soil loss equation, which are suitable for the hydraulic erosion simulation on the 
Loess Plateau (Ed-daoudy et al., 2023; Li et al., 2024). The above indices are calculated by the 
following equations: 

 pwater ,Q R K LS= × ×         (7) 

 awater ,Q R K LS C P= × × × ×     (8) 

 
( )DR awater 1 ,uS SE Q SE= × ∏ −∑

 
(9) 

where R is the precipitation erosion factor (MJ•mm/(hm2•h•a)) derived from the Wischmeier's 
formula using monthly and annual precipitation (Wischmeier et al., 1971); K is the soil erodibility 
factor (t•h/(MJ•mm)) computed using the formula of Williams et al. (1984); LS is the slope factor; 
C is the vegetation coverage and management factor; P is the factor of soil and water 
conservation measures (Mu et al., 2022); and SE and SEu are the efficiency of sediment retention 
rate in this raster and upslope raster u, respectively.  

Soil retention rate (F; %) is defined as the ratio of soil protection amount (G; t) to potential soil 
erosion amount (Qp; t). It is an important indicator for evaluating soil protection, which eradicates 
the impact of inter-annual precipitation fluctuation on the simulation result (Li and Xu, 2019): 
 100%pF G / Q .= ×        (10) 

According to above principle, we separately calculated soil protection retention rate (F1), 
reduced wind erosion retention rate (F2), and reduced water erosion retention rate (F3). 
2.3.2  Analytical method of trade-off and synergy 
Relationship between wind and water erosion reduction is quantitatively evaluated by pixel-by- 
pixel partial correlation spatiotemporal statistical mapping (Huang and Wu, 2023). The reductions 
of wind erosion and water erosion in the simulation are affected by precipitation and vegetation 
coverage. In order to better evaluate the spatial relationship between them, we calculated the 
partial correlation coefficient under the condition of constant precipitation and vegetation 
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coverage. 
2.3.3  Bivariate spatial autocorrelation analysis 
Bivariate spatial autocorrelation analysis was used to analyze the spatial correlation between wind 
speed, slope, precipitation, vegetation coverage, and soil protection. Moran's I index and local 
indicators of spatial association (LISA) cluster map were obtained by computer mapping. The 
value of Moran's I value ranges from –1 to 1. Moran's I>0 represents a positive correlation 
between variables; Moran's I<0 means that the variables are negatively correlated; and Moran's 
I=0 means that the variables do not pass the significance test. Spatial random distribution is 
displayed among these variables. According to the local spatial correlation among variables, we 
divided LISA cluster plots into high-high (H-H), low-low (L-L), high-low (H-L), low-high (L-H), 
and not significant (NS). H-H and L-L types are positively correlated, and H-L and L-H are 
negatively correlated (Wu et al., 2023). 
2.3.4  Cellular automata (CA)-Markov model 
CA-Markov model is often used to simulate and predict the change of land use type (Malathy and 
Bhaskar, 2023). Based on the land use in 2015, we adopted CA-Markov model to predict the land 
use pattern in 2030 under three different scenarios: (1) business as usual (BAU) scenario: land use 
pattern in 2030 is obtained under natural evolution process of Markov chain without considering 
natural conditions and human factors changes; (2) economic growth (EG) scenario: the 
conversion of construction land and transportation land is forbidden, part cultivated land, forest 
land, and grassland are set as convertible land, and the possibility of converting unused land into 
residential land increases. Elevation and slope are selected as suitable factors, and the values are 
less than 1300 m and 1°, respectively; and (3) ecological conservation (EC) scenario: ecological 
land (water body, forest land, and grassland) is set as restricted land type. Elevation and slope are 
selected as suitable factors again. Cultivated land and construction land with slope >7° and 
elevation >2000 m are converted into forest land and grassland, respectively. 

