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Abstract

:

Soil erosion affects food production, biodiversity, biogeochemical cycles, hydrology, and climate. Land-use changes accelerated by intensive human activities are a dominant anthropogenic factor inducing soil erosion globally. However, the impacts of land-use-type changes on soil erosion dynamics over a continuous period for constructing a sustainable ecological environment has not been systematically quantified. This study investigates the spatial–temporal dynamics of land-use change and soil erosion across a specific area in China with water–wind crisscross erosion during three periods: 1995–1999, 2000–2005, and 2005–2010. We analyzed the impacts of each land-use-type conversion on the intensity changes of soil erosion caused by water and wind, respectively. The major findings include: (1) land-use change in the water–wind crisscross erosion region of China was characterized as cultivated land expansion at the main cost of grassland during 1995–2010; (2) the strongest land-use change moved westward in space from the central Loess Plateau area in 1995–2005 to the western piedmont alluvial area in 2005–2010; (3) soil erosion area is continuously increasing, but the trend is declining from the late 1990s to the late 2000s; (4) the soil conservation capability of land-use types in water–wind crisscross erosion regions could be compiled from high to low as high coverage grasslands, medium coverage grasslands, paddy, drylands, low coverage grasslands, built-up lands, unused land of sandy lands, the Gobi Desert, and bare soil. These findings could provide some insights for executing reasonable land-use approaches to balance human demands and environment sustainability.
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1. Introduction


Soil provides a variety of ecosystem services, such as sustaining food production, regulating climate and hydrological cycling, and supporting biodiversity [1]. Healthy soil is the basis of sustainability to ensure the security of food, water, and energy with an increasing population [2,3,4]. However, soil erosion is a major environmental problem threatening worldwide soil resources [5]. The soil erosion potential is increasing globally, particularly in Sub-Saharan Africa, South America, and Southeast Asia [2]. Soil erosion is a direct or indirect consequence of human activities, such as deforestation, overgrazing, unsuitable land-use practices, and climate change.



Soil erosion can be classified as water, wind, and freeze-thaw erosions, according to the formation mechanisms [6]. Water and wind erosions are driven by energy from rainfall and wind [5]. The potential of soil erosion is also determined by the topographic complexity, soil properties, land use, and management practices [7,8]. Land-use change, a critical component of global change, regulates the effects of human activities on the conservation of soil and water resources. With increasing demands for food and settlements, natural vegetation (e.g., forest and natural grasslands) has been replaced by agricultural land and artificial surfaces, inducing expansion of soil erosion and reduction of soil resources [1,9]. Land use or management changes, such as increasing crop and grazing intensities, do not transfer the land cover types but potentially lead to soil property degradation with increasing erosion hazards [1].



In China, soil loss is one of the most critical environmental issues affecting agriculture productivity and the environment [10,11,12,13]. The arid and semi-arid regions of China are widely covered by the Gobi Desert, other desert areas, mobile sands, loess, and steppes, which are erodible landforms by water and wind [14,15,16]. In the Loess Plateau region, the average erosion rate could reach 30,000 t/km2.a [10]. This area is covered by fragile ecological systems (e.g., grasses and shrubs), which are very sensitive to human activities [15]. Anthropogenic land-use change is a dominant factor of accelerated soil erosion in these regions in the last several decades [15,17,18]. However, in 1999, the Grain-for-Green program was implemented to reconstruct the ecological environment to mitigate soil erosion at a national scale by increasing vegetation coverage [19,20,21]. In this project, the croplands with steep slopes were converted to grasslands and forested lands. The barren lands suitable for afforestation were planted by trees. There was about 4.5% coverage increase in grasslands and forested lands when this project is completed in 2010 [19]. Meanwhile, rapid urbanization and economic growth are driving the land-use changes across urban and rural areas in China [22,23]. Some studies have reported the improvement of soil and water conservation with vegetation restoration since 2000 [10,19,21]. Nevertheless, it is still unclear that the potential roles of various land-use and land-cover changes in regulating the dynamics of water and wind soil erosion. Systematic analysis on the responses of soil erosion to land-use and land-cover changes is crucial for balancing environment and human demands.



