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Abstract

:

This study aimed to evaluate the extent and severity of water erosion in the Toudgha river catchment in the Central High Atlas of Morocco using two different erosion models, the Erosion Potential Model (EPM) and the Priority Actions Programme/Regional Activity Centre (PAP/RAC) model. From the modeling results, the catchment was affected by varying degrees of erosion, ranging from “very slight” to “excessive”, with different locations identified under each model. The very high erosion areas were located in the extreme northwest of the catchment area for both of the applied models, covering 9.65% (according to PAP/RAC) and 8.56% (EPM) of the total area primarily driven by factors such as intense rainfall events, limited vegetation cover, high soil erodibility due to low organic matter content and coarser soil texture, and human activities such as overgrazing and land use changes, which exacerbate the effects of these natural factors on water erosion in these semi-arid areas. The study’s findings suggest that erosion is a significant concern in these environmental areas and provide valuable information for designing effective erosion control measures and guiding soil and environmental management practices. Both models effectively simulated the erosion phenomenon and provided useful tools for soil and environmental management. The EPM model can be used to design effective erosion control measures, while the PAP/RAC model can be used to develop a comprehensive strategy for the sustainable management of the catchment area. These results have implications for the implementation of effective erosion control measures in mountainous watersheds and highlight the need for further research in this area.
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1. Introduction


In recent years, various methods for assessing and estimating erosion intensity and sediment production have been developed. To improve model performance, sensitivity analyses are increasingly being used to reduce errors that arise from the model’s concept. Soil erosion caused by surface water is a significant global problem that is both a major land degradation issue and a critical environmental hazard [1,2,3]. Human development and inappropriate land use have intensified soil erosion in many parts of the world [4,5]. Water erosion is responsible for the production of millions of tons of sediment worldwide each year, accounting for over 56% of the total volume produced [6]. Soil erosion has several negative impacts, including a decrease in effective root depth, imbalanced nutrients and water in the root zone, and decreased soil quality.



Furthermore, soil erosion in Morocco may increase the risk of flooding and landslides, which can damage infrastructure and cause loss of life and property. These effects can be particularly pronounced in mountainous regions such as the central High Atlas of Morocco, where soil erosion can be a significant challenge for farmers and communities that rely on agriculture for their livelihoods. In addition to its impact on agricultural productivity, soil erosion can also lead to decreased biodiversity, as it reduces the ability of ecosystems to support a variety of plant and animal life. Thus, addressing soil erosion in Morocco is critical for ensuring the long-term sustainability of agricultural production and the natural environment. These factors reduced agricultural production [7]. In addition, soil erosion causes millions of tons of sediment to reach reservoirs and lakes, damages dam facilities, and has high economic costs due to the negative impact on water quality [8,9,10]. Therefore, soil erosion is viewed as a significant threat to global economic and environmental sustainability. Both temporally invariable parameters such as lithology and watershed size, and variable factors such as climate, hydrology, ground-cover, and land use impact sediment yield [5,11,12]. Sediment transportation and deposition processes are primarily influenced by four main factors: topography, land use, climate, and soil erodibility. These processes can be aggravated by human activities such as agricultural practices and deforestation [13]. Assessing water erosion in catchments at various temporal and spatial scales is important for preserving and protecting soil and technical constructions such as hydroelectric projects, irrigation dams, and flood attenuation structures.



There are multiple models and methodologies [14,15,16] that can be utilized to evaluate erosion and sediment production. These models have varying limits of application, incorporate diverse scientific techniques and modeling approaches, and provide output information such as erosion sediment production, sediment transportation, and erosion intensity in high-risk areas. The complexity, considered processes, and data required for calibration and application also differ among the models.



Different models have been used to evaluate soil erosion rates, with modeling being a common tool in erosion studies [17]. These models can be divided into empirical and process-based models. Examples of empirical models include USLE [18], RUSLE [19], MUSLE [20], and modified versions of these models. Process-based erosion models include LISEM [21], MMF [22,23], WATER/SEDEM [24], SWAT [25], WEPP [26], and EUROSEM [27].



