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Abstract

:

Soil erosion triggered by water and wind pose a great threat to the sustainable development of Pakistan. In this study, a combination of geographic information systems (GISs) and machine learning approaches were used to predict soil water erosion rates. The Revised Wind Erosion Equation (RWEQ) model was used to evaluate soil wind erosion, map erosion factors, and analyze the soil erosion rates for each land use type. Finally, the maps of soil water and wind erosion were spatially integrated to identify erosion risk regions and recommend land use management in Pakistan. According to our estimates, the Potohar Plateau and its surrounding regions were mostly impacted by water erosion and have a soil erosion rate of 2500–5000 t·km−2·a−1; on the other hand, wind erosion predominated the Kharan Desert and the Thar Desert, with a soil erosion rate exceeding 15,000 t·km−2·a−1. The Sulaiman and Kirthar Mountain Ranges were susceptible to wind–water compound erosion, which was more than 8000 t·km−2·a−1. This study offers new perspectives on the geographic pattern of individual and integrated water–wind erosion threats in Pakistan and provides high-precision data and a scientific foundation for designing rational soil and water conservation practices.
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1. Introduction


Soil is a finite natural resource that is essential for food security, carbon absorption, water and nutrient control, contaminant filtering, biodiversity promotion, heritage preservation, and climate regulation [1,2,3]. Healthy soils provide the foundation for safeguarding the agricultural and natural resources that people require; however, global soil degradation is increasing due to rising populations, economic growth, and frequent extreme climate events [4,5]. However, the soil of many regions around the world are being eroded in diverse ways [6,7,8]. Soil erosion causes environmental problems, including land degradation; the siltation of rivers, lakes, and reservoirs; and the eutrophication of surface water bodies. All of these severely restrict sustainable resource-environment-socioeconomic development [9,10]. It is estimated that soil erosion costs the economy roughly USD 400 billion a year [11]. Therefore, monitoring and evaluating soil erosion has become an essential research topic for soil resource conservation, food security, and ecological security construction strategies under a global climate change scenario [12]. Since the 1980s, with the advancement of soil erosion forecasting models and their integration with geographic information systems (GISs), researchers have attempted to quantitatively assess soil erosion and have conducted a number of studies in small, medium, and large watersheds in various countries and even globally [6,7,13,14,15]. A methodology for soil erosion mapping was developed using sampling survey units [14,15] and remote sensing technologies, and the findings provide a powerful support for soil conservation policy making [16].



Pakistan is traditionally an agricultural nation, but over 76% of its area suffers from wind and water erosion, which covers about 16 million hectares, meaning that about 1 billion tons of fertile soil are lost each year [17]. This not only endangers the livestock industry and ecological security but also threatens sustainable economic development [18,19,20]. To strengthen the management of soil erosion and to help decision makers develop effective soil and water conservation (SWC) practices, it has become essential to obtain the actual reality of soil erosion with the current climatic and land use circumstances and identify the risk regions and types of soil erosion. In Pakistan, soil water erosion research mostly uses the Revised Universal Soil Loss Equation (RUSLE) to estimate soil erosion in local small watersheds [21,22,23,24,25]. Gilani et al., (2021) evaluated and analyzed soil water erosion rates from 2005 to 2015 using the RUSLE in Pakistan; however, with a coarse resolution (1 km), methods that are worth considering for the calculation of soil erosion factors (e.g., a greater K-factor value, assignment of E- and P-factors depending on land use type), and soil wind erosion was not considered [19]. Yang et al., (2021) evaluated the global wind soil erosion rates using the Revised Wind Erosion Equation (RWEQ), but with a spatial resolution of 10 km [20]. It is difficult to provide valuable information for stakeholders to design rational SWC practices in soil erosion-prone regions.



This study calculated the soil water erosion factors using high-resolution sampling survey units (2.5 m), a method that has been extensively utilized and thoroughly appraised in the United States [26], Europe [27], and China [14]. Additionally, more attention was paid to SWC practices, particularly in the assignment of the E-factor, where cropland was divided into rainfed cropland and post-flooding/irrigated cropland and combined with slope to assign the value of the E-factor, which was an innovative way. The LS-factor was generated using a 30 m resolution DEM, which expresses more realistic terrain characteristics. The K-factor was corrected for rock fragment effects, resulting in a more accurate expression of soil erodibility. Based on previous studies [15,28,29], predictions of the soil water erosion rates (SAERs) have been made using machine learning models in a new attempt that combines GISs with artificial intelligence (AI), which can improve the resolution of the calculated results compared with traditional map algebra methods. Moreover, we evaluated the soil wind erosion rate (SIER) using the RWEQ model as conducted by previous survey studies [15,26,27]. Finally, the maps of soil water and wind erosion were spatially integrated to generate a comprehensive geographic distribution map of soil erosion in Pakistan. The particular goals were to (a) evaluate the geographic pattern and erosion intensity of soil water and wind erosion, respectively; and (b) identify regions that are prone to erosion from water and wind. This study could help policy makers and the land administration ministry understand the scale and intensity of soil erosion. Furthermore, it may be useful for enhancing the development of national and regional regulation systems in ecological protection and may help establish priority regions for SWC services.




2. Method


2.1. Study Area


Pakistan is a South Asian nation (23°30′–36°45′, 60°53′–75°31′) and is bordered by India in the east, China in the northeast, Afghanistan in the northwest, Iran in the west, and the Arabian Sea in the south; the country covers an area of about 796,095 km2 [19] (Figure 1). The spatial and temporal diversity of temperature and precipitation is significant in Pakistan. The southeastern region has rainfall associated with the southwestern summer monsoon (June to September), while precipitation in the northern and western parts of the southern half of the country is concentrated from December to March [30]. The summer monsoon contributes about 60% of the annual precipitation [31]. The climate is mainly arid/semiarid, with 75% of the country having an annual rainfall of less than 250 mm; the southern slopes of the Himalayas and the sub-mountainous areas in the north receive annual rainfall of 760–2000 mm [30]. The topography gradually decreases from the northeast to the southwest and may be divided into mountainous regions in the north and west, plains in the center-east, the Kharan Desert in the south, and coastal areas in the south, with approximately 60% of the territory being mountainous and hilly [32].