Water erosion affects a larger portion of earth’s surface than wind erosion, but wind erosion severely exacerbates the environment in global arid and semi-arid regions [24]. To date, most of the studies on soil erosion are constrained to the regions dominated by water erosion [25,26,27,28]. We still lack studies to investigate the responses of wind erosion and water–wind crisscross erosion to land-use and land-cover change [15]. This study aimed to examine the overarching impacts of land-use changes on soil erosion controlled by the integrated effects of water and wind. The water–wind crisscross erosion region of China was selected as the study area. This area is consistent with the agriculture-grazing zone having a vulnerable ecosystem and intensive human activities and semi-arid and sub-humid climate. The specific objectives were to (a) examine the land-use dynamics and trends in the study area during 1995–2010; (b) estimate the soil erosion dynamics by water and wind during the study period; and (c) analyze the contributions of each land-use change to the intensity variations of water–wind crisscross erosion.




2. Materials and Methods


2.1. Study Area


The water–wind crisscross erosion region in China is located in the northern arid and semi-arid regions (39°N ~ 50°N,73°E ~ 125°E) (Figure 1). This area consists of 10 provinces with a total land area of about 252,000 km2 and can be divided into the eastern plain sandy area, the central grassland sandy area, the central Loess Plateau area, and the western piedmont alluvial area. The topography is complex, mainly composed of mountains, hills, plateaus, and plains. It is in a transitional climate zone between the East Asian monsoon climate and the inland arid climate. From the northwest to the southeast, the average annual precipitation ranges from ~150 mm to ~450 mm, and the annual average wind speed is about 3–4 m/s, with gale mainly occurring in spring and fall [29,30,31]. This region belongs to the farming–pastoral zone from the view of land-use types [31,32]. Various climate, topography, and land uses determine the water–wind crisscross erosion in this region [33,34]. Wind erosion dominates in spring and fall, and water erosion dominates in summer and winter [31,34].




2.2. Data


2.2.1. Soil Erosion Dataset


The soil erosion status map in 1995 was used as a baseline in this study (Figure 2, Table S1). This satellite-based soil erosion product was developed in the second National Soil Erosion Investigation of China (NSEI-C) using field surveys and visual interpretation jointly by the Ministry of Water Resources (MWR) of the People’s Republic of China and the Chinese Academy of Sciences (CAS). The soil erosion intensity was classified into six levels: slight, light, moderate, intensive, very intensive, and severe. The intensity of water–wind erosion was named by the levels of water erosion intensity and then followed by the levels of wind erosion intensity. We extracted the soil erosion status in 1995 for the water–wind crisscross erosion regions.




2.2.2. Land-Use Datasets from 1995 to 2010


This study used the dynamic vector database of National Land Use/cover Database of China (NLUD-C) for three periods: 1995–2000, 2000–2005, and 2005–2010 (Table S1). NLUD-C was produced mainly by the visual interpretation method from multi-source remote sensing data having a spatial resolution of around 30-m [35]. A hierarchical classification system was used for NLUD-C with six first-level and twenty-five second-level land-use types. The six first-level land-use types are cultivated lands, woodlands, grasslands, water bodies, built-up lands, and unused lands. During the data generation, strict quality control was conducted by repeated visual interpretation and field verification [35]. The first-level types of NLUD-C were assessed having an accuracy of more than 95.41% using the field samples [35]. More information about this database has been reported by Zhang, Wang, Zhao, Liu, Yi, Zuo, Wen, Liu, Xu and Hu [35].




2.2.3. Vegetation Index


Normalized difference vegetation index (NDVI) [36] presents the vegetation greenness and is commonly used to indicate the vegetation coverage. The 16-day Moderate Resolution Imaging Spectroradiometer (MODIS) vegetation indices product (MOD13Q1, V06) having a 250-m spatial resolution was used in this study (Table S1). This product has been widely used to analyze the vegetation dynamics over a variety of regions [37,38]. We calculated the annual maximum NDVI based on this dataset to delineate the vegetation coverage in the study area for three time points of 2000, 2005, and 2010.