The Gavrilović method (Erosion Potential Model) is a method used to assess the potential for erosion on a given site [28,29,30]. The applicability and simplicity of the Gavrilović method may make it a popular choice in some contexts, but there are many other available erosion models and approaches and the choice of the model may depend on factors such as the specific characteristics of the site including the climate context, topography, and drainage network of the study area, as well as other characteristics. For example, in an arid region with steep slopes and a well-developed drainage network, a model that accounts for high-intensity rainfall events may be more appropriate than a model that assumes a uniform rainfall distribution. Similarly, in a region with a high degree of soil heterogeneity, a model that accounts for variations in soil properties may be more suitable. In areas where vegetation cover plays a significant role in erosion processes, models that account for the impact of vegetation on soil stability may be preferred. Additionally, the availability of data and resources should be taken into account, as some models require more detailed data and computational power than others. Ultimately, the choice of an erosion model should align with the goals of the erosion assessment, whether that is to identify critical erosion areas, predict future erosion rates, or evaluate the effectiveness of erosion control measures.



The EPM method takes into consideration six factors based on surface geology and soil properties (coefficient/erodibility factor (Y)), topographic features (slope (J)), climatic factors (annual rainfall (H), and annual temperature (T)), land use type and distribution (coefficient/soil protection factor (x)), and the catchment’s degree of erosion (erosion and stream network development coefficient (φ)). It has been widely implemented in countries, e.g., [15,31,32,33,34,35,36,37,38,39,40,41] and has provided reliable results for evaluating soil erosion severity, estimating mean annual soil loss/sediment yield, and implementing erosion control measures such as torrent regulation.



The Priority Actions Program/Regional Activity Center (PAP/RAC) method, which is the second applied model in this research, is an innovative approach designed for managing Mediterranean coastal areas. It allows for the presentation of erosive states, the dynamics of water erosion processes, and the assessment of risk trends at different scales in a watershed. Many studies have been conducted on water erosion using the consolidated PAP/RAC approach [42,43,44,45,46,47,48,49], which aims to integrate the anthropogenic parameter by analyzing its behavior with the environment. These studies have demonstrated the reliability of the PAP/RAC method using GIS (Geographic Information Systems) and RS (Remote Sensing) technology, which can process spatial data regardless of location and scale [50,51,52,53,54,55,56,57].



The main aim of this study was to assess and compare the spatial distribution of eroded areas in the Toudgha River watershed, using the EPM and PAP/RAC models. The resulting maps generated by the models were validated by comparison to the outcrop to ensure their significance.



The Toudgha River was selected for this research due to its importance as the largest tributary of the Gheris basin, its role in meeting irrigation needs, and its supporting agricultural production in the Tinghir region called the “Toudgha River”. The models were implemented in a GIS-based environment, with each parameter represented by a digital layer. This approach was adopted to consider the spatial distribution of the input data and the overall development of the phenomenon in a watershed, resulting in more accurate outputs. The digital maps were extracted from the Toudgha River digital elevation model (DEM), the same from geological and land-use maps, as well as data from available information in international databases (Landsat8 Oli imagery and rainfall data). These digital layers were then overlaid to quantify soil loss in the case study according to several correlation matrices.