2.2. Materials


This study used four datasets (Table 1): (1) A set of 475 sampling survey units from Pakistan (Figure 2), obtained from the “Strategic Priority Research Program of Chinese Academy of Sciences” project phase results, which were quality-verified [15,29] and serve as the dependent variable in the machine learning dataset. (2) Machine learning covariate layers (independent variable): rainfall erosivity force (R), soil erodibility (K), terrain factor (LS), biological practices factor (B), engineering practices factor (E), and tillage practices factor (T). All covariate layers were resampled to 30 m. (3) The RWEQ model used meteorological, soil, topography, and vegetation data among others, with all raster data being resampled to 250 m. (4) Socioeconomic data: population density and gross domestic product (GDP). The soil water erosion map was resampled to 250 m when integrated with the soil wind erosion map.




2.3. Spatial Prediction of Soil Water Erosion


(1) Sampling survey units



The sampling units were designed using a stratified variable probability systematic sampling method. The spatiotemporal characteristics of soil erosion and conservation were taken into account, and finer-resolution, freely available, and accessible images in Google Earth were used. Through the visual interpretation of the free high-resolution remote sensing images, detailed information on land use and soil conservation measures was obtained. Then, along with the R-factor, K-factor, LS-factor, B-factor, E-factor, and T-factor, we used the Chinese Soil Loss Equation (CSLE) model to calculate the soil water erosion maps (2.5 m resolution) for each sampling survey unit [15,33].


  A = R × K × L S × B × E × T  



(1)




where A represents the SAER (t·km−2·a−1) of the sampling survey unit; R represents the rainfall erosivity factor (MJ·mm·ha−1·h−1·a−1); K represents the soil erodibility factor (t·hm2·h·hm−2·MJ−1·mm−1); L represents the slope length factor (dimensionless); S represents the slope factor (dimensionless); B represents the biological practices factor (dimensionless); E is the engineering practices factor (dimensionless); and T is the tillage practices factor (dimensionless).



(2) Machine learning



A machine learning method was used to predict the SAER, with the soil water erosion factors of the CSLE model serving as the covariate layers and the SAER (A) for each sampling survey unit serving as the dependent variable [34,35,36].



Step 1: Enter the SAER (A) point layer for the sampling units. Calculate the coordinates of the centroid of each sampling survey unit and export the attribute table. The display XY function of ArcGIS software was used to display and save the result of the display layer as an SHP file. Finally, the average value of SAER (Amean) for each sampling unit was used as the dependent variable for machine learning.



Step 2: Spatial prediction. The model fitting and generation of the map were performed in the R environment. The exact procedure was as follows:



(1) Overlay the Amean with covariate layers and prepare a regression matrix.



(2) Perform fitting of a spatial prediction model.



(3) Perform spatial prediction using covariate layers.



(4) Conduct a 10-fold cross-validation to assess the accuracy of the model.



The final predicted model is defined as: R > Amean ~ R + K + LS + B + E + T, where R, K, LS, B, E, and T are covariate layers and Amean is the mean value of each sampling survey unit. Note that “+” does not mean summing; it only means that there are six covariates. The flowchart for predicting the SAER is shown in Figure 3.



2.3.1. Rainfall Erosivity Factor (R)


The R-factor was obtained from the CAS project team [37], which was clipped by the Pakistan border (with a 55 km buffer) and resampled to 30 m resolution. The R-factor was calculated using global station data (0.5° × 0.5°) provided by the Climate Prediction Center (CPC) for the years of 1986–2015, and the method for estimating station rainfall erosion can be found in [38,39,40] and the Supplementary Materials (lines 44–52).




2.3.2. Soil Erodibility Factor (K)


The K-factor from the team led by the corresponding author [41], which was clipped by the Pakistan border (with a 55 km buffer) and resampled to 30 m resolution. Because the K-factor is significantly influenced by rock fragments, the K0 layer was adjusted according to the influence factor of rock fragments to obtain thematic data of soil erodibility factor K1 at a 1 km resolution in the study area [42].


   K 0  = 0.132 ×   2.1 ×   10   − 4   ×  M  1.14   ×   12 − O M   + 3.25 ×   S − 2   + 2.5 ×   P − 3     / 100  



(2)






   K 1  =  K 0  ×  S t   



(3)




where K0 is the soil erodibility factor (t·h·MJ−1·mm−1), M is the silt content (0.1–0.002 mm) multiplied by the quantity (1 − clay%), OM is the organic matter fraction (%), S is the soil structure class, and P is the soil permeability class [43]. St represents the influence factor of rock fragments, taking the value of 0–1; K1 represents the final soil erodibility factor.




2.3.3. Terrain Factor (LS)


The LS-factor was provided by the team led by the corresponding author [44], which was clipped by the Pakistan border (with a 55 km buffer). According to the process of Yang et al., (2013), the SRTM DEM (30 m) data were input into the LS tool as input data to calculate the LS-factor [44,45]. The LS-factor upper limit was set at 21.24 (the slope was 30 degrees and the slope length was 100 m) with reference to the relevant technical regulations and standards of the Chinese Ministry of Water Resources (Center of Soil Conservation Monitoring of MWR, Soil erosion census technical regulations, 2021.6; Center of Soil Conservation Monitoring of MWR, Guide to Soil Erosion Monitoring, 2021.6; Ministry of Water Resources of the People’s Republic of China, Standard for Classification and Gradation of Soil Erosion SL190–2007, 2008,1) and the study by Brychta and Brychtova (2020) [46].




2.3.4. Biological Practices Factor (B)


According to the methodology of Borrelli et al., (2017) for the global B-factor, the nonagricultural land B-factor and forest category were calculated using Equation (4), and the shrub and grassland categories were calculated using Equation (5); cropland is assigned a value of 1.


   B  na      = MIN   b   +      MAX  b  −   MIN  b    ×    1 −     T c    100      



(4)






   B p     = MIN   b   +      MAX  b     − MIN   b    ×    1   −       NonTree _ vegetate    100      



(5)




where Bna is the B-factor value for forest cover. Tc (forest cover surface) is normalized to a range of 0 to 1 and describes the percentage of surface covered by forest. Bp is the B-factor value for non-forest land cover (i.e., shrub, grassland, and bare land, etc.). NonTree_vegetate is vegetation (excluding forest) cover and is assumed to be in the range of 0–1. MAXb and MINb are the maximum and minimum B-factor values for each land use type, respectively, according to the assignment rules of Borrelli et al., (2017), the range of which is detailed in Table 2. Then, using the nearest neighbor approach, the B-factor layer was resampled to 30 m resolution.