2.2.4. Topography


Soil erosion varies with surface topography [39]. In this study, we used the 30-m ASTER Global Digital Elevation Map (ASTER GDEM V2, released in 2011) downloaded from NASA Earthdata (https://search.earthdata.nasa.gov/search) to describe the topography of the study area (Table S1).




2.2.5. Soil Survey Database


Soil property is a key factor that influences soil loss [8,27]. We obtained the 1-km national soil survey map of China from the Environment and Ecological Science Data Center for West China [18]. We examined the soil texture (% sand, silt, clay) to identify the soil physical properties within the water–wind crisscross erosion regions.





2.3. Methods


2.3.1. Analysis of Land-Use Dynamics


Land-use change was examined at two aspects: (1) area changes of each land-use type and (2) conversions among land-use types. We compiled statistics about the total area changes of each land-use type based on the NLUD-C dynamic datasets for the three study periods of 1995–2000, 2000–2005, and 2005–2010.



The transformational matrix is widely applied to analyze land-use conversions [40]. In this study, we used this approach to quantify the conversions among land-use types during three study periods, including conversions of land-use types and the associated area dynamics. We first constructed the land-use transformational matrix for each period based on the dynamic datasets of NLUD-C across the study area. We then compiled statistics about the total area change for each land-use type conversion. Based on the results of each period, we calculated the changes in land-use types and areas for the entire study period of 1995–2010.




2.3.2. Classification of Soil Erosion Intensity


The intensity of soil erosion was identified following the Standards for classification and gradation of soil erosion published by the MWR. In the decision rules, soil erosion intensity is mainly classified by the factors of land use, vegetation, slope, landforms, and soil properties (Table 1). These rules have been successfully implemented to generate the soil erosion maps of China since the 1980s [6]. According to these rules, we built up an expert decision system to grade the soil erosion intensity for the study area at the three time points of 2000, 2005, and 2010 (Figure 3).



In this decision system, the land-use dynamic datasets, vegetation coverage, topography, and soil data were used as inputs. These datasets have different data formats, including vector and raster (Table S1). Meanwhile, the original raster datasets have spatial resolutions from 30-m to 1-km (Table S1). To avoid the obstructions from these dataset inconsistencies for soil erosion assessment, we first converted the vector soil erosion map in 1995 and land-use maps during 1995–2010 into a raster format with a 100-m spatial resolution. Then, the 250-m MODIS NDVI, 30-m ASTER GDEM V2, and 1-km soil survey map were resampled into 100-m by the nearest neighbor method to make all of these datasets having a consistent spatial resolution. Meanwhile, the resampled 100-m ASTER GDEM was used to produce a slope map in Arcmap for soil erosion analysis. After the preparation of these input datasets, we assessed the soil erosion intensity levels pixel by pixel. For each pixel, the soil erosion intensity levels by water and wind were determined separately, according to the rules in Table 1, including the land-use types, vegetation cover, slope, and sand content. Using this approach, 100-m soil water and wind erosion intensity maps were produced for 2000, 2005, and 2010. In these maps, six levels (including slight, light, moderate, intensive, very intensive, and severe) were used to delineate the soil erosion intensity by water and wind. Due to the study regions having water–wind crisscross erosion, we first classified the water erosion intensity and then graded the wind erosion intensity for each pixel. Thus, the soil erosion intensity in the results was named as water-erosion intensity followed by wind-erosion intensity.



In the rules, vegetation coverage was used to define the vegetation conditions on the ground. Vegetation coverage (fg) can be derived from NDVI using the models provided by Gutman and Ignatov [41]). As most of the pixels have a mixed structure at the 250-m spatial resolution, we used the mosaic-pixel model to derive fg from MODIS NDVI (Equation (1),(2)). In this model, the NDVI of a pixel was composed of NDVI from vegetation (NDVIg) and non-vegetation (NDVI0) parts allocated by the vegetation coverage within that pixel (fg) (Equation (1)). Mathematically, Equation (1) can be transformed into Equation (2) to calculate fg.