2. Materials and Methods


2.1. Study Area


The catchment of the Toudgha River, the major sub-catchment of the Gheris basin, is in southeast Morocco, covering an area of 2318 km2. It is situated on the south flank of the Central High Atlas (CHA) Mountains, which extend for 700km from southwest to northeast Morocco, and are delimited by the Eastern Anti-Atlas (EAA) chain to the south (Figure 1). The region has a mountainous topography, with a maximum elevation of 2116m above mean sea level and diverse climates ranging from arid to semi-arid. The chosen area is located between the geographical coordinates ranging between 31°51′35″ N, 31°9′14″ N and 5°10′45″ W, 5°57′01″ W. The catchment area has a dense network of rivers and streams, with two main tributaries emanating from the western part of the Toudgha River (Target and Sidi Ali Oubourk tributaries). The lithological context of the area is characterized by predominantly limestone, sandy, and sandy-marly substrate from the Upper Cretaceous period to the lower Jurassic clayey units to the north, and by lithological units such as sandstones, schists, and volcanic units to the south (Paleozoic outcrop of Jbel Saghro), which are soft and prone to water erosion. The climate in the region is Saharian, with dry summers. Rainfall is very irregular and the climatic erosivity tends to increase from south to north in the Toudgha river watershed. Erosion processes in arid areas are complex and can be influenced by various interacting factors, such as erodibility, land use, climate, and topography. In particular, mountainous regions of the Moroccan High Atlas are highly susceptible to erosion due to their steep slopes, sparse vegetation cover, and poorly developed soils. The combination of these factors can result in high rates of soil erosion, which can cause significant socio-economic damage and threaten soil quality. Moreover, anthropogenic activities, such as deforestation and desertification, can exacerbate erosion processes and further degrade the soil. Soil erosion is a major environmental concern in the southeastern regions of Morocco due to the unique characteristics of these ecosystems. Arid soils are often low in organic matter and vulnerable to wind and water erosion, which can result in soil degradation and loss of productivity. Desertification, a process of land degradation that occurs in arid regions, can further intensify soil erosion by increasing surface runoff and reducing vegetation cover. The impacts of soil erosion can be severe in these arid environments, where agriculture and livestock production are critical for the livelihoods of many people. Therefore, it is crucial to implement sustainable land management practices to mitigate erosion and protect soil quality in these regions.



The Toudgha river catchment is located in the western region of the large Ziz-Ghris basin, which is a tectonic depression formed during the Mesozoic era as described by Diani et al. [58]. It is bordered to the north by the Central High Atlas Mountains and to the south by the Anti-Atlas Mountains chain. The Toudgha River is the main tributary in the basin (Figure 1).



It flows from the southern part of the Central High Atlas Mountains (upstream) and the water drainage goes in an east direction (downstream) until reaching the Gheris River at the village of Goulmima. The area is monitored by two hydrological stations: Tamtattoucht, located 20 km north of the Toudgha gorges, and the second named Ait Bouijane, located 40 km south of the first station. The Toudgha River supplies the Tinghir River and then passes through the Tinjdad palm grove before eventually joining the hydrographic system of the Ziz-Rheris basin. The Toudgha River expands downstream and becomes more entrenched in the upstream region. Based on the overall relief depicted in Figure 2a, the basin can be divided into three distinct domains: a high mountain domain featuring high reliefs made up of Liassic-age carbonate facies; an intermediate domain characterized by significant reliefs corresponding to upper Cretaceous hills but with lower elevations than the previous domain, and a downstream domain featuring altitudinal depressions (small sub-catchments) ending in a lowland region occupied by Quaternary deposits. The slopes shown in Figure 2b depict the topographic variations in the Toudgha River watershed steepness, which can be divided into three parts based on their influence on elevation values and flow velocity. The first part is in the northwest and belongs to the Central High Atlas (CHA) mountain range, featuring steep slopes where runoff increased due to the impermeability of the strata (limestone). The second part has medium slope degrees with a low-elevation area derived from the Paleozoic outcrop of the Eastern Anti-Atlas Mountains to the south of the catchment. The third category is located in the central part of the basin and has very low to low slopes, with a non-significant impact on runoff velocity. In summary, the hydrographic slope profile of the entire area can be divided into two main directions shown in Figure 2b, with a steep slope upstream with the N–S main direction leading to stream discharge and sediment production and a second slope direction with low to moderate degrees located from the central part of the basin to the downstream catchment with a W–E direction. The geological setting of the study area includes a variety of units. The oldest deposits, from the Precambrian period, are in the southwest of the basin and consist of sedimentary and volcano-sedimentary series including calco-alkaline intrusions. This entire area has been subjected to low-intensity regional metamorphism. Above these deposits to the north, we found the Paleozoic (Cambrian-Ordovician) lithological units, characterized by sandstone and schist facies, which are predominantly overlain by Mesozoic limestone carbonates (Jurassic and Cretaceous), as described by Diani et al. [58]. The Toudgha River path is surrounded by Tertiary formations, mainly consisting of carbonates that are consolidated limestone and soft to poorly consolidated white-to-purplish sandstone. The recent Quaternary outcrop in the region is made up of alluvial deposits concentrated in the downstream area (Ghelil to Tinjdad villages).