3  Results 
3.1  Spatial and temporal characteristics of soil protection 
Total soil erosion, wind erosion, and water erosion in the wind-water erosion area of the Loess 
Plateau during 2000–2020 were 14.21×108, 8.17×108, and 6.04×108 t, respectively (Fig. 2). The 
average soil erosion amount was 38.50 t/(hm2•a), and the average wind erosion and water erosion 
amount were 22.14 and 16.36 t/(hm2•a), respectively. During the past 21 a, soil protection effect 
of the wind-water erosion area of the Chinese Loess Plateau was remarkable, and the total amount 
reached 15.47×108 t. During 2000–2020, the amount of soil protection increased at a rate of 0.69 
t/(hm2•a) (Fig. 2a), and soil protection retention also increased at a rate of 0.57%/a (Fig. 2d), 
indicating that soil erosion was effectively controlled and the effect of soil protection was 
gradually enhanced. Total amount of wind erosion reduction was 5.68×108 t, which decreased at a 
rate of –0.10 t/(hm2•a) (Fig. 2b), but wind erosion reduction increased at a rate of 0.49%/a, which 
was benefit by the increase in vegetation (Fig. 2e). In addition, total amount of water erosion 
reduction was 9.79×108 t, increasing at a rate of 0.80 t/(hm2•a) (Fig. 2c), and water erosion 
reduction also continued to increase at a rate of 0.29%/a (Fig. 2f). Soil conservation capacity 
gradually improved, which protected the local land resources and ecological environment. 
  Wind-water erosion area of the Loess Plateau is facing great challenges in soil protection and 
ecological restoration. About 63.70% of the total soil protection was low (Fig. 3). The medium 
and high levels of soil protection was concentrated in the Mu Us Sandy Land, accounting for 
36.30% (Fig. 3a), and the areas with soil retention rate of more than 40.00% were mostly located 
in the northern Mu Us Sandy Land and northern Shanxi Province (Fig. 3d), where achieved good 
effects with the Grain for Green and grassland ecological measures. Wind erosion reduction in the 
northern Loess Plateau was generally low, and the high value area was concentrated in the Mu Us 
Sandy Land and eastern Hobq Desert (Fig. 3b). Only 20.30% of the areas with the retention rate  
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Fig. 2  Inter-annual variations in soil protection service (a), wind erosion reduction (b), water erosion reduction 
(c), soil protection retention rate (d), wind erosion reduction retention rate (e), and soil protection retention rate (f). 
Red lines and functions represent the overall trend lines and trend functions for each parameter during 2000–2020, 
respectively; and black dashed lines represent the overall trend lines for each parameter during 2000–2009 and 
2010–2020. 

 
of wind erosion reduction was more than 40.00%, concentrated in the Mu Us Sandy Land and 
central of Ordos Plateau (Fig. 3e). Water erosion reduction was also low, and the area with high 
value was located in the northern Shanxi Province and southern Longzhong Plateau (Fig. 3c). The 
areas that the retention rate of water erosion reduction exceeded 40.00% accounted for 72.30%, 
concentrated in northern Ordos Plateau and central and western Longzhong Plateau (Fig. 3f). Soil 
erosion in the study area had cross-regional characteristics. Overall, prevention and control 
measures for soil protection were effective and could be further continued. 

During the past 21 a, inter-annual variation of soil protection in the wind-water erosion area of 
the Loess Plateau showed significant spatial differences (Fig. 4). About 51.20% of the area 
showed an increasing trend, concentrated in the middle Mu Us Sandy Land; 35.50% of the 
changes were not obvious, mainly located in the Hetao Plain and northern Ningxia Hui 
Autonomous Region (Fig. 4a). Soil conservation rate of 71.00% showed an increasing trend, of 
which 56.10% showed a slight increase. About 24.10% showed a decreasing trend, mainly in the  
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Fig. 3  Spatial patterns of soil protection (a), wind erosion reduction (b), water erosion reduction (c), soil 
protection retention rate (d), wind erosion reduction retention rate (e), and water erosion reduction retention rate 
(f) in the wind-water erosion area of the Loess Plateau during 2000–2020 
  
