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Knowledge regarding the soil erosion change patterns in Northeast Inner Mongolia (NIM) is essential for ecological security and sustainable development. Multisource satellite remote sensing with auxiliary data, including meteorology, land use, vegetation coverage, and digital elevation, was collected to establish a distributed soil erosion model to quantify the soil erosion intensity in Northeast Inner Mongolia. The results showed that soil erosion in Northeast Inner Mongolia, China, decreased by 100,654 km2 from 1978 to 2018. The area change rates of the mild, moderate, strong, intensive and severe soil erosion intensities were −48.91%, −41.41%, 32.63%, −91.15%, and −91.14%, respectively. The decrease in soil erosion was mainly located in the Hulunbuir and Tongliao regions. Our findings from satellite observations provide information about the soil erosion intensity and spatial distribution required for policy-making and the management of soil erosion prevention in Northeast Inner Mongolia.
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INTRODUCTION
Soil erosion leads to land degradation, sedimentation and ecological deterioration, which inevitably threaten ecological security and food production (Borrelli et al., 2021; Lyu et al., 2021). With the impact of climate change and human activities, soil erosion has become a widespread environmental problem (Li et al., 2013; Liu et al., 2020). Long-term series soil erosion investigations are helpful for improving our scientific understanding of the evolution pattern of soil erosion, objectively evaluating the control effects of soil and water conservation measures and promoting the sustainable development of the natural-economic-environment (Duan et al., 2012; Jiang et al., 2016; Lyu et al., 2021; Xie et al., 2022).
Currently, remote sensing technology is a unique means used to investigate long time series dynamic changes in soil erosion at the regional scale (Zhou et al., 2016; Alexakis et al., 2019; Long et al., 2019; Wang and Zhao, 2020). Various soil erosion parameters, including digital elevation models, vegetation cover and land use, can be extracted from multisource satellite imagery to calculate the soil erosion intensity using a soil erosion model (Jiang et al., 2016; Xiao et al., 2021; Lin and Zhao, 2022). (Liu et al., 2020) completed the national soil erosion survey of China in 2011 and employed a multistage, unequal probability, systematic area sampling method. Based on a geographic information system and remote sensing approach, (Jiang et al., 2016), applied the revised wind erosion equation (RWEQ) model to simulate the wind erosion intensity of Inner Mongolia between 2001 and 2010. (Zhou et al., 2016). further investigated the dynamic monitoring of soil wind erosion in Inner Mongolia, China, during 1985–2011 at a 1-km scale. Since the Landsat series satellites can be extended from 1972 to the present day, the information required for soil erosion models, such as land cover and vegetation cover, can be obtained from Landsat images (El Jazouli et al., 2019).
The soil erosion in Northeast Inner Mongolia (NIM), an important grain production base with black soil in China, was very severe in the last century and has been effectively curbed through ecological restoration by afforestation (Lyu et al., 2021). However, comprehensive exploration based on longer time series soil erosion change patterns in Northeast Inner Mongolia at a 30-m spatial resolution is still lacking. The motivation of this study was to determine the soil erosion dynamic change patterns in Northeast Inner Mongolia over the past four decades. To achieve this goal, two issues were addressed through the following actions: 1) multisource satellite imageries at five key time nodes (1978, 1985, 1995, 2005, and 2018) with the distributed model of soil erosion were employed to calculate the soil erosion intensity; 2) the dynamic patterns of soil erosion intensity were determined, and the driving factors of the changing patterns were explored. The main contribution of this paper is that it presents new knowledge regarding soil erosion change in Northeast Inner Mongolia, China.
STUDY AREA
Northeast Inner Mongolia is situated in Northeast China and includes 30 banners (counties, cities, districts) in four leagues (cities) of Hulunbuir, Hinggan League, Tongliao and Chifeng, with a total land area of 387,488 km2. The location of the study area is shown in Figure 1A, and it is one of the three largest black soil belts in the world, namely, the northeast black soil area. The study area involves the Erguna River, the Nenjiang River and the Liaohe River, which belong to the cold temperate zone and the mid-temperate zone continental climate zone, with an annual precipitation of 242.5–566.9 mm. The soil erosion type is mainly wind erosion with intermittent water erosion and freeze-thaw erosion in the north.
[image: Figure 1]FIGURE 1 | The location of the study area. (A) The boundary of Northeast Inner Mongolia. (B,C) Field survey photos after soil erosion control.
Due to the coupling of its unique climate and soil conditions with highly intensive human activities, soil erosion, especially wind erosion, has become a major threat to food security and healthy living. Over the past decades, afforestation has had an important effect on the control of soil erosion in Northeast Inner Mongolia, and vegetation cover has been successfully restored in desert (Figure 1B) and grassland areas (Figure 1C). Therefore, the use of various satellite remote sensing can better explain the evolution of soil erosion in Northeast Inner Mongolia.
