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Abstract

:

Lake Ulansuhai, one of the main water sources for semi-arid areas of China, has a local deposit caused by soil erosion during past decades. However, a lack of monitor stations prevents better estimation of soil erosion levels. Therefore, we try to estimate soil erosion in the Huangtuyaozi (HTYZ) watershed, an ungauged small watershed of the lake’s eastern watershed, by using the revised universal soil loss equation (RUSLE) model and multi-source remote sensing data, and analyze its key drivers and effect on the lake siltation. The result showed that the soil erosion rate in the HTYZ watershed ranged from 0 to 129.893 t ha−1 yr−1 with an average of 6.45 t ha−1 yr−1 during 1986–2015. In particular, 80.06% of the area was less than 10 t ha−1 yr−1, and just 0.06% was over 50 t ha−1 yr−1, mainly in the mountain area, the southern part of the HTYZ watershed. Moreover, rainfall erosivity factor is the key factor, and rainfall during flood season plays a key role in soil erosion. Due to the soil erosion of HTYZ, siltation in Lake Ulansuhai reached 223.83 ha, with the annual siltation area increasing at a rate of 7.46 ha/yr. The results could provide a reference for estimating soil erosion of ungauged small watershed in semi-arid areas.
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1. Introduction


Soil erosion is one of the serious problems in many countries and has received much attention in recent years [1]. Globally, soil erosion has affected a 1094 Mha land area, including 751 Mha of extensive erosion [2]. In recent years, soil erosion has become one of the major threats to the ecology and environment of arid regions due to climate change and anthropogenic activities. Soil erosion has led to siltation of lakes, decline of soil fertility, and a series of serious environmental problems [3,4,5]. In a semi-arid area, freshwater is a vital resource as it is not only important for human activities, but also plays an important function in regulating the ecological environment. However, lakes are commonly affected by soil erosion in this area in recent years because of the fragile ecology, and the biodiversity has also decreased [6,7]. In semi-arid regions, soil erosion depends on various natural factors such as rainfall, soil properties, vegetation and topography. However, the scarcity of gauged stations and the large areas in arid regions made it difficult to accurately estimate soil erosion. Thus, it is necessary to accurately estimate the severity of soil erosion in order to protect the fragile lake ecosystems in arid regions.



In current studies, one of the most complex problems is obtaining a more accurate estimate of the soil erosion for a watershed scale. Monitoring soil loss in situ based on actual measurements of field plots is the most valid method [8,9]. However, systematic field measurements are very costly as they require significant human and technological resources. With the development of soil erosion studies, various soil erosion models have been applied to assess soil erosion, because models could provide quantitative estimation based on different scenarios. Currently, soil erosion is mainly divided into two types, including physically-based models and empirical models. The physically-based soil erosion models, such as the Water Erosion Prediction Project (WEPP) model [10] and the European Soil Erosion Model (EUROSEM) [11], can provide accurate estimation for soil erosion; however, the lack of numerous parameters (i.e., hydrology, soil mechanics parameters, etc.) is a major obstacle for the application of such models. Thus, many previous studies selected empirical models, such as the universal soil loss equation (USLE) [12], the revised universal soil loss equation (RUSLE) [13], and Soil and Water Assessment Tool (SWAT) [14], to estimate soil erosion because these models have simple and robust features. USLE and RUSLE are widely used models because they are robust, parameter data are readily available and analyzed, and many researchers have modified it to apply to local regions. Previous studies found that the application of USLE is limited because of land use types and topography (croplands and gently sloping topography). The RUSLE has been accepted globally for its applicability to a wide range of land use types and topography (croplands, forest, grassland, gentle to steep slopes, etc.). With the development of remote sensing (RS) and geographic information system (GIS) technologies, the RUSLE model combined with RS and GIS could accurately estimate soil erosion in various regions. Markose et al. [15] and Thomas et al. [16] estimated the soil erosion in a tropical basin in India using RUSLE and GIS, and achieved good results. Du et al. [17] and Djoukbala et al. [18] also estimated the soil erosion in a large-scale area (>10,000 km2) of a semi-arid region using RUSLE and GIS. However, few studies have focused on the application of RUSLE to estimate soil erosion in ungauged small watersheds in semi-arid regions.