2.3.5. Engineering Practices Factor (E)


Field surveys and Google Earth observations showed that cropland in Pakistan is mainly terraced [47]. Therefore, the E-factor of cropland (rainfed cropland and post-flooding or irrigated cropland) was assigned according to the Guide of Soil Erosion Monitorin, 2021.6, the European Space Agency Climate Change Initiative Land Cover CCI (ESA CCI_LC), and slope (Table 3). The E-factor for land use types other than cropland was assigned as 1. Finally, the E-factor layer was resampled to 30 m.




2.3.6. Tillage Practices Factor (T)


Based on the global cropping rotation system map and the Guide of Soil Erosion Monitoring, 2021.6, various kinds of tillage practices were allocated in ArcGIS software to produce a T-factor layer with a 30 m resolution.





2.4. Revised Wind Erosion Equation (RWEQ) Model


The RWEQ model is commonly used for estimating soil wind erosion, which overcomes the lack of the significant human and financial investment that is required for in situ measurements such as isotope monitoring and wind tunnel experiments [20,48,49,50]. The calculation formulas are shown below:


   Q  m a x   = 109.8 ×   W F × E F × S C F ×  K ′  × C    



(6)






  S = 150.71 ×     W F × E F × S C F ×  K ′  × C     − 0.3711    



(7)






   S L  =   2 x    S 2    ×  Q  m a x   × e x  p  −   (  x s  )  2     



(8)




where Qmax represents the maximum transport capacity (kg·m−1); S represents the critical field length (m); and SL represents the soil wind erosion amount (kg·m−2), which was taken as 50 m in this study. WF represents the weather factor (kg·m−1); EF represents the soil erodible fraction (dimensionless); SCF represents the soil crust factor (dimensionless); K’ represents the wind soil roughness factor (dimensionless); and C represents the vegetation factor (dimensionless).



The soil wind erosion factors and rate were calculated using the Java programming language. We summarized the soil erosion losses for 24 semi-monthly periods to obtain the SIER. Figure 4 is a flowchart for evaluating the SIER.



2.4.1. Weather Factor (WF)


The WF-factor was assessed using the following formula [51,52]:


  WF =     ∑   i = 1  N   u 2       u 2  −  u 1     2  ×  N d  × ρ   N × g   × SW × SD  



(9)






  ρ = 348.0 ×     1.013 − 0.1183 E L + 0.0048 E  L 2   T     



(10)






  SW =   E  T p  −   R + I   ×    R d     N d      E  T p     



(11)






  E  T P  = 0.0162 ×     S R   58.5     ×   D T + 17.8    



(12)






  SD = 1 − P (  snow   depth  > 25.4    mm  )  



(13)




where WF represents the weather factor (kg·m−1); u2 represents the wind speed at 2 m (m·s−1); u1 represents the critical wind speed at 2 m (m·s−1), which was proposed to be 5 m·s−1 [20]; N represents the count of wind speed for an observation period; Nd represents the number of days in the observation period; ρ represents the air density (kg·m−3); g represents the acceleration of gravity (m·s−2); EL represents the elevation (km); T represents the thermodynamic temperature (K); SW represents the soil moisture factor (dimensionless); ETp represents the potential relative evapotranspiration (mm); R represents the precipitation (mm); I represents the amount of irrigation (mm); Rd represents the number of days of precipitation or irrigation; SR represents the solar radiation (cal·cm−2); DT represents the average temperature (°C); and SD represents the snow cover factor (number of days without snow cover/number of days observed) (dimensionless).




2.4.2. Soil Wind Erodible Fraction (EF) and Soil Crust Factor (SCF)


The EF-factor and SCF-factor can be calculated according to the equation below [53]:


  EF =   29.09 + 0.31  S a  + 0.17  S i  + 0.33  S a  / C l − 2.59 O M − 0.95  C a    CO  3    / 100  



(14)






  SCF = 1 /   1 + 0.0066     C l    2  + 0.021     O M    2     



(15)




where Sa (5.5–93.6%), Si (0.5–69.5%), Cl (5–39.3%), OM (0.32–4.74%), and CaCO3 (0–25.2%) represent the soil sand, silt, clay, organic matter, and calcium carbonate fractions, respectively.




2.4.3. Soil Roughness Factor (K′)


The K′-factor can be determined using the formula below:


   K ′  = cos α  



(16)




where α is the slope gradient, which is generated from SRTM DEM data [50].




2.4.4. Vegetation Factor (C)


The C-factor represents the suppression of soil wind erosion under different vegetation cover levels [54], which was estimated using following equations:


  C = e x  p  − 0.0483 F V C    



(17)






  F V  C i  =   N D V  I i  − N D V  I  s o i l     /   N D V  I  v e g   − N D V  I  s o i l     × 100  



(18)




where C represents the vegetation factor (dimensionless). FVCi is the fractional vegetation cover (%). NDVIsoil represents the pure soil pixel value, which is theoretically close to 0 and is generally taken to be the closest to 5% of the cumulative NDVI; NDVIveg represents the pure vegetation pixel value, which is theoretically close to 1 and is generally taken as the value closest to 95% of the cumulative NDVI.






3. Result


3.1. Spatial Distribution of Soil Water Erosion


This study used the createDataPartition function in the R environment to randomly divide the sampling unit dataset into a training dataset (80% of the total dataset) and test dataset (20% of the total dataset), which was performed to train the model and test the model’s performance. Spatial interpolation using the randomForest function, according to the traversal modeling results, has the lowest error rate when mtry = 3; when ntree = 300, the error within the model is basically stable (Figure 5a). The receiver operating characteristic (ROC) curve and area under the curve (AUC) values were used to evaluate the performance of the binary classifier; the higher the value of AUC, the better the classification effect of the model. In Figure 5b, the ROC curve is near the upper left corner, and the AUC is 96.31%. The random forest model passed a 10-fold cross-validation and had a model explained degree (R2) of 89.4%, mean absolute error (MEA) of 559.41, and root mean square error (RMSE) of 786.39, showing that the deviation between the fitted and true values of the model is small and that the random forest simulation results were more accurate. The importance of the covariate layers was ranked as R > LS > B > E > K > T with contributions of 40%, 21%, 19%, 11%, 7%, and 2%, respectively, which is in agreement with a priori knowledge of the soil erosion survey and indicates that the random forest simulation meets the requirements of this study.