2.2. Methods


The methodology adopted in this study is based on the EPM and PAP/RAC models (Figure 3).



2.2.1. The Erosion Potential Model (EPM)


According to the EPM (also called the Gavrilović method), the annual volume of soil detachment caused by surface erosion is calculated using Equation (1).


W = T × H × π × √Z 3 × F



(1)




where W is the average annual sediment production (m3/km2/year).



T (°C) represents the temperature coefficient, h(mm) is the mean annual rainfall, Z is the erosion coefficient, and F (km2) is the watershed area.



The erosion coefficient (Z), which reflects the intensity or density of erosion processes according to [59], is calculated using Equation (2).


Z = Xa × Y × (φ + √J)



(2)







The erosion coefficient (Z) is a measure of a region’s vulnerability to erosion and is calculated based on the soil erodibility coefficient (Y), soil protection coefficient (Xa), coefficient of erosion type and extent (ϕ), and average slope of the area (Ja). Z is the sole output from the method that presents both numerical and descriptive data on the area’s erosion susceptibility, as indicated in Table 1.




2.2.2. Erosion Intensity and Sediment Production Assessment Parameters


	
Soil erodibility coefficient (Y):






The soil erodibility plays a crucial role in erosion models as noted by several scientists. This coefficient is based on the soil type of the Toudgha River catchment and was derived from four geological maps of the Tinghir and Jbel Saghro regions at a scale of 1:100,000 using the Gavrilović method.



	
Soil protection coefficient (Xa):






The soil protection coefficient represents the effectiveness of an area in protecting against erosion and is determined by two independent factors: land use and vegetation cover coefficients. The land use coefficient depends on the type and the characteristics of the land while the vegetation cover coefficient depends on measures taken to reduce erosion, particularly in agriculture. These two coefficients are treated as a single factor in the assessment of soil protection.



Equation (3) [61] used to calculate the Xa parameter in the Toudgha River catchment was:


Xa = (XaNDVI − 0.61) × (−1.25)



(3)




where:


XaNDVI = (NDVI of the catchment specifically with values ranging between −0.9 and +0.6)



(4)






Xa = NDVI [(with specific values between−0.9 and +0.6)− 0.61)] × (−1.25)



(5)







	
Average slope of the study area (Ja):






The slope of the terrain affects erosion by its degree of inclination. This has been demonstrated by several studies [62,63,64,65,66,67]. An increase in slope enhances run-off, which becomes erosion-prone, and its energy surpasses that of raindrops [1,68]. Also, the distribution of slope classes shows that the low slope class (<20%) is dominant, representing more than 49.3% of the total area, which is concentrated in the intermediate part. Moderate to high slopes represent a percentage of 50.7% for classes over 30%, concentrated in the north and southeast regions.



The AlosPalsar digital elevation model, with a cell size of 12.5 × 12.5 m, was used to determine the average slope (Ja factor) and mean elevation difference (z) of the study area, as well as the perimeter of the study area (O), the length of the principal waterway (Ip), and the drainage density (Dd).



	
Coefficient of type and extent of erosion (ϕ):






The map of erosion types was obtained through the overlay of the soil sensitivity to the erosion map and the soil protection degree map based on field observations. The values of the erosion process coefficient of the EPM model were used to determine the “factor (ϕ)” [31]. The erosion process coefficients are classified into 5 categories, ranging from 0.1 to 1.0.



The following equation was used to calculate the coefficient that is integrated into our model (Equation (6)):


Φ = √R/Qmax



(6)




where R = the band number 4 (B4) in case of using (Landsat8 Oli/Tirs) images.



Qmax = value obtained from the attached MTL file of Landsat images (quantize_cal_max_band_4 = 65,535).