Currently, various RS data were applied to soil erosion, and they have solved the problem of soil erosion estimation in large regions. Landsat satellite data and digital elevation model (DEM) data are usually used for the dataset to calculate model parameters. However, while precipitation data can provide the key parameter in the model because to calculate rainfall erosivity, previous studies have usually used different satellites such as the Tropical Rainfall Measuring Mission (TRMM) satellite, which cannot obtain long time series data. Furthermore, various databases were built to estimate rainfall erosivity on regional and global scales. Bezak et al. [19] reconstruct rainfall erosivity and trends across Europe during 1961–2018 based on the REDES database. As a high-precision global dataset, the Climatologies at high resolution for the earth’s land surface areas (CHELSA) dataset has covered past decades, and it has been widely used in many fields. Moradi et al. [20] used CHELSA climate data to analyze plant functional diversity. Zuquim et al. [21] used CHELSA precipitation data to analyze the suitability of plant habitats in a tropical forest. Fang et al. [22] used CHELSA precipitation data to calculate the annual precipitation in a large area of an arid region. Kazamias et al. [23] used the CHELSA precipitation data to calculate rain erosivity over Greece. Thus, this study tries to use CHELSA precipitation data as the input data of the model in the small watershed of semi-arid region.



Overall, we test the following hypotheses: (1) CHELSA data with high accuracy could be used for an ungauged station in a small watershed in the semi-arid areas; (2) the spatial variation of soil erosion in the ungauged small watershed during a long time period could be satisfactorily estimated by combining the RUSLE model with multi-resource RS data; and (3) soil erosion during flood season is the main reason for the lake’s local siltation. Huangtuyaozi (HTYZ) watershed, an ungauged small watershed east of Lake Ulansuhai, which is the largest shallow lake in the Yellow River basin, was selected as the study area. The aims of the present study were (1) combining the RUSLE model with RS and GIS technology to estimate the soil erosion level of HTYZ during the past 30 years; (2) analyzing the key factors of soil erosion in the HTYZ area; and (3) mapping the siltation area of Lake Ulansuhai during study period, and analyzing its potential drivers.




2. Materials and Methods


2.1. Study Area


The Huangtuyaozi (HTYZ) area is situated to the east of Lake Ulansuhai, Bayannur in Inner Mongolia, China. Geographically, HTYZ is located between 108°58′10″ and 109°28′36″ E longitude and 40°42′48″ and 40°56′19″ N latitude, and covers an area of 349.94 km2 (Figure 1). The elevation of HTYZ ranges from 978 m to 2268 m above mean sea level. Moreover, the northern and central parts of HTYZ are dominated by plains, but the southern part is dominated by mountains. The slope ranges from 0 to 57.9 degrees with an average slope of about 11.8 degrees, and the contribution of flat (0–5%), moderate (5–25%), and steep (>25%) slopes cover 31.6%, 56.0%, and 12.4% of the area, respectively.



The climate of HTYZ is a temperate continental climate with a rainy season from June to September, which often accounts for 73% of the annual precipitation. During 1986–2015, the mean annual precipitation of HTYZ ranged 204–360 mm [24]. The southern part of HTYZ is the rainfall center of the watershed with mean annual precipitation of >300 mm. The mean annual temperature in HTYZ is 6.6 °C with maximum temperatures occurring during July (24.6 °C) and minimum during January (−10.2 °C) [25].



The major soil type of HTYZ is Haplic Kastanozems, which is a common soil type in arid regions, covering 33.4% of HTYZ. The other common soil types are Calcaric Cambisols (23.65%) and Cambic Arenosols (23.21%), which are alluvial soils that are susceptible to erosion (Table S3). Grassland is the main land type of HTYZ (72.92%), of which low coverage grassland accounts for 4.25% of HTYZ, moderate coverage grassland accounts for 38.49% of HTYZ, and high coverage grassland accounts for 30.18% of the total area. Sand accounts for 12.18% of HTYZ, mainly closer to Lake Ulansuhai. The other land types include woodland (7.33%), shrub land (6.91%) and Bare land (0.66%) (2010 LUCC).