Figure 6 displayed that the Potohar Plateau, Sulaiman Mountain Range, the southern Central Brae Grey Ridge, and the Gilbert Range had the severest soil water erosion, which was mostly attributable to the steep terrain and heavy rain (Supplementary Figure S1a,c). Soil water erosion was also severe in the northern mountains, where the topography is undulating and the vegetation is mostly sparse shrubs and grasses (Figure 2; Supplementary Figure S1c); meanwhile, the soil water erosion in the India River Plain in the central-eastern region, the Kharan Desert, and the southern Arabian Coast was light. The northeastern portion of Kashmir mostly consists of bare rock and glacier tundra; the central-eastern region and southern coastal zone were the most important agricultural cultivation regions, with their flat topography and crop cover providing certain protection to the soil (Supplementary Figure S1a,c), and soil erosion was light. In Pakistan, the mean SAER was 447.25 t·km−2·a−1, which is 1.56 times higher than the global mean SAER of 287.2 t·km−2·a−1 [6]. Despite a SAER of below 250 t·km−2·a−1 covering about 52.15% of Pakistan, it only contributes to 14.47% of the total soil loss. The percentage between 250 and 500 t·km−2·a−1 was 19.86%, between 500 and 750 t·km−2·a−1 was 10.16%, between 750 and 1000 t·km−2·a−1 was 5.81%, between 1000 and 1500 t·km−2·a−1 was 7.41%, and between 1500 and 2500 t·km−2·a−1 was 1.95%. The area accounted for by the SAER is over 2500 t·km−2·a−1 for 2.66% of the area, but the soil erosion loss contributes about 17.98%, indicating that the soil erosion is severe in these regions. According to the methodology of Borrelli et al., (2018) [55], based on the SAER of each pixel, the soil water erosion amount was roughly evaluated to be about 3.90 × 108 t·a−1 in Pakistan, and the amount of soil organic carbon because of soil water erosion was about 2.7 × 107 t·a−1.



The SAER for each land use type (Supplementary Table S1) showed that forests had the highest rate at 1859.87 t·km−2·a−1; Borrelli et al., (2017) and Gilani et al., (2021) estimated a SAER of 3786.93 t·km−2·a−1 and 500–2000 t·km−2·a−1 in forests, respectively, which were closer to the results of this study. This is because the northern high mountains have sparse forests, where the average annual rainfall of forest land is 1220.26 mm, which is the greatest among all land use types and leads to a high rainfall erosivity factor (R). The topography is more complex, and the mean value of the LS-factor was 14.46, which is higher than the LS values of other land uses. Steep terrain increases the scouring of the soil by rainfall (especially extreme rainfall) and even leads to sheet erosion. This is followed by a SAER of 747.73 t·km−2·a−1 for rainfed cropland, which is mainly found in the southwest of the India River Plain and Potohar Plateau, where a higher rainfall erosivity force and greater topographic relief result in a higher soil erosion intensity. Although the rainfall erosivity force is strong in post-flooding or irrigated cropland, the terrain is flatter, and more appropriate SWC practices have been implemented, resulting in a significant improvement in soil erosion status. Bare land had the lowest SAER of 194.66 t·km−2·a−1 because the R-factor was the weakest and the terrain is flatter (Supplementary Figure S1a,c).




3.2. Spatial Distribution of Soil Wind Erosion


The map of soil wind erosion displays two hot regions, as shown in Figure 7: (1) The Karan Desert and the Thar Desert, where the SIER exceeds 2500 t·km−2·a−1 and the soil types are predominantly arenosols, gypsisols, and solonchaks. Some regions have sporadically distributed luvisols and leptosols, but the organic matter content is low with low vegetation cover, which makes them vulnerable to wind erosion. In the southwest coastal areas, due to the small amount of water vapor carried by the southwest air currents from the Arabian Peninsula and Africa, the flat topography does not have a significant lifting effect; moreover, with the destruction of vegetation by humans for historical reasons, precipitation is scarce, forming deserts distributed along the coast. A variety of problems, such as soil desertification and salinization, are particularly prominent. (2) The transition zone from the eastern plains to the western mountains, where the predominant soil types are drier calcisols and arenosols with low water content, which have weak erosion resistance and are sensitive to wind erosion.



The mean SIER was 2063.45 t·km−2·a−1, with the soil wind erosion amounting to 1.77 × 109 t·a−1. An SIER of less than 200 t·km−2·a−1 covers about 46.52% of Pakistan but only accounts for about 0.53% of the total soil loss; this is found in the Potohar Plateau south of the northern high mountains, which has irrigated fields in the center and southern areas, and coastal regions in the south, where they are most prevalent. These regions mostly consist of cropland and grassland, and their vegetation coverage was greater and more resistant to wind erosion. The percentage in the range of 250–2500 t·km−2·a−1 was 29.27%, and those of 2500–5000 t·km−2·a−1 and 5000–8000 t·km−2·a−1 were 9.47% and 7.06%, respectively. Although an SIER of more than 8000 t·km−2·a−1 covers approximately 7.68% of Pakistan, it accounts for approximately 47.08% of the total soil loss, which is mainly found in the Kharan Desert and Thar Desert. Referring to the method of the global soil organic carbon map evaluated by Hengl et al., (2017), Pakistan was extracted, and the amount of soil organic carbon caused by soil wind erosion was calculated to be about 1.43 × 106 t·a−1 using the methodology of Borrelli et al., (2018) [55].



The SIER for bare land was 3864.32 t·km−2·a−1, and it was 3882.47 t·km−2·a−1 for sparse desert; the rates for other land uses were lower. This was attributed to the fact that 43.3% of area is bare land in Pakistan, which is mostly located in the Gobi and Kharan Deserts and in the India Desert in the southeast, where soil quality is quite poor and the surface is bare and susceptible to wind erosion. In contrast, forests and grasslands have higher vegetation cover, which protects the soil by conserving soil moisture, increasing surface roughness, and reducing wind speed.