METHODS
According to the Regional Soil Erosion Dynamic Monitoring Technology Regulation (RSEDMTR), the technical flow of the soil erosion model was revised (Supplementary Figure S1). Considering the lack of long time series freeze–thaw observations in the study area, the soil erosion types were defined as wind erosion and water erosion. The soil erosion intensity was calculated and analyzed using the following three steps:
In the first step, to overcome the challenge of the spatial and temporal inconsistencies of multisource remote sensing and monitoring station data, the land use and land cover (LULC), vegetation coverage (VC), meteorological data and topographical data were collected from existing remote sensing products and station data, which are summarized in Supplementary Table S1. The LULC data were acquired from China’s Land-Use/Cover Datasets (CLUDs) (Liu et al., 2002; Liu et al., 2014). The CLUD dataset is a national-scale multiperiod land use/land cover thematic database constructed by manual visual interpretation using Landsat remote sensing imagery from the 1970s to 2020. The data were classified into six classes and 25 subclasses of land use with a mapping accuracy over 91%. Moderate Resolution Imaging Spectroradiometer (MODIS) normalized difference vegetation index (NDVI) products were from 2000 to 2018 with 250 m, and Global Inventory Monitoring and Modeling System (GIMMS) NDVI products are from 1981 to 2018 with 8 km. To generate the long time series vegetation coverage (VC) data, the spatiotemporal fusion algorithm was used to produce the normalized difference vegetation index (NDVI) from 1981 to 2018 with 250 m based MODIS NDVI and GIMMS NDVI (Guo et al., 2020). The slope and slope length of the terrain were obtained from digital elevation model (DEM) data with 30 m, which were acquired from the United States Geological Survey (USGS). The rainfall and wind speed of site observations acquired from the China Meteorological Administration (CMA) were converted into raster data by Kriging interpolation. The LULC, VC, meteorological data and topographical data were preprocessed at a 30 m spatial resolution.
In the second step, based on the Regional Soil Erosion Dynamic Monitoring Technology Regulation (RSEDMTR), the slope, slope length, vegetation coverage and rainfall were used to calculate the water erosion modulus by referring to the Chinese Soil Loss Equation (CSLE) (Liu et al., 2020; Liu and Liu, 2020). The land use, wind speed and vegetation coverage were employed to calculate the wind erosion modulus. According to the soil erosion classification and grading standards (Supplementary Tables S2, S3), the water and wind erosion moduli were reclassified into six intensities (slight, mild, moderate, strong, intensive and severe). The soil erosion intensity (S) for each pixel was calculated using the following formula:
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where [image: image] represents the intensity of water erosion and [image: image] represents the intensity of wind erosion. If [image: image], then the erosion type of the pixel is wind erosion.
In the third step, based on the soil erosion intensity, the spatial, temporal and intensity change patterns in Northeast Inner Mongolia from 1978 to 2018 were analyzed, and the driving factors of the change patterns were discussed.
RESULTS
Spatial patterns of soil erosion dynamic change
Based on the flow of soil erosion dynamic monitoring, the results of the intensity distribution of water soil erosion and wind soil erosion in Northeast Inner Mongolia from 1978 to 2018 are shown in Figure 2. In terms of the distribution pattern of soil erosion in Northeast Inner Mongolia, the dominant soil erosion type in the study area was wind erosion, and soil erosion was located in western Hulunbuir, southern Hinggan League, Tongliao, and Chifeng. The east-central region of Hulunbuir is Greater Khingan, an important forestry base in China, with high altitudes and high forest cover. Thus, the intensity of soil erosion calculated by our method is slight in Greater Khingan. Over the past 4 decades, the wind erosion area showed a remarkable decline in the Hulunbuir and Tongliao regions, while the water erosion area remained stable. From the change area of soil erosion decline, it can be seen that wind erosion declined sharply from 2005 to 2018, which was related to afforestation ecological restoration. The intensity of soil erosion in Northeast Inner Mongolia has changed significantly over the past 40 years. The remarkable intensity change in soil erosion over the past four decades occurred in the shift from mild soil erosion to slight erosion; the area of high-intensity soil erosion has decreased significantly, especially in the farmland areas of Chifeng and Tongliao, which suggests that windbreak forests constructed around farmland effectively curb the migration of farmland soil due to wind erosion.
[image: Figure 2]FIGURE 2 | Soil erosion spatial pattern dynamic change in Northeast Inner Mongolia. (A) 1978, (B) 1985, (C) 1995, (D) 2005, (E) 2018.
Temporal patterns of soil erosion dynamic monitoring
The area changes in soil erosion in Northeast Inner Mongolia from 1978 to 2018 are shown in Figure 3. The soil erosion in Northeast Inner Mongolia has decreased remarkably over the past four decades. In 1978, the area of soil erosion was 203,538 km2, while in 2018, the area of soil erosion was 102,884 km2, a decrease of 100,654 km2 over the four decades. In the process of decreasing the soil erosion area, the wind erosion area decreased most significantly, with an area of 100,517 km2.
[image: Figure 3]FIGURE 3 | (A) Soil erosion area and validation in Northeast Inner Mongolia from 1978 to 2018. The area change of water erosion (B) and wind erosion (C) in Northeast Inner Mongolia from 1978 to 2018.