2.2. Estimation of RUSLE Parameters


Soil erosion models are useful in estimating spatial and temporal soil erosion loss. RULSE was selected to estimate the longtime annual soil erosion as the model is robust and parameter data is readily available and analyzed. The data of RUSLE is usually generated by remote sensing images (i.e., rainfall maps, soil property maps, etc.); thus, it is easily available through open-source databases. The calculations of RUSLE model factors are easily integrated into GIS software for easy processing and analysis.



The RUSLE model was used to calculate the mean annual soil loss (A) per unit area due to the erosivity of rain-runoff (R), erodibility of the soil (K), slope length/slope steepness (LS), cover management (C), and support practice (P) factors.



Mean annual soil loss (A) was computed using Equation (1), as per Wischmeier et al. [12] and Renard et al. [13]:


  A = R ⋅ K ⋅ LS ⋅ C ⋅ P  



(1)




where A is the computed average annual soil erosion (t ha−1 yr−1), R is rainfall erosivity factor (MJ mm ha−1 mm−1), K is soil erodibility factor (t ha−1 MJ−1 mm−1), LS is slope length and slope steepness factor (dimensionless), C is the cover management factor (dimensionless), and P is the support practice factor (dimensionless).



The rainfall erosivity factor (R) is an important factor of soil erosion. It is defined as the product of total energy (E) and a maximum 30 min rainfall intensity (I30), and requires at least 20 years of data. However, most regions cannot calculate R due to a lack of data. Thus, many simplified models were developed to replace E and I30. In this study, the R factor was calculated using Equation (2), a widely used equation in arid regions proposed by Hurni [26]:


  R = 0.55 × P − 24.7  



(2)




where R is the rainfall erosivity factor (MJ mm ha−1 mm−1) and P is the annual rainfall (mm).



In this study, Climatologies at high resolution for the earth’s land surface areas (CHELSA) monthly precipitation (http://chelsa-climate.org/, accessed on 1 December 2022) was used to obtain annual rainfall data for HTYZ. CHELSA is a high resolution (30 arc sec) climate dataset for the earth land surface areas, currently hosted by the Swiss Federal Institute for Forest, Snow and Landscape Research WSL, and is based on a quasi-mechanistic statistical downscaling of the ERA interim global circulation model for precipitation [27]. In this study, 30 years of CHELSA precipitation data (1986–2015) were selected to calculate the R factor after re-sampling to 30 m in ArcGIS 10.2 software.



The soil erodibility factor (K) represents the inherent susceptibility of soil erosion, reflects the rate of soil loss per rainfall erosivity index, and is strongly related to the soil physical properties [28]. All K factor models require soil texture, soil organic matter, and percentage of sand, silt, and clay in the soil [29].



K factor was calculated using Equation (3), given by Neitsch et al. [30].


  K =  f  c s a n d   ⋅  f  c l − c i   ⋅  f  o r g c   ⋅  f  h i s a n d    



(3)




where fcsand is a factor that gives low K factor for soil with high coarse-sand contents and high values for soils with little sand. fcl-si is a factor that gives a low K factor for soils with high clay to silt ratios, forgc is a factor that reduces K for soils with high organic carbon content, and fhisand is a factor that reduces K for soils with extremely high sand content. The factors were computed as follows:


   f  c s a n d   = 0.2 + 0.3 ⋅ exp [ − 0.256 ⋅  m s  ⋅ (   1 −  m  s i l t     100   ) ]  



(4)






   f  c l − s  i     =    m  s i l t      m c  +  m  s i l t      



(5)






   f  o r g c   = 1 −   0.25 ⋅ o r g C   o r g C + exp ( 3.72 − 2.95 ⋅ o r g C )    



(6)






   f  hisand   = 1 −   0.7 ⋅ ( 1 −    m s    100   )   ( 1 −    m s    100   ) + exp [ − 5.51 + 22.9 ⋅ ( 1 −    m s    100   ) ]    



(7)




where ms is the percent sand content (0.05–2.00 mm diameter particles), msilt is the percent silt content (0.002–0.05 mm diameter particles), mc is the percent clay content (<0.002 mm diameter particles), and orgC is the percent organic carbon content of the layer (%).