3.3. Soil Erosion in Relation to Socio-Economics


At the administrative unit level (Supplementary Table S2), Azad Jammu and Kashmir had the highest mean SAER at 2942.28 t·km−2·a−1, while the Balochistan Province had the highest SIER at 3751.07 t·km−2·a−1. The Khyber Pakhtunkhwa Province had the highest soil water erosion loss with 10.65 × 107 t·a−1, which accounts for 27.46% of the total soil erosion loss. In the Balochistan Province, the soil water erosion amount was 10.25 × 107 t·a−1, which covers 26.43% of the total soil erosion loss. These two provinces should strengthen the management of soil water erosion. The Balochistan Province has the greatest soil wind erosion amount at 12.67 × 108 t·a−1, which accounts for 71.54% of the total soil wind erosion loss, followed by the Sindh Province, whose soil wind erosion loss was 3.87 × 108 t·a−1 accounting for 21.85%; the two provinces are the ones that are most susceptible to wind erosion.



The increasing population of Pakistan has been exerting more pressure on the food production system. Exploring the relation among soil water and wind erosion rates, GDP, and population density in each province is intended to provide administrative units with a solid scientific foundation for soil erosion management. Table 4 revealed that: (1) soil water erosion is negatively correlated with GDP, while SIER is not significantly correlated with GDP; (2) the negative correlation between soil wind erosion and population density is more obvious, while the SAER does not correlate significantly with population density. The table shows that developed provinces have the lowest soil water erosion, while poor provinces are most vulnerable to severe soil water erosion. The erosion rate decreased with the increase in GDP due to the increased investment in erosion control. Moreover, human health is negatively impacted by soil erosion, which is typically present in the arid regions of the southwest of Pakistan, where there is a low GDP and population density and where there is a significant amount of soil deterioration [56,57]. This demonstrates the importance of rational SWC practices in achieving global sustainable development goals.





4. Discussion


4.1. Spatial Patterns of Soil Erosion Risks


In Pakistan, soil erosion gradually transitions from water erosion to wind erosion from the northeast to the southwest under the spatial differences of climate, terrain, soil texture, etc. In the space, there is the existence of interlocking, and in the mountain front plain zone, the wind and water composite erosion type is present. Wind–water composite erosion is not simply the overlay of wind and water erosion but rather a complicated system of interlacing of time that overlaps in space [58,59,60,61,62,63]; both prolong the erosion time and enhance the erosion intensity for the regional environment, becoming the fundamental cause of ecological fragility and deterioration. Although it is possible to analyze the process and influencing factors of slope erosion under wind–water cross-erosion conditions using experiments in a wind tunnel and using artificially simulated rainfall, a quantitative model of wind, water force, and erosion characteristics with universal applicability has yet to be developed, and a large number of studies still focus on a qualitative analysis of the effects of wind erosion on water erosion and the relation between the two [64]. In Pakistan, spatial differences in soil water and wind erosion were apparent, and to evaluate the comprehensive soil erosion status, the two were spatially overlaid (Figure 8). In future studies, the simultaneous evaluation of soil water and wind erosion on a monthly or semimonthly scale should be conducted, and the relationship between their energies (e.g., R and WF) should be analyzed to recognize the complex relationship [16].



Figure 8 shows three risk regions: (1) The Potohar Plateau and neighboring mountainous areas that are the main agricultural regions, with soil types dominated by cambisols and calcisols and which have greater soil water content, viscosity, and soil quality. However, the topography is undulating (Supplementary Figure S1c), and human activities are frequent, such as deforestation. The R-factor has a maximum value of 5534 (MJ·mm·ha−1·h−1·a−1), which is approximately eight times more than the average rainfall erosion force of Pakistan (717.16 MJ·mm·ha−1·h−1·a−1) (Supplementary Figure S1a). Under the interaction of natural circumstances and human activity, these regions have drastic soil water erosion, with an erosion rate of 2500–5000 t·km−2·a−1. (2) The Kharan Desert and Thar Desert have abundant sand dunes, sparse vegetation, high evapotranspiration, and little precipitation. Arenosols and gypsisols are the most common soil types, which have a high sand content, low clay content, loose texture, increased wind erosion, and soil erosion rates exceeding 15,000 t·km−2·a−1. Wind velocity, temperature, precipitation, soil moisture, etc., variables have a close relationship with soil wind erosion [20]. Wind transfers surface soil and sand, which directly influences wind erosion [65]. Variations in precipitation and temperature influence soil wetness and plant growth, which have a compounded effect on soil erosion [66]. Surface moisture enhances the cohesion of soil particles, thus improving soil resistance to wind erosion and moderating soil wind erosion. Different soil textures have varying degrees of stability and cohesiveness; the higher the silt content and clay content, the more resistant the soil is to erosion [35]. Vegetation functions as a sand consolidator and prevents soil erosion by altering the roughness of the ground and controlling wind speed [50]. Figure 9 compares the SIER with the FVC- and WF-factor on monthly scales; the EF-, SCF-, and K′-factors were considered static and do not change on monthly scales. Soil wind erosion mainly occurs in summer, which corresponds with the seasonal winds of Pakistan, and it is highly consistent with the monthly trend of the WF-factor. Soil wind erosion is most prevalent in desert regions, where vegetation is sparse; the changes on a monthly scale were not significant, and the restraining effect on wind erosion was not obvious. (3) The SAERs of S1 and S2 in Figure 5 were 460.31 t·km−2·a−1 and 381.06 t·km−2·a−1, respectively. However, under the wind–water multiplex effect, the soil erosion rates of S1 and S2 in Figure 7 were 8038.73 t·km−2·a−1 and 9155.63 t·km−2·a−1, respectively, which were very strong. As a consequence, S1 and S2 should be prioritized in soil erosion management, and the soil erosion rates of other regions do not change significantly after spatial overlay.



The map of soil erosion showed the area occupied by each soil erosion class (Figure 8), with the greatest area being covered by soil erosion rates that were below 250 t·km−2·a−1; area with more than 15000 t·km−2·a−1 only accounted for 1.68% of the total area. The mean soil erosion rate was 2512.09 t·km−2·a−1, which greatly exceeded the soil formation rate (20 t·km−2·a−1) [67] and was twice as high as the tolerance soil loss rate in hilly and mountainous regions (224–1120 t·km−2·a−1) [68]. Furthermore, the soil erosion in the risk regions was extremely severe, and regional SWC management should be improved.