Hetao Plain. Change of 4.90% was not significant and was mainly distributed in the Hobq Desert 
(Fig. 4d). Anthropogenic disturbance had significant effects on soil erosion and protection, 
including positive effects in ecological areas (e.g., Mu Us Sandy Land) and negative effects in 
agricultural areas (e.g., Hetao Plain). However, the Hobq Desert itself has poor soil and is affected 
by natural environment such as wind speed, which still needs to continue to strengthen ecological 
protection and restoration work to prevent further expansion of desertification. The area with a 
decreasing trend of wind erosion accounted for 37.00%, and the area with a significant decrease 
accounted for 15.90%, which distributed in the middle Hobq Desert and northern and southern 
Mu Us Sandy Land. The area increased by 7.20%, mainly in southern Gansu Province. About 
55.80% of the changes were not obvious, mainly in Ningxia Hui Autonomous Region and Hetao 
Plain (Fig. 4b). Retention rate increased by 15.40%, mainly in the Ordos Plateau. Retention rate 
decreased by 11.10% in northern Ningxia Hui Autonomous Region. The change of 73.50% was 
not obvious, mainly in central Ordos Plateau (Fig. 4e). Decrease of water erosion was increasing 
significantly, accounting for 40.70%, mainly in Gansu Province, southern Longzhong Plateau, 
and northern Shanxi Province (Fig. 4c). Decreasing trend was only 0.20%; and there was no 
significant change in central Hetao Plain (59.10%). About 85.90% of the area showed an 
increasing trend in retention rate of water loss, concentrated in the Ordos Plateau, 10.97% of the 
area showed a decreasing trend, mainly distributed in the Hetao Plain, and 3.13% changes were 
not significant, mainly in the Hobq Desert (Fig. 4f). On the whole, there were regional differences 
in the trend of water erosion reduction and retention rate. Gansu Province, southern Longzhong 
Plateau, and northern Shanxi Province had achieved remarkable effects in soil and water 
conservation, while the Hetao Plain and other agricultural areas should be strengthened. 
Ecologically fragile region, such as the Hobq Desert, needs continuous attention to ensure 
ecological stability and sustainable development. 
3.2  Trade-off and synergy 
Relationship between wind erosion reduction and water erosion reduction during 2000–2020 was  
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Fig. 4  Changes of soil protection service (a), wind erosion reduction (b), water erosion reduction (c), soil 
protection retention rate (d), wind erosion reduction retention rate (e), and water erosion reduction retention rate 
(f) in the wind-water erosion area of the Loess Plateau during 2000−2020 
 
dominated by synergy, with a synergy relationship and synergy area of 0.044 and 41.61%, 
respectively. Area of highly significant synergy accounted for 37.68% of the total, concentrated in 
the windy and sandy area in northern Shaanxi Province and western Mu Us Sandy Land. 
Trade-off area accounted for 26.05% of the total, with area of insignificant trade-off accounting 
for 24.66%, distributed in southern Ordos Plateau, Longzhong Plateau, central and eastern 
Ningxia Hui Autonomous Region, and central Hobq Desert. The areas with a significant and 
highly significant trade-off relationship accounted for only 1.39% of the total, concentrated in 
southern Mu Us Sandy Land (Fig. 5). Increase in vegetation coverage is beneficial for inhibiting 
soil erosion, but intense plant transpiration will consume large quantity of water, which is not 
abundant in central and northern Loess Plateau. Thus, appropriate vegetation coverage and low 
water consuming plants should be considered during vegetation restoration. 

Land use type, elevation, and slope can also influence soil erosion and soil protection in the 
Loess Plateau. The trade-off and synergy interactions between wind erosion reduction and water 
erosion reduction under various land use patterns are shown in Figure 6. For most land use types 
(except water body), synergy relationships were more dominant than trade-off relationships, and 
highly significant synergy relationships and nonsignificant trade-off relationships were dominant. 
In terms of synergy relationship, the proportions of grassland, unused land, and forest land were 
51.03%, 33.55%, and 33.94%, respectively; and extremely significant synergy relationships 
accounted for 46.25%, 30.60%, and 30.93%, respectively. The proportions of trade-off 
relationships for grassland, unused land, and cultivated land were 31.56%, 22.49%, and 16.56%, 
respectively, and the nonsignificant trade-off relationships accounted for 29.90%, 20.73%, and 
15.68%, respectively (Fig. 6a). Trade-off and synergy interactions between wind erosion 
reduction and water erosion reduction at various elevations are shown in Figure 6b. Altitudes of 
600–1200 and >2400 m exhibited mainly trade-off relationships, whereas altitudes of 1200–2400 
m exhibited mainly synergy relationships. Trade-off and synergy relationships between wind 
erosion reduction and water erosion reduction under different slopes are shown in Figure 6c. The 
area with 16°–24° slope was dominated by trade-off relationships, accounting for more than 
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30.00% of the total, whereas the remaining areas were dominated by synergy relationships. With 
increase in slope, the synergies between soil protection showed a downward trend, and vice versa. 
Rational vegetation restoration on steep slopes could enhance wind erosion reduction and 
improve soil protection capability. 