In this study, the harmonized world soil database (HWSD) version 1.2 [31] was used as the input data to compute the K factor. HWSD is a 30 arc-second raster database with over 15,000 different soil mapping units that combines the existing regional and national database of global soil information (SOTER, ESD, Soil Map of China, WISE) with the information contained within the FAO-UNESCO Soil Map of the World (FAO, 1971–1981) (https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v12/en/, accessed on 1 December 2022). The HWSD data were also resampled to 30 m in ArcGIS 10.2 software.



Topography plays a significant role in soil erosion, and steep terrain is more likely to cause severe soil erosion. The topographic factor (LS) represents the effects of slope length (L) and slope steepness (S) on the soil erosion. Combining L and S factors can provide an efficient method to calculate soil erosion. In this study, the LS factor was computed using Equation (8), given by Wischmeier et al. [12] and Renard et al. [13].


  LS =   (  λ  22  . 1    )  m  × ( 65.41 ×   sin  2  θ + 4.56 × sin θ + 0.065 )  



(8)




where, λ is slope length in meter, θ is the angle of the slope, and m is 0.2 for slopes less than 1%, 0.3 for 1–3.5%, 0.4 for 3.5–5%, and 0.5 for slopes more than 5%.



The LS factor was calculated with a digital elevation model (DEM) generated from Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model Version 2 (GDEM V2) data (https://asterweb.jpl.nasa.gov/gdem.asp, accessed on 1 December 2022). The ASTER GDEM V2 includes 30 m resolution images in GeoTIFF format.



The crop management factor (C) is defined as the potential soil loss under different land use/land cover and during crop rotations, construction, or other management activities [12,13]. The C factor is the ratio of soil loss from land cropped under specific conditions to corresponding loss from clean-tilled, continuous fallow [12]. Of the various methods used to calculate the C factor, RS data and GIS technique have been widely used due to their spatial and temporal advantages. The normalized difference vegetation index (NDVI), an indicator of vegetation cover, was used to compute the C factor, using Equation (9), as given by Knijff et al. [32]:


  C = exp ( − α ⋅   NDVI   β − NDVI   )  



(9)




where α and β are the parameters that determine the shape of the curve relating to NDVI and the C factor. The α value of 2 and β value of 1 provide better results [32]. NDVI images has 30-m resolution.



The conservation support practice factor (P) is the soil loss ratio with a specific support practice to the corresponding loss with upslope and downslope tillage [12,13]. It represents the effects of practices such as contouring, strip cropping, and terracing, and it is an important factor in controlling soil erosion. The values of the P factor range from 0 to 1, and they were calculated according to the cultivating methods and slope proposed by Shin [33]. In the study, contouring was selected as the cultivating method for HTYZ, and the value of P factor could be assigned based on the different slope ranges and contouring (Table S1). In HTYZ, a value approaching 0 indicates good conservation practice, and a value approaching 1 indicates poor conservation practice.




2.3. Mapping the Siltation Area Change of Lake Ulansuhai


The visual interpretation of RS images is a common method for calculating change in an area. It is widely used due to its high accuracy. In this study, Landsat satellite (Landsat TM and OIL) multi-spectral images with 30 m resolution were acquired to compute the change in the siltation area. The images from post-annual flood season (June to September) were downloaded from the United States Geological Survey (USGS) website (https://landsatlook.usgs.gov, accessed on 1 December 2022). Due to the cloud occlusion, the images from 1988, 1990, and 2012 were selected from April of the following year (before the flood season). In order to better distinguish the difference between siltation land and other land use types, the images were enhanced before visual interpretation, including using standard false color images and histogram equalization. The goal of image enhancement was to improve the visual interpretability of an image by increasing the apparent distinction between features [34]. Geometric correction is important for multi-temporal images, which can accurately demonstrate the change in land use types. Geometrically corrected images were used to map the siltation of Lake Ulansuhai caused by HTYZ soil erosion from 1986 to 2015 using image enhancement and visual interpretation methods.