4.2. Plausibility of Soil Erosion


4.2.1. Plausibility of Soil Water Erosion


(1) Comparison with the small watersheds indicated that the SAER in the current study were closer to the local sub-basins; however, the findings of Gilani et al., (2021) were measured to be less than the local sub-basins [21,22,23,24,25] (Supplementary Table S3). The current study was compared with maps of the SAER in the Potohar Plateau region [25] (Figure 10a,b), which revealed that the macroscopic pattern was similar, with the severest soil erosion being in the northeast and lighter soil erosion being in the southwest. When comparing the classification of the SAER between Ullah et al., (2018) and the current study, 69.25% of the Potohar Plateau has an erosion rate of less than 200 t·km−2·a−1 according to Ullah et al., (2018) [25] (Supplementary Table S4). However, according to the field investigated by Chen et al., (2021) in the Potohar Plateau [28], the results of Ullah et al., (2018) were mainly lower because the R-factor was calculated using the annual precipitation and because the erosive force of extreme precipitation was not taken into account, resulting in a lower value. Among the 15 sub-watersheds investigated in the ground by Chen et al., (2021), 60% of the average SAER was 500 to 2000 t·km−2·a−1, and 59.50% of the erosion rates in this study were between 500 and 2000 t·km−2·a−1, showing that the current study’s results were more in line with the field surveys.



(2) A comparison with Gilani et al., (2021) evaluated the soil water erosion map (Figure 11a,b), which displayed the spatial pattern of the two maps to be similar; the results showed the severest soil water erosion in the northern mountainous regions of Azad Jammu and Kashmir and Khyber Pakhtunkhwa and lighter soil water erosion in the agricultural regions of the India River Plain and Gobi. The results of Gilani et al., (2021) for an SAER of less than 100 t·km−2·a−1 in the Thar Desert and India River Plain regions correspond to the SAER of 100–500 t·km−2·a−1 in the current study; however, the SAER values were close in the Potohar Plateau and nearby mountainous regions in the two studies. The mean SAER evaluated by Gilani et al., (2021) and the current study were 247 t·km−2·a−1 and 447.25 t·km−2·a−1, respectively. The differences in details were attributed to the data source and method of calculating factors, etc. (Supplementary Section S1.1).



(3) The mean SAER evaluated by Borrelli et al., (2017) and by the current study were 1251.79 t·km−2·a−1 and 552.65 t·km−2·a−1, respectively. Although there was variability in data sources, the calculation methods of factors (e.g., the K-factor), resolution, (Supplementary Section S1.2), and macroscopic patterns in Figure 12a,b were consistent and showed severe soil water erosion in the northern mountainous region and Azad Jammu and Kashmir region; meanwhile, light soil water erosion occurred in the India River Plain and the southwestern desert. As shown in Figure 13, the sample survey points are more evenly distributed on both sides of the line y = x, indicating the agreement between the current prediction results and the results obtained by Borrelli et al., (2017). The SAER values for each land use between the two studies were strongly correlated (R2 = 0.98) (Figure 14), and the land use type points are distributed on the left of the line y = x, indicating that the soil water erosion rate in the current study was less than that of Borrelli et al., (2017); however, the ranking of the soil water erosion rates for each land use type was consistent. This indicates that the predicted results are plausible for Pakistan’s current situation.



(4) The global and Pakistan SAERs evaluated by Borrelli et al., (2017) and Gilani et al., (2021) using the RUSLE model were compared with the current study on a national scale and in six administrative units (Table 5). Borrelli et al., (2017) found a higher SAER for each administrative unit compared with the current study, whereas Gilani et al., (2021) found a lower SAER for each administrative unit in 2015 (Nodata areas were not counted). However, the order of soil water erosion intensity was the same for all administrative units: Azad Jammu and Kashmir > Gilgit-Baltistan > Khyber > Khyber Pakhtunkhwa > Balochistan > Punjab > Sindh. The differences in the models, data sources, etc., used by each study may account for the variation in the results.




4.2.2. Plausibility of Soil Wind Erosion


(1) The global SIER map was compared with the current study [20] (Figure 15a,b), which showed a geographical pattern of severe soil wind erosion in the Gobi and Kharan Deserts in the southwest, the India Desert in the southeast; light soil wind erosion was observed in the cultivated regions of the central plains and southern coast. Despite varying in the temporal scales, spatial resolution, and methods of calculating the K-factor and C-factor (Supplementary Section S2.1), the wind speed differs considerably in time (for example, in the black box of Figure 14, the daily wind speed in 2001 and 2006–2010 were about twice that of 2018, resulting in a significant variation in soil wind erosion rates), and there is coherence in the macroscopic pattern.



(2) By comparing the SIER for each land use type in the current study and other typical regions [49,50,69] in Table 6, it is shown that the SIER values were ranked as follows: bare land > sparse desert > cropland > forest. The SIER of each land use type in the Zhundong and Korla regions of Xinjiang, China, monitored by Ding et al., (2018) and Pu et al., (1998) over a long period of time using the 137Cs approach [70,71], were also close to the results of the current study. The results of the present research may offer a more objective perception of the SIER in Pakistan.





4.3. Suggestions for Improving Soil Erosion


With the presence of global warming, terrestrial hydrological cycle processes are accelerated, and extreme rainfall is more frequent [72,73,74,75]. High-intensity, short-duration precipitation events tend to be more erosive [72,76], and future research should focus more on the effect of severe rainfall events on hydraulic erosion. Simultaneously, an increased temperature will promote the evaporation of water from surface vegetation, resulting in a further decrease in soil moisture and increase in soil erodibility. Over the course of the agricultural and pastoral production of Pakistan, the population explosion, reclamation, overgrazing, illegal logging, etc., that has resulted in the decrease of forest and grassland areas and salinization of land as a result of irrigation, etc., have exacerbated the severity of soil erosion [77,78]. The Punjab and Sindh provinces are the most important agricultural regions, and it is suggested that appropriate farming plans be developed, suitable farming practices and crop rotation systems be implemented, and sloping cropland be returned to forest and grass in order to reduce soil erosion. Engineering practices should be strengthened in regions where conditions permit to improve soil water conservation projects to reduce or avoid natural disasters such as floods. To prevent the degradation of vegetation by human activity in nonagricultural regions, afforestation initiatives should be increased. Especially in the Potohar Plateau and northern mountainous regions where precipitation intensity is great, the timely diversion of precipitation runoff should be enhanced by planting soil-fixing plants or importing fast-growing alien species [18]. We must also pay attention to the LS-factor where the slope is steep, and terraces should be built; in places where the slope length is long, runoff interception should be considered. In dry and semi-arid regions, water is a critical factor for supporting vegetation growth and for preventing soil erosion; thus, the capacity for the soil to hold water must be considered while restoring vegetation [79]. Vegetation restoration and changes in land use are related to human activities, and rational SWC projects can effectively reduce the severity of soil erosion [80,81].