NDVI=fgNDVIg+(1−fg)NDVI0,



(1)






fg=NDVI−NDVI0NDVIg−NDVI0,



(2)




where NDVI denoted the actual NDVI of a given pixel which can be obtained from the MODIS product directly. fg was the vegetation coverage in the given pixel. NDVIg denoted the NDVI of the given pixel under pure vegetation cover. NDVI0 referred to the NDVI of the pixel without vegetation cover. Thus, NDVIg can be noted as the maximum NDVI of each land-use type, and NDVI0 was defined as zero to present the surface without vegetation.




2.3.3. Effects of Land-Use Change on Soil Erosion Dynamics


Land-use changes are considered to be a key factor in soil erosion during a short period owing to changeable characteristics caused by human activities. Meanwhile, reasonable land uses may not affect or reduce soil erosion. A given change of soil erosion intensity could be associated with many cases of land-use transformations. Here, we use numbers of one to six to express the soil erosion intensity levels from slight to severe separately. The differences in the intensity levels between the later and the former period were used to show the changes in soil erosion intensity. Thus, we can compile statistics about the contributions of land-use transformations to the level changes of soil erosion intensity to study the relationships.






3. Results


3.1. Land-Use Changes during 1995 to 2010


From 1995 to 2010, about 13,893.16 km2 of area has experienced land-use change including the first-level and second-level land-use types (Figure 4). From the first period of 1995–2000 to 2000–2005 and 2005–2010, the changing area dropped continuously, from about 6683.94 km2 to 5202.28 km2 and then 2006.94 km2. During the 15 years, grasslands had the largest changes in the area, with a decrease of 3350.74 km2 (Figure 5). It is followed by the increases of cultivated lands, woodlands, built-up lands, and water bodies. Unused land has the lowest net area change with a slight diminution of −56.6 km2. A conspicuous feature for this period is the consecutive decline of grasslands and steady increments of cultivated lands, albeit the changing amounts are reducing for both types from the end of the 1990s to the end of the 2000s (Figure 5).



Transformational matrix analysis suggested the land-use transformations mainly happed on the grasslands, cultivated lands, and unused lands during the three study periods (Table 2). The dominant land-use transformations were grasslands to cultivated lands or unused lands, unused lands to grasslands or cultivated lands, and cultivated lands to grasslands. In the entire period, the area of grasslands to other land uses was the largest, while the declining trend for grassland slowed down (Figure 5). The transfer-in area from other land uses to cultivated lands was the largest in each period. The trend of cultivated land increment also slowed down. Grasslands provided the dominant land source for cultivated land expansion.



In the first two periods, the central Loess Plateau area experienced the highest land-use change, and the western piedmont alluvial area had the lowest land-use change (Figure 4a,b). However, in 2005–2010, the highest change happed in the western piedmont alluvial area, with a west moving trend in space (Figure 4c). These spatial dynamics demonstrate that the center of land-use changes in the study area was moving westward from the late 1990s to the late 2000s (Figure 4). In terms of the land-use transformations in each region, the transformations from grasslands to cultivated lands or unused lands were dominant in the eastern plain sandy area. The development of unused lands to grasslands dominated the land-use changes in the regions of the central Loess Plateau area and the central grassland sandy area. The cultivated land expansion was the main land-use change in the western piedmont alluvial area at the cost of grassland reduction. Unused lands also contributed to the increment of cultivated lands in this region.




3.2. Dynamics of Soil Erosion During 1995 to 2010


The soil erosion maps in 2000, 2005, and 2010 were generated based on the land-use dynamics, vegetation coverage, slope, and soil properties by constructing a decision system following the Standards for classification and gradation of soil erosion published by the MWR (Figure 6, Table 1). During 1995–2010, the areas with intensity changes by water erosion and wind erosion were 7801.52 km2 and 10,509.02 km2, respectively.