According to the Inner Mongolia soil erosion census, the areas of soil erosion in 1995 and 2018 were 143,620 km2 and 104,564 km2, respectively. Compared with the area calculated in this study, the relative errors were −3.52 and 1.63%, respectively, which indicates that the results calculated by this method are more credible.
Based on the soil erosion classification and grading standards, the mild, moderate, strong, intensive and severe intensities were categorized as soil erosion. The intensity area and change in soil erosion in different periods are summarized in Supplementary Table S3. From 1978 to 2018, mild soil erosion accounted for the largest proportion in each period, and the change rate of mild soil erosion was −48.91%. Moreover, the area of intensive and severe soil erosion decreased by more than 91%, followed by the area of mild and moderate soil erosion, while the area of strong soil erosion increased by 268 km2. The results showed that the rate of decrease of high-intensity soil erosion was sharp, and the decrease in the area of low-intensity soil erosion was large, which suggested that the high-intensity soil erosion had been converted to low-intensity soil erosion. Thus, soil and water conservation measures, such as restoring vegetation, controlling slope (channel) erosion and preventing grassland degradation, have performed well over the past four decades.
Furthermore, the area changes in water erosion intensity and wind erosion intensity over the past four decades are shown in Figure 4 Mild and moderate erosion were the main types of water erosion, with the area of mild erosion increasing by 28.47% and the area of moderate erosion decreasing by 32.57%. Regarding wind erosion, mild erosion accounted for the most intensity, and the area of decreasing mild erosion was 93,704 km2. Moreover, the areas of moderate, intensive and severe wind erosion decreased by 68.07, 91.73 and 91.22%, respectively. Thus, the decline in low-intensity wind erosion contributed to regional soil erosion improvement.
[image: Figure 4]FIGURE 4 | Comparison of vegetation cover by implementing afforestation measures (a1 and a2 are farmland, b1, b2, c1, and c2 are forest).
DISCUSSION
Long time series of soil erosion survey data are important for the assessment of the effectiveness of soil erosion management (Liu et al., 2020). Although long time series and high-resolution remote sensing data provide new opportunities to conduct soil erosion assessments, there are also some challenges, such as remote sensing data consistency and seasonal differences, which can lead to uncertainty in soil erosion assessments at the regional scale. Compared with previous studies (Wang et al., 2018; Zhang et al., 2018), this study collected various satellite remote sensing data and products and adopted data processing methods, such as vegetation coverage data generated using a spatiotemporal fusion algorithm, LULC data with a consistent classification system, and the soil erosion calculations referring to the Regional Soil Erosion Dynamic Monitoring Technology Regulation (RSEDMTR), to reduce the uncertainty of the data on the results. Compared to the Inner Mongolia soil erosion census, the relative error in the area of soil erosion calculated was −3.52 and 1.63% in 1995 and 2018, respectively, which indicates that the results of the soil erosion calculations are scientifically reliable. Moreover, recent studies have shown that wind erosion in Inner Mongolia has declined significantly, which is generally consistent with the findings of this study (Zhang et al., 2018).
Land use, meteorological factors, and vegetation cover are the key drivers of soil erosion pattern change (Zhu et al., 2021). In the past four decades, the slower wind speeds (Fang et al., 2022) and increased vegetation cover (Zhang et al., 2018) have collectively led to a decrease in wind erosion area. Although agricultural development may pose a risk of soil erosion, the intensity of soil erosion can be effectively reduced by planting trees around agricultural land, as shown in Figure 4 (a2). Moreover, the afforestation measures implemented in China have had a significant effect on increasing the vegetation cover in the desert area (Li et al., 2018; Wang et al., 2020). The comparison of vegetation cover is shown in Figure 4 (b1), (b2), (c1), and (c2), indicating that vegetation cover change is the main driving factor for the decline in soil erosion intensity (Yin et al., 2018).
CONCLUSION
Long-term series soil erosion investigations with remote sensing data are helpful for improving our scientific understanding of soil and water conservation management effectiveness assessments and planning. This study introduced multisource remote sensing technology and station data to explore the soil erosion change patterns in Northeast Inner Mongolia from 1978 to 2018. The results showed that the dominant soil erosion type was wind erosion, and the area of soil erosion decreased by 100,654 km2. The wind erosion area showed a remarkable decline in the Hulunbuir and Tongliao regions, while the water erosion area remained stable. The remarkable intensity change in soil erosion over the past four decades occurred in the shift from mild soil erosion to slight erosion; the area of high-intensity soil erosion has decreased significantly. The area change rates of the mild, moderate, strong, intensive and severe soil erosion intensities were −48.91%, −41.41%, 32.63%, −91.15%, and −91.14%, respectively. The slower wind speeds and increased vegetation cover have collectively led to a decrease in wind erosion area, and the vegetation cover change derived by afforestation measures is the main driving factor for the decline in soil erosion intensity. The present study objectively reveals the changes in soil erosion in Northeast Inner Mongolia under the joint action of human activity and the natural environment and can provide support for safeguarding food security and ecologically sustainable development.
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