 

 
 

Fig. 5  Spatial relationship between wind erosion reduction and water erosion reduction 

  
 

Fig. 6  Trade-off and synergy between wind erosion reduction and water erosion reduction under different land 
use types (a), digital elevation model (DEM; b), and slopes (c) 

3.3  Influencing factors 
3.3.1  Natural factor 
When wind speed threshold of 5.0 m/s is exceeded, wind speed has substantial impact on soil 
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wind erosion. When wind speed cumulative time decreases, sand fixation capacity decreases, the 
wind erosion reduction retention rate increases, and wind erosion reduction is enhanced. Wind 
speed cumulative time (≥5.0 m/s) was significantly and positively correlated with wind erosion 
reduction, and the Moran's I index was 0.055 (P<0.001). Positive correlation accounted for 
49.99% of the total, dominated by L-L type, which corresponded to the spatial pattern of wind 
speed. Sand fixation capacity decreased in the area with low wind speed cumulative time (≥5.0 
m/s). H-H type accounted for only 2.64%, distributed mainly in the middle Mu Us Sandy Land 
and northern Shanxi Province. The area with negative correlation accounted for 16.42%, mainly 
L-H type (10.85%), distributed in the Mu Us Sandy Land and eastern Hobq Desert. H-L type was 
distributed mainly in central Ningxia Hui Autonomous Region (Fig. 7a). 
 

 
 

Fig. 7  Local indicators of spatial association (LISA) plots of wind speed and wind erosion reduction (a), 
precipitation and wind erosion reduction (b), and vegetation coverage and wind erosion reduction (c). NS, not 
significant; L-L, low-low; L-H, low-high; H-L, high-low; H-H, high-high. The abbreviations are the same in 
Figure 8. 

 

There was positive correlation between precipitation and wind erosion reduction, and the 
Moran's I index was 0.059 (P<0.001; Fig. 7b). There was negative correlation between vegetation 
coverage and wind erosion reduction, and the Moran's I index was –0.145 (P<0.001). The spatial 
relationship between precipitation and wind erosion reduction was dominated by L-L and L-H 
types; the former was distributed mainly in northern Shaanxi and northwestern Gansu provinces, 
and southwestern Inner Mongolia Autonomous Region, and the latter was distributed in the Mu 
Us Sandy Land and Hobq Desert (Fig. 7b). The area with positive correlation between vegetation 
coverage and wind erosion reduction accounted for 38.74% of the total, mainly L-L type 
(35.94%), distributed in western Ordos Plateau, Hetao Plain, and central Ningxia Hui 
Autonomous Region. The area with negative correlation was 29.04% of the total, mainly L-H 
type (10.38%), concentrated in eastern Mu Us Sandy Land and Hobq Desert (Fig. 7c). The 
increase in precipitation and vegetation coverage effectively reduced wind speed, resulting in 
gradual decrease in the number of hours with wind speed initiating sand movement, wind erosion 
intensity, and sand fixation capacity. 

Negative correlation was found between precipitation and water erosion reduction, with the 
Moran's I index of –0.044 (P<0.001), and positive correlation was found of vegetation coverage 
and slope with water erosion reduction with the Moran's I index of 0.045 (P<0.001) and 0.015 
(P<0.001), respectively. Both slope and vegetation coverage had great influence on water erosion 
reduction. Spatial relationships of precipitation, vegetation coverage, and water erosion reduction 
were mainly L-L and H-L types. L-L type was distributed mainly in southern Inner Mongolia 
Autonomous Region, northern Ningxia Autonomous Region, and northwestern Gansu province. 
H-L type was concentrated in northern Lvliang Mountains (Fig. 8a and b). Spatial relationship 
between slope and water erosion reduction was dominated by L-L and H-H types. L-L type was 
distributed mainly in northern Ordos Plateau and northern Ningxia Hui Autonomous Region, 
whereas H-H type was scattered in northern Shanxi Province (Fig. 8c). 
3.3.2  Land use/land cover 
Main land use types in the wind-water erosion area of the Loess Plateau were grassland and 
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cultivated land. Overall, grassland accounted for 63.70% of the total area, followed by cultivated 
land (24.90%), and then construction land, forest land, water body, and unused land. From the 
perspective of spatial pattern, grassland was mainly concentrated in central and western parts of 
the study area, whereas cultivated land was scattered in the plains. All land use types showed 
notable change during 2000–2020 (Table 2), with the areas of grassland, forest land, and water 
body increasing by 3.68%, 0.67%, and 0.11%, respectively. The areas of unused land, 
construction land, and cultivated land decreased by 2.96%, 9.49%, and 2.7%, respectively. During 
the past 21 a, 36,437 km2 of forest land were converted into grassland, and 29,296 km2 of 
grassland were converted into cultivated land (Table 2). Grassland reclamation continued despite 
the grassland area increased. The increases in forest land and grassland had enhanced regional 
vegetation coverage, which was conducive to reducing the wind erosion and water erosion. 