From the first period to the third period, soil erosion in the study area can be summarized as exacerbation, slight exacerbation, and alleviation (Figure 7). Changes of water-erosion intensity concentrated on the levels of slight, light, moderate, and intensive. It can be generalized that light erosion was growing, and the moderate and intensive erosions were decreasing (Figure 7). In the first period, the growth of moderate and intensive water erosion was more significant than that of slight and light erosions. Water erosion was dramatically exacerbated in this period. In 2000–2005, although there was a decrease in moderate erosion, intensive erosion was not improved. Water erosion was still intensified in this period. In 2005–2010, erosion intensity shifted from intensive and moderate to slight and light, which suggested soil erosion was alleviated in this period. Changes of wind-erosion intensity distributed on all levels from slight to severe. In the three periods, wind erosion had consistent changing directions (e.g., exacerbation, slight exacerbation, and alleviation) with water erosion in spite of different changing levels. For example, in 1995–2000, intensive and very intensive wind erosions increased significantly, which were alleviated in 2000–2005. In 2005–2010, wind erosion in intensive, very intensive, and severe levels decreased, while that at light level increased dramatically.



Figure 8 shows the differences in soil erosion intensity for 1995–2000, 2000–2005, 2005–2010, and 1995–2010. The differences between water and wind soil erosion intensity mainly distributed on the unchanged, upper one, upper two, lower one and lower two levels. The differences in water–wind crisscross erosion intensity were mainly between the lower three to upper four levels. For the dynamics of water–wind erosion intensity in 1995–2010, the upgrade area (46%) was more than the degradation area (40%) by 6%, which suggests that soil erosion in this region was still intensified in the study period.




3.3. Contributions of Land-Use Changes to Soil Erosion Dynamics


Figure 9 shows the contributions of each land-use transformation to the intensity dynamics of water and wind soil erosion separately during three periods. The roles of land-use changes on the dynamics of water erosion intensity were affected by topography. For the regions with a slope less than 5o, no significant responses on erosion intensity were found to the transformations between grasslands and drylands. For the hillside lands, the conversion from medium or high coverage grasslands to drylands intensified the water erosion. In addition, the water erosion was also intensified with the conversions from medium or high coverage grasslands or drylands to low coverage grasslands, or unused lands of sandy lands, the Gobi Desert, bare lands (Figure 9a–c). Similarly, wind-erosion intensity was exacerbated by the transformations of high coverage grasslands to low coverage grasslands or drylands, drylands to low coverage grasslands, and grasslands to sandy lands. In comparison, it was more complicated for the responses of wind-erosion intensity to land-use changes as different effects can be found for a land-use conversion, like medium coverage grasslands and drylands (Figure 9d–f).



Figure 9g combined the intensity dynamics of water and wind soil erosions and summarized the land-use change types for erosion intensification and alleviation regions during 1995–2010. The results suggested that the land-use transformations may intensify the water–wind crisscross erosion including high coverage grasslands to low coverage grasslands, medium or high coverage grasslands to drylands, grasslands to unused lands of sandy lands, the Gobi Desert, and bare soil, drylands to low or medium coverage grasslands, and drylands to sandy lands or bare soil. The land-use transformation may improve the soil erosion in the study area including unused lands like sandy lands to grasslands, drylands or built-up lands, low coverage grasslands to high coverage grasslands or drylands, drylands to high coverage grasslands or paddy. Part of the land-use transformations may not affect the soil erosion including the coverage change of grasslands, and drylands to high coverage grasslands. In general, the soil conservation capability of land-use types in the study area could be compiled from high to low as high coverage grasslands, medium coverage grasslands, paddy, drylands, low coverage grasslands, built-up lands, unused lands of sandy lands, Gobi Desert, and bare soil. Here, the capability of built-up lands could vary with the vegetation coverage.