The Karan Desert and Thar Desert were the main wind erosion risk regions, where there were massive mobile sand dunes, and strategies for afforestation of mobile sand dunes in the proximity of human populations were required to prevent land desertification [18]. Vegetation is an important biological factor in the ecosystem; surface vegetation reduces the dynamic energy of raindrops, enhances the infiltration rate of surface runoff, and improves surface roughness, further reducing the wind erosion risk [82]. Wind erosion may be controlled by coarsening the soil surface, enhancing ground cover, or constructing wind barriers [83]. Nickling and Wolfe (1994) pointed out the idea of planting drought-tolerating plants or regenerating natural vegetation to reduce wind erosion in arid areas [84]. Sterk (2003) noted that reducing soil surface wind speed and increasing soil resistance to wind were effective methods for controlling wind erosion [85]. Zhao (2017) discovered that wind speed slowing at the soil surface was not significant when vegetation cover was under 20%, whereas vegetation cover exceeding 60% effectively stopped soil wind erosion [86]. In addition, remote sensing and GIS technology should be used for the long-term monitoring and management of vulnerable ecosystems in the arid regions of Pakistan, where wind erosion intensity is severe and requires timely attention [18].




4.4. Limitation and Future Research Prospects


The following aspects were the primary limitations of this study: (1) The density of sampling survey units was evenly distributed in Pakistan, but in the northern mountainous regions where the terrain was complex, the density of sampling survey units should be increased to reduce errors in future model predictions; (2) The soil water and wind erosion rate were compared with previous studies but not verified by field investigations. In the future, conduct field surveys as funding and time permit; future research must also consider the interaction of sand and dust storms and the climate conditions of wind erosion. (3) This study is an attempted methodology to more completely assess the soil erosion in Pakistan; it was a static analysis, and no long-term trend analysis of soil erosion rates has been conducted. (4) Multi-resolution data were used in the soil erosion rate calculations, e.g., R-factor and calcium carbonate data with a spatial resolution of 1 km, which causes some errors in the results. With the development of remote sensing and geographic information technology, higher resolution data will be available for use in the future. Soil erosion is vital to the global geochemical cycle and to agricultural production, and studying the connectivity among soil erosion and the various spheres of the earth system is a critical scientific topic that cannot be ignored in light of the future climate change scenarios.





5. Conclusions


This study made an effort to evaluate the geographical distributions of individual and composite water–wind erosion-sensitive regions to provide more useful knowledge about the status of soil erosion in Pakistan. (1) The SAER calculated using machine learning showed that the average SAER was 447.25 t·km−2·a−1 and that the soil water erosion amount was about 3.90 × 108 t·a−1, with 53.89% originating from the Khyber Pakhtunkhwa and Balochistan provinces. (2) According to the RWEQ model estimates, the mean SIER was 2063.45 t·km−2·a−1, with the soil wind erosion amounting to 1.77 × 109 t·a−1, and the Balochistan and Sindh provinces accounting for 93.89%. (3) The overlay map of the soil water and wind erosion rate showed three risk regions: (a) the Potohar Plateau and the surrounding mountainous cultivated regions, which are prone to soil water erosion; (b) the soil erosion rate in the Karan Desert in the southwest and in the Thar Desert in the southeast, which are dominated by soil wind erosion; (c) the soils of the Sulaiman and Kirthar Mountain Ranges were susceptible to wind–water compound erosion. Under the future global climate change scenario, the technology of the afforestation of mobile sand dunes needs to be implemented in regions with severe wind erosion to prevent wind erosion. The construction and improvement of SWC projects should be prioritized in cultivated regions with severe soil water erosion, whereas non-cultivated regions should plant soil-fixing plants or introduce fast-growing exotic species to improve soil erosion by enhancing the vegetation cover.
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Figure 1. The spatial distribution of elevation and meteorological stations across Pakistan (source “political_map_pakistan 5th 2020” downloaded from https://www.pakistan.gov.pk, (accessed on 22 April 2022)). 
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Figure 2. The spatial pattern of land use and sampling survey units in Pakistan (source: Climate Change Initiative—Land Cover 2000 (CCI-LC 2000), European Space Agency, ESA). 
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Figure 3. The procedure for predicting the SAER in Pakistan. 
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Figure 4. Map showing the flowchart for evaluating the SIER in Pakistan. 
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Figure 5. Trend in the model error (a) and ROC curve (b). 
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Figure 6. Spatial pattern of the SAER in Pakistan (S1, S2 represent sample 1 and sample 2, respectively). 
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Figure 7. Spatial pattern of the SIER in Pakistan (S1, S2 represent sample 1 and sample 2, respectively). 
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Figure 8. Geographical distribution of the soil erosion rates in Pakistan (S1, S2 represent sample 1 and sample 2, respectively). 
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Figure 9. Comparative map of the monthly SIER with the FVC and WF−factor in Pakistan. 
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Figure 10. Spatial comparison of the SAER over the Potohar Plateau: (a) Ullah et al., (2018) study [25] and (b) current study. 
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Figure 11. Spatial comparison of the SAER between Gilani et al., (2021) [19] (a) and current study (b) for Pakistan. 
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Figure 12. Spatial comparison of the SAER in Borrelli et al., (2017) [6] (a) and current research (b) across Pakistan. 
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Figure 13. Correlation of the spatial prediction result with Borrelli et al., (2017) [6] for Pakistan. 
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Figure 14. Correlation of the spatial prediction result with Borrelli et al., (2017) [6] for each land use type. 
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Figure 15. Spatial comparison of the SIER between Yang et al., (2021) [20] (a) and the current study (b) for Pakistan (the sample3 (S3) with a large variation of wind speeds). 
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Table 1. List of the resources used in the current study.
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	Input Parameters
	Data Sources
	Spatio-Temporal Resolution
	Data