3. Results


3.1. The Applicability of CHELSA Precipitation Data


In this study, CHELSA precipitation data were used to calculate rain erosivity and assess the soil erosion in a small watershed using the RUSLE model. However, the applicability of the CHELSA precipitation data in HTYZ needs to be verified. In order to verify the applicability of the data, rainfall data from 1986 to 2005 at nine gauged stations situated around HTYZ were collected (Figure S1), and the mean annual precipitation of gauged stations and CHELSA precipitation data for the past 20 years was calculated. The result showed that the CHELSA precipitation data has strong correlation with the gauged stations precipitation data (R2 = 0.8959) (Figure 2), indicating CHELSA precipitation data could be used with high accuracy in the HTYZ. Therefore, CHELSA precipitation data was used as the precipitation data for the RUSLE, and the result also suggests that the data could overcome the limitation of a lack of gauged stations and help in an accurate assessment of soil erosion in areas with ungauged station.




3.2. Estimation of RUSLE Parameters and Mean Annual Soil Erosion


3.2.1. Rainfall Erosivity Factor (R)


In the study, the mean annual rainfall during 30 years in HTYZ ranges from 204 to 360 mm, and rainfall data shows a trend of increasing from northeast to south. The southern part is the rainfall center of both HTYZ and the Ulansuhai east watershed (Figure S1). The R factor in the HTYZ ranged from 106.528 to 194.2 MJ mm ha−1 h−1 yr−1 (Figure 3a), and it showed a decreasing trend from south to north, reaching the highest value in the southern mountainous area and the lowest value in the northwestern parts of the region. It suggests that the southern mountainous area is subjected to a highly aggressive climate.




3.2.2. Soil Erodibility Factor (K)


The K factor in HTYZ was calculated from the soil map in order to generate the soil erodibility map, and the low value of the K factor represents high resistance to erosion. In this study, there are nine soil types in the HTYZ area, and the value of the K factor ranged from 0.01564 to 0.02282 t ha−1 MJ−1 mm−1 (Figure 3b). The maximum value of 0.02282 represents Calcaric Cambisols, a type of soil that is derived in alluvial, colluvial, and aeolian deposits, and is a common soil type in the erosion area. Calcaric Cambisols occupied 23.65% of the HTYZ region (Table S2), and mainly occupied the southern mountainous area. Moreover, the K map showed that it had a low erosion resistance in the central and southern areas and had a low erosion resistance in northern parts of HTYZ. However, the area closer to Lake Ulansuhai also has a relatively low erosion resistance.




3.2.3. Topographic Factor (LS)


The LS value represents the effect of terrain on soil erosion, and the LS factor in HTYZ ranged from 0.065 to 50.822 (Figure 3c). In this study, the LS factor with a value of less than 1 occupied 33.11% of HTYZ and was mostly distributed in the northern and central part of HTYZ. The LS values of half of the area of HTYZ ranged from 1 to 15, indicating that most of the area has a relatively flat terrain. Moreover, LS values of more than 30 only occupied 0.83% of this area, mainly distributing in southern mountainous region (Table S3).




3.2.4. Crop Management Factor (C)


The C factor in HTYZ ranged from 0 to 2.58582 (Figure 3d). Most of the area of HTYZ had a relatively high C factor value, where a value of more than 5 accounted for about 80% the area. It indicates that low vegetation coverage is an important characteristic of semi-arid regions (Table S4). However, the southern mountainous area had a relatively low C value due to steep terrain.




3.2.5. Conservation Support Practice Factor (P)


The P factor represents the measures to reduce soil erosion. The P factor was calculated based on the terrain data. The result was classified by slope difference. In this study, the P factor in HTYZ ranged from 0.55 to 1 (Figure 3e). A P factor value of 0.8 accounted for about half of the area of HTYZ, indicating that most of HYTZ has a relatively flat terrain. Moreover, the value of 1 occupied 14.91% of the area of HTYZ, and it also suggests that the southern part of HTYZ had little conservation practices (Table S5).




3.2.6. Estimation of Mean Annual Soil Erosion


By using the RUSLE model with multi-source RS data, the mean annual soil loss of the HTYZ area during 1986 to 2015 was estimated. The result showed that soil loss in HTYZ ranged from 0 to 129.893 t ha−1 yr−1 (Figure 3f) with an average soil erosion for the entire area of 6.45 t ha−1 yr−1. It showed that the soil erosion area with more than 25 t ha−1 yr−1 was mainly distributed in the southern mountainous area, and it was the accumulative result of high rainfall, vulnerable erosion soil type, and steep terrain. The northern and central parts had low soil loss, with the average soil loss less than 6.45 t ha−1 yr−1.