4. Discussion


4.1. Soil Erosion in Water–Wind Crisscross Erosion Region During 1995–2010


This study suggested that soil erosion continuously happened on the water–wind crisscross erosion region during 1995–2000; however, the issue has been mitigated evidently from the late 1990s to the late 2000s (Figure 6 and Figure 7). Previous studies also reported that severe soil erosion happened in the period of 1995-–2000, and a declined soil erosion trend was found after 2000 in the regions having water–wind crisscross erosion, for example, in Inner Mongolia [16,42] and the Loess Plateau of China [10,21,25]. These results agree well with our findings in this study. This could be explained by the soil and water conservation practices in China. The conservation practices have been divided into five stages since the 1950s, including initial preparation (1950s–1963), highly erodible soil control (1964–1978), comprehensive management of small watersheds (1979–1989), natural restoration (1990–1999), and ecological restoration (since 1999) [25]. In the ecological restoration period, the ‘Grain-for-Green’ project was launched for controlling soil erosion. In this project, a number of croplands were converted to forest and grassland, and the vegetation coverage was greatly promoted [18,25].



This study could be improved in our following works using new datasets and improved analysis approaches. Currently, we only examined the soil erosion dynamics in the water–wind crisscross erosion region of China from 1995 to 2010. The status and dynamics of land use and soil erosion in the study area after 2010, which will be analyzed in our following works based on the updated NLUD-C in 2015, is still uncertain. In addition, this study was conducted at a 100-m spatial resolution based on MODIS data to calculate the vegetation cover. To better understand the impacts of human activities on soil resources, this analysis can be implemented at a field scale by using Landsat and Sentinel-2 images to assess the ground vegetation cover [43]. Finally, this study used a statistic method to survey the relationships between land-use changes and soil erosion intensity dynamics. Model-based approaches have been used to characterize the effects of land-use changes on soil erosion at a regional scale [28,44,45]. Thus, this analysis could be improved by integrating these two approaches to obtain robust conclusions.




4.2. Effects of Land Use Change on Soil Erosion


The resultant maps clearly show that the highest land-use change moved westward in space from the central Loess Plateau area (CLPA) in 1995–2005 to the western piedmont alluvial area (WPAA) in 2005–2010 (Figure 4). From 1995 to 2010, the proportion of land-use change in WPAA was increasing, while that of the other three regions was declining (Figure 10a). We found consistent trends for the water and wind soil erosion dynamics across these four regions in the study period (Figure 10b). The WPAA region with increasing land-use change and soil erosion was taken as an example. The main land-use change was the cultivated land expansion by occupying grasslands (Figure 4), which can explain some soil erosion due to higher soil conservation capability generally from grasslands than cultivated lands [2,42].



Cropland expansion is a dominant land-use-change factor inducing worldwide soil erosion [2]. It was estimated that soil erosion potential may have increased by 17% due to cropland expansion in the last several decades [28]. In Inner Mongolia, China, extensive grassland and wetland areas were converted to cropland during 2000–2010, which accelerated land desertification and soil erosion in this region [16,42,46]. With increasing population, forests in slight slopes and valley areas were removed to develop croplands, causing severe soil erosion in the Loess Plateau, China [25]. In this study, we also found grasslands had the largest decrease in the water–wind crisscross erosion region in China during 1995–2010. Meanwhile, croplands experienced the largest increase by occupying other land-use types in each five-year period from 1995–2010. This land-use characteristic explains the continuous intensification of soil erosion in the study area, albeit the erosion trend decreased from 1995–2010.



This study suggested that the soil conservation capability of land-use types from high to low can be generalized as high coverage grasslands, medium coverage grasslands, paddy, drylands, low coverage grasslands, built-up lands, unused lands of sandy lands, the Gobi Desert, bare soil across the water–wind crisscross erosion region of China. Previous studies proposed that a natural vegetation reconstruction is an effective approach for soil erosion control and soil resource conservation in ecologically vulnerable regions [25]. As the study area is located in the arid and semi-arid climate zone, the ecological environment is vulnerable. Trees do not have good growth in some regions. Therefore, natural vegetation, especially grasses, rehabilitation is the best way to maintain the sustainability of soil resources in this area.