Period





	Rainfall erosivity (R)
	National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/zh-hans/data) (accessing date: 12 May 2022)
	1 km
	1986–2015



	Soil erodibility (K)
	From the team led by the corresponding author of this manuscript
	250 m
	2018



	Terrain factor (LS)
	From the team led by the corresponding author of this manuscript
	30 m
	2018



	Tc (percent Tree_cover, percent NonTree_vegetate) data
	http://ladsweb.modaps.eosidis.nasa.gov/search (accessing date: 12 May 2022)
	250 m
	2018



	Climate Change Initiative—Land Cover 2000
	http://maps.elie.ucl.ac.be/CCI/viewer (accessing date: 12 May 2022)
	300 m
	2015



	Cropping rotation system resource and T-factor attribution table
	From the team led by the corresponding author of this manuscrip
	N/A
	2018



	Vector data of 475 sampling survey units
	Provided by Chinese Academy of Sciences (CAS)
	N/A
	2018



	Wind speed (m·s−1)
	https://www.ncdc.noaa.gov/ (accessing date: 12 May 2022)
	Daily
	2018



	Precipitation (mm)
	https://www.ncdc.noaa.gov/ (accessing date: 12 May 2022)
	Daily
	2018



	Temperature (°C)
	https://www.ncdc.noaa.gov/ (accessing date: 12 May 2022)
	Daily
	2018



	Snow depth (mm)
	https://www.ncdc.noaa.gov/ (accessing date: 12 May 2022)
	Daily
	2018



	Digital elevation model (DEM)
	https://search.earthdata.nasa.gov/ (accessing date: 23 March 2021)
	30 m
	2018



	Evapotranspiration (mm)
	https://crudata.uea.ac.uk/cru/data/hrg/ (accessing date: 12 May 2022)
	Monthly
	2018



	Normalized Difference Vegetation Index (NDVI)
	https://search.earthdata.nasa.gov/ (accessing date: 5 January 2022)
	250 m
	2018



	Soil sand content (%), soil silt content (%), soil clay content (%), soil organic matter content (%)
	https://www.isric.org (accessing date: 25 December 2022)
	250 m
	2020



	CaCO3
	http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/ (accessing date: 8 November 2021)
	1 km
	2009



	GDP
	Dryad database, Dryad Home-Publish, and Preserve your Data (datadryad.org)
	10 km
	2018



	Population density
	Google Earth Engine (GEE): GPWv4 (Gridded Population of the World, Version 4)
	1 km
	2018
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Table 2. B-factor values for nonagricultural land.
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	Land Use Type
	MINb–MAXb
	Land Use Type
	MINb–MAXb





	Cropland
	1
	Urban land
	0



	Forest
	0.0001–0.003
	Desert sparse
	0.01–0.15



	Grassland
	0.01–0.15
	Tundra
	0.01–0.15



	Shrub
	0.01–0.15
	Bare land
	0.1–0.5



	Wetland-water
	0
	Glacier
	0
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Table 3. E-factor value assignment table of cropland.
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Cropland Type

	
Slope

	
E Value






	
Rainfed cropland

	
≤5°

	
0.1025




	
5–20°

	
0.414




	
>20°

	
0.828




	
Post-flooding or irrigated cropland

	
——

	
0.1025
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Table 4. Soil erosion and socioeconomic characteristics of each administrative unit in Pakistan.
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	Administrative Unit Name
	Soil Water Erosion Rates (t·km−2·a−1)
	Soil Water Erosion Amount (×107 t·a−1)
	Soil Wind Erosion Rates (t·km−2·a−1)
	Soil Wind Erosion Amount (×108 t·a−1)
	GDP (Billion Dollars)
	Population Density (cap·km−2)





	Azad Jammu and Kashmir
	2942.28
	3.22
	0.12
	0.00
	8.66
	300.02



	Balochistan
	299.51
	10.25
	3751.07
	12.67
	20.38
	22.84



	Gilgit-Baltistan
	576.59
	3.96
	0.09
	0.00
	2.29
	16.25



	Khyber Pakhtunkhwa
	1053.15
	10.65
	12.01
	0.02
	44.17
	331.39



	Punjab
	377.36
	7.73
	1.15
	1.15
	167.77
	569.62



	Sindh
	212.97
	2.97
	3.87
	3.87
	83.45
	316.87
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Table 5. Comparison of Borrelli, Gilani, and the current study with respect to the SAER of administrative units.
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	Administrative Unit
	Borrelli Study (t·km−2·a−1)
	Gilani Study (t·km−2·a−1)
	Current Study (t·km−2·a−1)





	National scale
	1251.79
	259
	552.65



	Azad Jammu and Kashmir
	4800.13
	2225
	3058.31



	Balochistan
	1215.59
	41
	477.71



	Gilgit-Baltistan
	1668.39
	872
	732.26



	Khyber Pakhtunkhwa
	3020.49
	1178
	1117.31



	Punjab
	629.19
	35
	400.81



	Sindh
	602.30
	2
	203.67
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Table 6. Comparison of the SIER between the current study and typical regions.
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Study Area

	
Method

	
Study

Period

	
SIER (×102 t·km−2·a−1)

	
References




	
Bare Land

	
Forest

	
Cropland

	
Desert Sparse






	
Pakistan

	
RWEQ

	
2018

	
38.64

	
1.05

	
3.52

	
38.82

	
Current study




	
Central Asia

	
RWEQ

	
1986–2005

	
43.08

	
3.44

	
4.74

	
N/A

	
Li et al., 2020 [49]




	
Tibet Plateau

	
RWEQ

	
1980–2015

	
38.73

	
2.66

	
11.57

	
36.6

	
Teng et al., 2021 [50]




	
Northern China

	
RWEQ

	
2000–2010

	
50.21

	
0.78–5.11

	
5.02

	
8.67–20.89

	
Gong et al., 2014 [69]




	
Zhundong, Xinjiang, China

	
137Cs

	
2014–2015

	
36.44

	
N/A

	
7.40

	
14.37

	
Ding et al., 2018 [70]




	
Korla, Xinjiang, China

	
137Cs

	
1998

	
59.87

	
N/A

	
35.37

	
31.71

	
Pu et al., 1998 [71]
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