3.3. Assessment of the Severity Level of Soil Erosion


According to the standard for classification and gradation of soil erosion (SL 190-2007) set by the Ministry of Water Resources of China, five categories of erosion severity class (t ha−1 yr−1) are delineated: very slight (0–10), slight (10–25), moderate (25–50), severe (50-80), and extreme severe (80-150) (Figure 4). The area with very slight erosion severity occupied 80.06% of HTYZ and was generally distributed in the northern and central areas. The area with extreme severity of erosion occupied 0.06% of HTYZ and was distributed in the southern mountainous area, which has the presence of steep slopes, high rainfall, and erodible soil types. Other classes such as light, moderate, and severe accounted for 13.18%, 5.78%, and 0.92% of the total area, respectively (Table S6).




3.4. Lake Ulansuhai Siltation Area


Based on the Landsat TM and OLI satellite images, the siltation area of Lake Ulansuhai caused by the soil erosion of HTYZ was estimated through the visual interpretation method. The result showed the siltation area had a large change during the past 30 years (Figure 5). The total siltation area was 223.83 ha with an annual average of 7.46 ha/yr. Moreover, significant siltation in Lake Ulansuhai (96.35 ha) was caused by the soil erosion in 1990, and the soil erosion in 1997 and 2013 caused relatively big amounts of siltation with 28.93 ha and 51.48 ha, respectively. Furthermore, the result showed that Lake Ulansuhai was affected by soil erosion in the HTYZ area every year, but it has different siltation directions due to changes of river the during the past 30 years.




3.5. The Effect of Floods on Soil Erosion during Flood Season


In order to better understand the impact of floods during the flood season on the changes in siltation areas of lakes in arid regions, the change trend between mean annual precipitation and flood season precipitation was plotted for the change in the siltation area of Lake Ulansuhai, using the CHELSA precipitation data (Figure 6). The result showed that the rainfall during the flood reason accounted for 70% to 90% of the annual rainfall in most years. The change in siltation was similar to the trend of rainfall. The increase in the siltation area in 1990 and 1997 was due to the transient rainstorms, and the decrease of the siltation area in 2008 and 2012 was due to the increase in water levels caused by continuous rainfall. As the lake water level was controlled (the water level of Lake Ulansuhai is controlled at 1085 m above mean sea level) and there was a decrease in rainfall, the siltation area increased rapidly in 2010 and 2013. It suggests that the rainfall in flood seasons plays an important role in soil erosion and the siltation of the lake.





4. Discussion


4.1. The Factors Effecting Soil Erosion in a Small Watershed of a Semi-Arid Region


Soil erosion could be affected by precipitation, land use, terrain, soil type, etc. Many studies have estimated soil erosion using the RUSLE model because of its simplicity and effectiveness. The R factor has been proven to be the most highly correlated factor to soil erosion globally [12,35,36,37,38]. As a small watershed in a semi-arid region, the value of the R factor in HTYZ ranged from 106.528 to 194.2 MJ mm ha−1 h−1 yr−1. The result is less than the study of Zhuang et al. [39] estimated for soil erosion of China in 2018. We think that the difference in the results of the two studies is the time selection. In this study, the R factor is calculated using a long time period, rather than using data that of a single year. Compared with other ecosystems, the maximum R factor in wet regions, such as southern India, is usually more than 1000 MJ mm ha−1 h−1 yr−1 [16,40,41]. However, the value of the R factor in semi-arid and arid regions, such as Ethiopia, Algeria, Arabia, and northwest China, is significantly less than wet area values due to low rainfall. Farhan et al. [42] and Djoukbala et al. [18] assessed soil erosion in semi-arid and arid regions, and found that the value of the R factor ranged from dozens to hundreds MJ mm ha−1 h−1 yr−1. The study of Woldemariam et al. [43] shows that the R factor in Ethiopia’s Gobele watershed ranges from 200 to 900 MJ mm ha−1 h−1 yr−1, but it plays an important role in soil erosion. The study of Alsafadi et al. [44] shows that increased soil erosion caused by the R factor accounted for 34.65%. In the HTYZ area, the soil loss is also located in the range. In China, the study of Wu et al. [45] shows that the R factor is the key factor in the Three Rivers Headwaters Region. The study of Wang et al. [46] also shows that the R factor contributed more than the C factor in northern China. In this study, we suggest that the R factor is one of the key factors in estimating the soil erosion in small watersheds of semi-arid regions.