 
 

Fig. 8  Localized LISA plots of precipitation and water erosion reduction (a), vegetation coverage and water 
erosion reduction (b) , and slope and water erosion reduction (c) 

 
Table 2   Land use area transfer matrix from 2000 to 2020 

Land use type 
Farmland Forest land Grassland Water body  Construction 

land Unused land Decreasing 
area 

   (km2)    

Farmland 56,228 1030 36,437 619 208 0 38,294 

Forest land 313 7025 3743 6 8 0 4070 

Grassland 29,296 5420 171,721 482 5185 1953 42,336 

Water body 445 15 279 661 35 128 902 

Construction land 1152 0 14,416 122 11,489 343 16,033 

Unused land 1262 0 1814 70 39 776 3185 

Increasing area 32,468 6465 56,689 1299 5475 2424 - 
Note: ''-'' means no value. 

Changes in wind erosion reduction and water erosion reduction in 2030 under BAU, EC, and 
EG scenarios are shown in Figure 9. Sand fixation capacity per unit area was as follows: EG 
scenario (15.52 t/(hm2•a))>EC scenario (15.42 t/(hm2•a))>BAU scenario (15.33 t/(hm2•a)). 
Compared with 2020, sand fixation capacity per unit area is expected to increase in all three 
scenarios. Sand fixation capacity per unit area was projected to increase by 44.37% under EG 
scenario, attributable to the rapid economic growth, substantial expansion of construction land, 
and large amount of ecological land occupation. Water erosion reduction per unit area was as 
follows: EC scenario (30.02 t/ (hm2•a))>EG scenario (25.94 t/(hm2•a))>BAU scenario (21.44 
t/(hm2•a)). Water erosion reduction per unit area was expected to decrease in all three scenarios 
compared with the situation in 2020. If ecological protection measures were taken to limit the 
diversion of forest land, grassland, and water body in EC scenario, the decrease of water erosion 
reduction per unit area would be only 11.74 t/(hm2•a) owing to the reduction in farmland. 
Therefore, ecological protection measures should be taken on the basis of cultivated land 
protection to prevent further expansion of construction land and to enhance soil protection. 
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Fig. 9  Changes in wind erosion reduction and water erosion reduction under three scenarios (business as usual 
(BAU; a and d), ecological conservation (EC; b and e), and economic growth (EG; c and f)) 

4  Discussion  
4.1  Evaluation indicators of soil protection 
Water erosion reduction (assessing soil and water conservation) and wind erosion reduction 
(assessing windbreak and sand fixation) can directly reflect the ability of vegetation to reduce soil 
erosion under current climate conditions (Wang et al., 2023c). However, they are susceptible to 
climatic factors, such as wind speed and precipitation. Because the protective effect of an 
ecosystem might be underestimated or overestimated, these two indicators are hard to truly 
represent the ecosystem effect on soil protection (Huang et al., 2022; Yang et al., 2023). During 
2000–2020, vegetation coverage in the study area showed an upward trend, and annual wind 
erosion decreased by 7.52 t/(hm2•a) (Fig. S1). However, wind erosion reduction has shown a 
decreasing trend owing to the notable decrease in wind speed. The result means that the indicator 
has certain limitation for evaluating the soil erosion reduction of vegetation. 