5. Conclusions


Soil erosion is a global phenomenon, while the relationships between land-use changes and soil erosion dynamics have not been clearly quantified. We used remote sensing data to explore how land-use changes, soil erosion dynamics, and their relationships in water–wind crisscross erosion areas in China during 1995–2010. In general, soil erosion deteriorated continuously in the study area during 1995–2010, but the decreasing trend showed the ecological environment was improving. Grassland decrease and cropland expansion were the most significant feature of the land-use change in this region. Meanwhile, the strongest land-use change and soil erosion were moving westward from the central Loess Plateau area to the western piedmont alluvial area. This spatial–temporal information provides references for performing ecological restoration projects across the study area in the future. The effect analysis of different land-use types suggested that restoration of medium and high grass cover is still necessary to conserve soil resources in the water–wind crisscross erosion area in China. These findings are a benefit for executing reasonable land-use management to balance human demands and environment sustainability.
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Figure 1. The water–wind crisscross erosion area in China. It consists of four regions from west to east: the western piedmont alluvial area, the central Loess Plateau area, the central grassland sandy area, and the eastern plain sandy area. 
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Figure 2. The soil erosion map in 1995 for the water–wind crisscross erosion area in China. This map shows the distribution of water erosion (Wa) and wind erosion (Wi) with five intensity levels of slight (Sl), Moderate (MO), Intensive (It), Very Intensive (VI), and Severe (Se). For example, “SIWa-MoWi” presents the region having water erosion intensity level of slight and wind erosion intensity level of moderate. The area of each soil erosion intensity level is summarized in Table S2. 
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Figure 3. The workflow of this study mainly includes three analyses of land-use change, soil erosion intensity by water and wind, and the contributions of land-use changes to soil erosion dynamics. DEM = Digital Elevation Map; NDVI = normalized difference vegetation index. 
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Figure 4. The distribution of land uses over the water–wind crisscross erosion area of China in (a) 2000, (b) 2005, and (c) 2010. Only the regions with land-use change during each period of 1995–2000, 2000–2005, and 2005–2010 were shown in these figures. The area of each land-use type is shown in Table S3. The differences in land-use change between 2000, 2005, and 2010 were shown in Figure S1. 
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Figure 5. Changed area of each land-use type over the water–wind crisscross erosion region of China during four periods of 1995–2000, 2000–2005, 2005–2010, and 1995–2010. 
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Figure 6. Distribution of water–wind erosion over the study area in three periods: (a) 1995–2000, (b) 2000–2005, and (c) 2005–2010. The legends are consistent with Figure 2. The area of each soil erosion intensity level is summarized in Table S2. 
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Figure 7. The net changed areas for each (a) water erosion and (b) wind erosion levels during for study periods of 1995–2000, 2000–2005, 2005–2010, and 1995–2010. The light blue and orange shadows present the decrease and increase trends of changed area for each intensity level during the three study periods. 
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Figure 8. Percentage of each gradation change of water–wind combined erosion intensity across the water–wind crisscross erosion zone of China during 1995–2010. The accumulated percentage from gradation decrease to increase is shown in the purple line. The light blue and orange shadows highlight the intensity decrease and increase levels, respectively. 
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Figure 9. The contributions (noted by percentage) of each land-use transformation to every water (a–c) and wind (d–f) soil erosion intensity change during three periods. The light blue and orange shadows highlight the intensity decrease and increase levels, respectively. Figure 9g summarizes the contributions (the percentage was noted as red numbers) of each land-use transformation to the intensification and alleviation from water–wind combined soil erosion during 1995–2010. This figure shows the dominate land-use transformations, including high, moderate, and low coverage grasslands (HG, MG, LG), paddy (PD), drylands (DL), built-up lands (BU), unused lands of sandy lands, the Gobi Desert, bare soil (UL), woodlands (WL), and water body (WB). 
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Figure 10. The (a) proportions and (b-c) trends of land-use changes and water–wind crisscross erosion across the four regions in the study area, including western piedmont alluvial area (WPAA), the central Loess Plateau area (CLPA), the central grassland sandy area (CGSA), and the eastern plain sandy area (EPSA). 
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Table 1. The intensity of soil erosion was identified following the Standards for classification and gradation of soil erosion published by the Ministry of Water Resources (MWR). In the decision rules, soil erosion intensity is mainly classified by the factors of land use, vegetation, slope, and soil properties. VC presents vegetation cover, and SC denotes sand content.
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	Level
	Water Erosion
	Wind Erosion