2.2.3. The PAP/RAC Model


The predictive approach involves evaluating and integrating all the factors to establish preliminary hypotheses and gathering data on the present conditions of land degradation based on the potential impact of various parameters that control water erosion (such as slope, lithology, NDVI (Normalized Difference Vegetation Index), soil protection, land use and degree of erodibility). This approach results in elaborating on an erosive states units map, providing a framework for mapping potential soil erosion and general trends. This procedure consists of a series of operations (Table 2, Table 3 and Table 4).



	
Development of the erodibility map:






Two maps of slopes and soils of the catchment (to obtain the erodibility map, the previous maps are overlaid) were created. The slope map and the soils (lithofacies) map of the study area were created using a digital elevation model and geological data, respectively. The slope map was extracted from a Digital Elevation Model provided by the USGS with a resolution of 12.5 × 12.5 m, while the lithofacies map was created by identifying and classifying the various types of rocks, sediments, or soils at the surface based on their cohesion, mechanical resistance, and technical resistance to erosion extracted from geological maps of the area [69]. To address the differences in resolution between maps and satellite imagery, it is important to consider the scale of the map or image. Scale refers to the ratio of a distance on the map or image to the corresponding distance on the ground. For example, we use a medium-resolution satellite image to identify specific features and then use a map to provide additional context and information about the area.



The erodibility factor indicates the ability of a substrate to provide material that can be moved by the erosive force of the rain. The slope is a factor that affects the movement of these materials, as the steeper the slope, the more easily the material can be transported. The erodibility map is created by combining both of the factors (slope degrees with lithofacies categories), and the resulting polygons are arranged according to the matrix (Table 2). The slope plays a significant role in the amount of runoff and, therefore, the potential for water erosion. Runoff is more likely to occur on steeper slopes, and the amount of material eroded is also typically higher. However, runoff is unlikely to occur on slopes with a gradient of less than 2%. Between 2% and 5%, runoff is possible under certain conditions, such as during a storm or on soils that do not filter water effectively.



Runoff occurs on soils with a slope greater than 5%, and it becomes even more accelerated on slopes greater than 10%. There are two possible explanations for this phenomenon. The first is that the increased slope leads to an acceleration of runoff and the second is that on low-sloped terrain, a layer of water can partially protect soil particles from the “splash effect”, which is not present on steeper slopes. These hypotheses were proposed by Alexakis et al. [70] and further explored by Cerdan et al. [71].



	
Development of the soil protection map:






Vegetation cover can protect soil from erosion by reducing the energy of erosive agents and by intercepting raindrops with the aerial parts of plants, which can reduce the energy of rain erosion [72]. On the ground, vegetation can also prevent runoff by increasing water infiltration. The protective effect of the latter may vary depending on the type of vegetation or land use [73]. A soil protection map can be created by overlaying the maps of land use with vegetation cover density, and this output map can provide information on the distribution and intensity of vegetation in a watershed. The degree of soil protection in the Toudgha River catchment is determined by applying the matrix (Table 3). Separating the land use map from the coverage density may not be as effective in producing significant results, but combining them can help in identifying areas in need of urgent intervention.



After developing the maps of land cover and vegetation density of the catchment and obtaining the protection map, the previous factors were overlaid. The land cover map was created from the Landsat 8 satellite imagery with an acquisition date of the year 2019, which was provided by the United States Geological Survey (USGS) [73] by using a supervised classification process with ENVI software, and it shows the different types of land cover in the area [74,75]. The second map of vegetation cover density was created by calculating the NDVI (Normalized Difference Vegetation Index). The two previous factors were then classified based on percentage values and recommendations from the PAP/RAC model [76] (Table 3).



	
Overlying the erodibility and the soil protection maps:






The mapping of erosive states of the study area was carried out by overlaying the erodibility and soil protection maps (data from correlation matrices of Table 2 and Table 3). The assessment and mapping of soil sensitivity to water erosion typically involve identifying indicators that can help locate erosion risks in space and time [77]. This is typically achieved using observations or measurements [78]. The methodology adopted in this case is based on the PAP/RAC third correlation matrix (Table 4), which combines information about the physical state of the soil (such as topography and lithofacies) with the protection provided by vegetation cover and land use type. This approach allows for a good estimate of susceptibility to erosion in a specific area.