Soil retention rate can eliminate the effects of climate change (i.e., precipitation and wind 
speed) to a certain extent, and thus can objectively reflect the soil protection of ecosystems (Li 
and Xu, 2019; Gong et al., 2020). In this study, wind erosion retention rate in 2000 (33.39%) was 
obviously lower than that in 2020 (44.77%), which is consistent with the increasing trend of 
vegetation coverage. Wind erosion retention rate can objectively reflect the potential of vegetation 
to prevent wind and fix sand. However, soil retention rate was difficult to evaluate soil erosion 
reduction amount in some extreme climate conditions. Therefore, these two indicators (the 
amount and retention rate of soil erosion reduction) should be combined in subsequent studies to 
comprehensively evaluate the ability of vegetation/climate to reduce soil erosion. 
4.2  Future changes of soil erosion 
Relative to water erosion, wind erosion in northern Loess Plateau was more serious. Average 
wind erosion amount (22.14 t/(hm2•a)) was greater than water erosion amount (16.36 t/(hm2•a)) 
during 2000–2020 (Fig. S1). As a direct driving force for regional soil-wind erosion, wind speed 
(especially the frequency of strong winds) in northern Loess Plateau showed a notable decreasing 
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trend, especially in winter and spring (Xiao and An, 2023). As a result, the inter-annual wind 
erosion amount revealed a decline trend, with a rate of –0.64 t/(hm2•a). However, the inter-annual 
water erosion showed an increasing trend, with a rate of 0.31 t/(hm2•a) (Fig. S1). Driving force 
analysis showed that precipitation and vegetation are the most important factors on water erosion. 
Precipitation is the direct external force for soil-water erosion, especially extreme rainfall has the 
greatest effect on soil dispersion and destruction (Zhang et al., 2023b; Li et al., 2024). Annual 
precipitation showed a significantly increasing trend in the wind-water erosion area of the Loess 
Plateau, increasing from 415.80 mm/a during 2000–2009 to 463.44 mm/a during 2010−2020. The 
rainfall erosivity and water erosion increased with increasing precipitation. Most of water erosion 
amounts in the Loess Plateau were caused by a few extreme rainfall events (Fu, 1989). Soil 
erosion caused by a single extreme rainfall event was equivalent to 40.00%–90.00% of the annual 
erosion (Tang et al., 1992). Recently, the occurrence of extreme rainfall events increased 
significantly (Li et al., 2022; Zhang et al., 2023b; Li et al., 2024), which led to substantial 
increase in soil-water erosion (Zhang et al., 2023b). With climate changes (i.e., reduced wind 
speed and increased precipitation), wind erosion was weakened in 81.44% of the study area, while 
water erosion was strengthened in 52.83% of the study area. Water erosion exceeded wind erosion 
in the late 2010s and became the main type of soil erosion. The predictions of global climate 
models in CMIP6 (Coupled Model Intercomparison Project Phase 6) show that the near-surface 
wind speed in northern China will decrease further in the future (Eyring et al., 2016; Wu et al., 
2020), which will be conducive to the weakening of soil-wind erosion. Predictions of global 
climate models in CMIP5 (Coupled Model Intercomparison Project Phase 5) show that annual 
precipitation and intensity and frequency of extreme precipitation events will increase 
significantly (Wang et al., 2023b; Li et al., 2024), which will be conducive to soil-water erosion. 
It can be inferred that soil-water erosion will become the main soil erosion form in the wind-water 
erosion area of the Loess Plateau, and its contribution may be enhanced in the future. Although 
vegetation restoration has played an important role in preventing soil erosion, the impact of 
climate changes may be greater than that of vegetation. Therefore, it is necessary to pay more 
attention to the prevention and control of soil-water erosion in the study area (Fu et al., 2017). 
4.3  Future soil conservation proposals  
Under the combined influence of socioeconomic and biophysical factors, the trade-off and 
synergy during soil protection process revealed spatial heterogeneity. Spatial relationships 
between wind erosion reduction and water erosion reduction were weak in the Hetao Plain, 
Yinchuan Basin, and central Shanxi Province where were main agricultural planting areas in the 
wind-water erosion area of the Loess Plateau. In these areas, the terrain is low and flat, the water 
resources are abundant owing to adjacent rivers, and the vegetation is mainly composed of crops. 
The soil erosion modulus is less than 25.00 t/(hm2•a) (Fig. S2). Underlying surface is bare in 
spring, and wind erosion is prone to occur. It is suggested that high-standard farmland shelterbelts 
construction should be strengthened, conservation-focused farming should be promoted, and 
regional advantages should be exploited in developing irrigation agriculture and other suitably 
advantageous industries (Zhao et al., 2020). Shelterbelt structure parameters are the key factors 
affecting the efficiencies of windbreak and sand fixation (Zhu et al., 2003; Wu et al., 2013). Sai 
(2022) reported that the protection efficiency of trees and shrubs mixed planting is better than that 
of pure trees planting. Thus, the trees and shrubs mixed planting should be given priority 
consideration during future farmland shelterbelt construction. The synergistic relationship was 
extremely significant between wind erosion reduction and water erosion reduction in southeastern 
Inner Mongolia and southeastern Ningxia Hui autonomous regions, and northern Shaanxi, 
western Shanxi, and northwestern Gansu provinces. In these areas, hills and gullies are widely 
distributed, the slope is large, and annual precipitation is more than 300 mm. Soil erosion 
modulus in some areas is larger than 25.00 t/(hm2•a) (Fig S2). Meanwhile, vegetation in these 
areas was quickly recovered in the wind-water erosion area of the Loess Plateau in past decades 
(Yang et al., 2019). It is recommended to take vegetation restoration as the focus of future 
strategies, to strengthen vegetation restoration enclosures, and to ban and postpone grazing (Bai et 
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al., 2024; Guo et al., 2024). Check-dams and terraces are effective engineering measures to 
prevent gully erosion, and mainly used in small channel basin with an area of 100–200 km2 (Wen 
and Zhen, 2020). Engineering measures can also be implemented in above areas. Moreover, the 
selection and setting of vegetation must meet the regional water resources carrying capacity (Jia 
et al., 2017; Wen and Zhen, 2020). Wind erosion reduction and water erosion reduction showed 
trade-off relationships in northwestern Shaanxi and western Gansu provinces, and central Ningxia 
Hui and southwestern Inner Mongolia autonomous regions where are fragmented areas with high 
terrain, large elevation variation, and concentrated precipitation. It is suggested that 
comprehensive management of small watersheds should be undertaken in the future, with 
treatments to protect gully head near the gully edge line, construction of check dams in dry gully, 
adoption of terracing on slopes, and restoration vegetation (Liu et al., 2020; Guan et al., 2023). 