In comparison of wet areas, land cover type is also one of the main factors of soil erosion in the semi-arid area because the land could not be protected by vegetation. The study of Rao et al. [47] suggests that the C factor was a more sensitive driver than the R factor for soil erosion. The study of Golijanin et al. [48] suggests that increasing vegetation cover could decrease soil erosion. The study of Alsafadi et al. [44] shows that C is the key factor followed by the R factor in soil erosion, and the decrease in soil erosion is in part caused by an increase in the C factor (36.82%). The study of Teshome et al. [49] also suggests that land cover change plays a key role in decreasing soil erosion in the Muger sub-basin in Ethiopia. Due to the different types of land cover, the value of the C factor is different for the semi-arid, arid, and wet regions. In wet regions, the land is mainly covered by forest, and the value of the C factor is less than 0.1 [16,40,50]. However, the semi-arid and arid regions are mainly covered by grassland, sand, and bare land with the value of C more than 0.5 [18]. HTYZ is mainly covered by grassland and sand, and the value of the C factor exceeding 0.5 for more than half of the area of HTYZ. It also suggests that the C factor is an important factor in the soil loss in the area. Furthermore, we think that the C factor is a key factor in decreasing soil erosion. The study of Wang et al. [46] showed that vegetation greening has partly offset water erosion risk in China in past decades, and the study of Wang et al. [51] also shows that the change of land cover could effectively control soil erosion in small watersheds in the Loess Plateau of China. Thus, we suggest that proper measurement needs to be considered in increasing vegetation to decrease soil erosion in semi-arid regions.



Another factor, terrain, is also one of the factors sensitive to soil erosion [52]. Increasing of slope may increase the soil erosion because it increases the movement of sediment. The study of Zhu et al. [53] suggests that increasing soil erosion with an increase in the slope causes large organic carbon loss. In this study, the mountain area, the southern part of HTYZ, is an important area for soil erosion. Due to the low vegetation coverage and concentrated rainfall, more attention needs to be paid to the mountain and steep area for decreasing soil erosion in this semi-arid region.




4.2. The Applicability of CHELSA Precipitation Data in a Small Watershed in a Semi-Arid Region


Rainfall is a vital factor in calculating soil erosion. The calculation of rainfall erosivity needs data from many gauged stations to ensure the accuracy of the R factor, and several studies have calculated rainfall erosion using the interpolation method. However, previous studies have mainly been conducted in large regions and areas that have gauge stations. Feng et al. [31] calculated the rainfall erosivity in the Loess Plateau in China using data from more than 50 gauged stations, while Du et al. [17] used more than 20 gauged stations’ data to calculate the soil loss in northwest China. For a small study area of 300 km2, Thomas et al. [16] also used nine gauged station data to assess soil erosion. Due to the scarcity of gauged stations in many of the arid regions, rainfall data cannot be used to calculate erosion effectively by using interpolation [27], causing estimation of soil erosion for arid areas to be difficult. In this study, CHELSA was used to calculate the R factor and had a strong correlation with gauge station data around the HTYZ area, suggesting that soil erosion could be estimated in small watersheds. Compared with other satellite precipitation data, CHELSA data could provide the data for long time periods on a monthly timescale. Although the data may also cause uncertainty by not including the rainfall intensity, the data could provide a reference for the small ungauged areas in semi-arid regions during a long time period.