	Slight
	Water bodies, built-up areas, paddy fields, swampland; woodland or grassland with VC greater than 75% or slope less than 5°; cultivated land with slope less than 5°
	Water bodies, paddy fields, built-up areas, swampland; SC is less than 55% and VC is greater than 50%



	Light
	Woodland or grassland with VC of 60%–75% and slope of 5°–25°; VC of 45%-60% and slope of 5°–15°; VC of 30%–45% and slope of 5°–8°; cultivated land with slope of 5°–8°
	SC is less than 55% and VC is of 20%–50%; SC is greater than 55% and VC is greater than 70%



	Moderate
	Woodland or grassland with VC of 60%–75% and slope larger than 25°; VC of 45%–60% and slope of 15°–35°; VC of 30%–45% and slope of 8°–15°; VC less than 30% and slope less than 15°; cultivated land with slope of 8°–15°
	SC is less than 55% and VC is of 10%–20%; SC is greater than 55% and VC is of 50%–70%



	Intensive
	Woodland or grassland with VC of 45%–60% and slope larger than 35°; VC of 30% - 45% and slope of 25°–35°; VC less than 30% and slope of 15°–25°; cultivated land with slope of 15°–25°
	SC is greater than 55% and VC is of 5%–10%; built-up area under construction; saline-alkali land



	Very intensive
	Woodland or grassland with VC of 30%–45% and slope larger than 35°; VC less than 30% and slope of 25°–35°; cultivated land with slope of 25°–35°
	SC is greater than 55% and VC is of 5% - 10% and VC is of 1%–5%; bare land with SC less than 55%



	Severe
	Woodland or grassland with VC less than 30% and slope greater than 35°; cultivated land with slope greater than 35°; loess plateau in broken terrain with VC less than 10%, bare soil with slope greater than 8° or sand with slope greater than 25°
	SC is greater than 55% and VC is less than 1%; Gobi Desert, and bare soil with SC greater than 55%
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Table 2. Land-use transformational matrix (area, unit: km2) during three periods of 1995–2000 (1st), 2000–2005 (2nd), and 2005–2010 (3rd). Land-use types include cultivated lands (CL), woodlands (WL), grasslands (GL), water bodies (WB), built-up lands (BU), and unused lands (UL).
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CL

	
WL

	
GL

	
WB

	
BU

	
UL




	

	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd






	
CL

	
0

	
0

	
0

	
78.9

	
151.3

	
27.3

	
472.2

	
680.5

	
85.3

	
6.9

	
5.6

	
5.7

	
11.1

	
26.3

	
29.1

	
80.2

	
153.5

	
7.1




	
WL

	
87.0

	
50.5

	
15.02

	
0

	
0

	
0

	
12.8

	
57.2

	
8.1

	
1.5

	
1.5

	
0.2

	
0.4

	
2.9

	
2.4

	
5.9

	
16.2

	
3.7




	
GL

	
1942.2

	
863.3

	
511.5

	
77.0

	
274.4

	
6.4

	
0

	
0

	
0

	
60.4

	
19.4

	
13.4

	
49.5

	
64.7

	
93.1

	
715.7

	
934.5

	
165.0




	
WB

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
BU

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0.2

	
0

	
0




	
UL

	
55.4

	
352.2

	
340.8

	
34.9

	
42.0

	
3.1

	
264.1

	
295.3

	
383.1

	
19.1

	
12.4

	
36.4

	
22.3

	
31.7

	
58.9

	
0

	
0

	
0
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