5  Conclusions 
In this study, the spatiotemporal patterns, spatial relationships, and driving factors of soil 
protection were comprehensively analyzed in the wind-water erosion area of the Chinese Loess 
Plateau during 2000–2020. The total amount of soil protection was 15.47×108 t, in which the 
reduction of wind erosion and water erosion were 5.68×108 and 9.79×108 t, respectively, and the 
soil protection retention rate reached 51.50%. Inter-annual variation of wind erosion reduction 
showed a decreasing trend, while soil protection amount, water erosion reduction, and soil 
protection retention rate showed increasing trends. Spatial classification of total soil protection 
amounts was mainly L-L type, and concentrated in the Mu Us Sandy Land, and southwestern 
Gansu and northern Shanxi provinces. Synergistic relationship between wind erosion reduction 
and water erosion reduction was dominant, and trade-off relationship was mainly distributed in 
southern and northern study area. Wind speed was the main climate factor affecting wind erosion 
reduction, while precipitation, vegetation, and slope were important factors affecting water erosion 
reduction. Land use change and implementation of ecological engineering measures were also 
important reasons for reducing wind erosion and water erosion. This study deeply revealed the 
dynamic evolution and driving mechanism of soil protection in the wind-water erosion area of the 
Loess Plateau. Meanwhile, an effective assessment framework and methodology was proposed to 
provide valuable reference for other areas worldwide facing wind-water erosion. 
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Appendix  

 
 

Fig. S1  Inter-annual variations of soil erosion modulus (a), wind erosion modulus (b), and water erosion 
modulus (c). Red lines and functions represent the overall trend lines and trend functions for each parameter 
during 2000–2020, and black dashed lines and functions represent the overall trend lines for each parameter 
during 2000–2009 and 2010–2020. 
 

 
 

Fig. S2  Spatial distribution patterns of soil erosion modulus (a), wind erosion modulus (b), and water erosion 
modulus (c) 