4.3. The Effect of Floods on Soil Erosion in Semi-Arid Region


Floods is an important factor for soil erosion and sediment transport, and they could increase the soil sediment by increasing river discharge [54]. In a semi-arid area, floods can cause serious impact due to the fragile ecological environment of arid regions. In this study, a flood during flood season plays an important role in soil loss, and the sediment enters the lake through the high river discharge during the flood period. It caused the large siltation of Lake Ulansuhai after the flood years. In other areas, the studies of both Piacentini et al. [55] and Wang et al. [56] show that a single flood event had a significant effect on sediment delivery in the Loess Plateau of China, and rainfall and runoff were main driving factors for soil erosion and sediment transport. The study of Zheng et al. [57] also showed that a large flood event had an important contribution to sediment transport. The study of Qiankun et al. [58] suggests that a flood event played an important role in increasing the soil loss in the Hengduan mountain region in southwest China. Moreover, the study of Xu et al. [59] suggests that floods should be considered in estimating soil erosion, because they may cause an uncertain R factor. In this study, the soil loss may be underestimated due to the lack of rainfall intensity. In semi-arid areas, the study of Liu et al. [60] shows that sediment and particles organic carbon increased quickly, caused by soil erosion during an episodic flood event in a semi-arid grassland area. Compared with other studies, we think that floods may increase the risk of soil loss in the semi-arid areas because of the land cover. Thus, potential management must also be discussed from this perspective, as the study of Bhatti et al. [61] shows that settling reservoirs can reduce sediment entry in a river network, and the study of Mahoney et al. [62] suggests that the reestablishment of native trees and recreated surface microtopography could decrease the soil erosion of the watershed. The studies of both Yao et al. [63] and Zhang et al. [64] on the Loess Plateau suggest that silt dam measures and ecological construction of soil and water conservation projects have a good flood- and sand-reduction effect on small- and medium-intensity rainfalls. Thus, we suggest that flood events in the semi-arid region examined in the present study may increase the risk of siltation of the Lake Ulansuhai, and the reasonable measures, such as building settling reservoirs, etc., need to be conducted to decrease the risk of siltation of the lake.





5. Conclusions


Making up a classical soil erosion district in the semi-arid and arid region, the soil erosion in HTYZ from 1986 to 2015 (30 years) was estimated. The soil loss in HTYZ ranged from 0 to 129.893 t ha−1 yr−1 with an average soil erosion for the entire area of 6.45 t ha−1 yr−1. Moreover, the results showed that 80.06% of the total HTYZ area is affected by very slight soil erosion, and severe soil erosion area accounted for less than 1%. The southern part of HTYZ is the area with the most extreme soil erosion, and the northern and central parts of HTYZ had relatively light soil erosion. As the first application of CHELSA precipitation data in a small watershed of a semi-arid region, we verified the applicability of the data. The results showed that the CHELSA data strongly correlated with gauged station precipitation data, with R2 at 0.8959. Furthermore, our result suggested that floods during the flood season were the main driving factor of soil erosion in the small watershed of HTYZ, and the siltation of Lake Ulansuhai caused by HTYZ soil erosion reached 228.83 ha. Moreover, further work needs to focus on the estimation and impact of the R factor, as well as the impact and contribution of floods during the flood season to the soil erosion and lake siltation, by using multi-source RS and in-situ data. Soil loss is mainly transferred by river and then enters into the lake; thus, the amount of material carried by the river and the connectivity of the slope and river/lake system also need more quantitative studies in further work. The study could provide a reference to assess soil erosion in a small watershed of a semi-arid region and to protect the fragile ecology of the area.
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Figure 1. Location of the Huangtuyaozi (HTYZ) watershed and its relative position with Lake Ulansuhai, China. 
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Figure 2. Relationship between the CHELSA precipitation data with gauged station rainfall data. 
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Figure 3. Parameters of calculated RUSLE, and the annual soil erosion of HTYZ area. Specifically, (a) R factor, (b) K factor, (c) LS factor, (d) C factor, (e) P factor, and (f) soil annual loss of HTYZ area, respectively. 
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Figure 4. Soil erosion severity level of HTYZ. 
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Figure 5. Annual changes of Lake Ulansuhai boundaries, partly due to siltation caused by soil erosion in the HTYZ area. 






Figure 5. Annual changes of Lake Ulansuhai boundaries, partly due to siltation caused by soil erosion in the HTYZ area.



[image: Land 12 00440 g005]







[image: Land 12 00440 g006 550] 





Figure 6. Annual trend of (a) annual mean rainfall, (b) flood season rainfall, and (c) annual siltation, respectively, from 1986 to 2015. 
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