2.2.4. Causal Factors


The water erosion sensitivity of an area can be mapped using various impact factors. These factors include the lithologic unit, elevation, slope degrees, the NDVI (Normalized Difference Vegetation Index), land use, and rainfall. The lithologic unit refers to the rock type or soil composition of the area. Elevation determines the steepness and height of the land, affecting the speed of water flow. Slope degrees also contribute to the speed and direction of water flow, as steeper slopes increase the erosion potential. The NDVI measures the amount of vegetation in the area, with higher values indicating less erosion potential. Land use affects the level of soil disturbance and vegetation cover. Lastly, rainfall determines the amount and intensity of water that impacts the area, influencing erosion potential. By considering all of these factors together, researchers can create a comprehensive map of water erosion sensitivity for a specific area.



	
Lithology, or the physical and chemical characteristics of rock, plays a significant role in the erosion of water [79]. The type of rock can also influence the rate at which erosion occurs. For example, sandstone is more porous and, therefore, more susceptible to erosion by water than a denser rock like basalt. Understanding the lithology of an area can help predict the erosion patterns and the potential impacts on the surrounding landscape. The lithological formations had been extracted from four geological maps of the area. The sediments and rocks within the basin vary in age from the Precambrian to Quaternary periods (Figure 4a).



	
Land use/cover, or the type and density of vegetation and other surfaces on the land, can have a significant impact on water erosion [80,81]. For example, areas with high levels of vegetation cover experienced less erosion than areas with low vegetation cover. This is because vegetation intercepts and slows down the flow of water, reducing the energy of the flow and decreasing the likelihood of erosion. In addition, vegetation can help stabilize the soil by rooting into the ground and holding it in place. On the other hand, areas with bare soil or impervious surfaces, such as asphalt or concrete, are more prone to erosion because the water flows more quickly and with greater energy over these surfaces. The land use of the Toudgha catchment was used to prepare the thematic layer (Figure 4b) and then reclassified into three categories: soils or soft sediments, hard rocks or substratum, and vegetation classes.



	
Rainfall is a major factor that influences water erosion. The intensity, duration, and frequency of rainfall events can all affect the erosion process [82,83,84]. High-intensity rainfall events, which have a shorter duration but a higher rate of precipitation, are more likely to cause erosion than low-intensity events. The higher intensity of the rainfall increases the energy of the flow and the likelihood of erosion. Annual average precipitation for the Tinghir province was categorized into three classes: 400–500, 500–600, and 600–700 mm (Figure 4c,d).



	
The NDVI (Normalized Difference Vegetation Index) is a remote sensing tool that measures the greenness of vegetation. The NDVI can be used to assess the impact of vegetation on water erosion. For instant, Merritt et al. [14] found that areas with high NDVI values, indicating dense vegetation cover, experienced less erosion than areas with low NDVI values, indicating sparse vegetation cover. This is because vegetation intercepts and slows down the flow of water. The NDVI can also be used to monitor changes in vegetation cover over time and assess the potential impacts on erosion. In Mediterranean catchments, erosion increased as NDVI values decreased. In our case study, the NDVI was reclassified into three classes: (a) (<−0.23), (b) (−0.23–0.26), and (c) (>0.26–0.7) (Figure 4e).



	
Slope, or the angle of the land surface, can have a significant impact on water erosion. In general, steeper slopes are more prone to erosion than moderate slopes because the water flows more quickly and with greater energy over steep slopes. Understanding the relationship between slope and erosion is important for predicting erosion patterns and the potential impacts on the surrounding landscape [84]. The slope map of the Toudgha River catchment (Figure 4e) was divided into five slope categories: (a) (0–7°), (b) (7–16°), (c) (16–27°), (d) (27–81°).



	
The elevation is a factor that is frequently used in research on flood and erosion susceptibility because it is a predisposing parameter that is influenced by various geologic and geomorphological processes [74,75]. In the Toudgha River watershed, an elevation map was created using a digital elevation model, showing that the elevation values in the area range from 1332 to 3273 m and can be divided into five classes: 1087 to 3272 m, 1087 to 1462 m, 1462 to 1733 m, 1733 to 2061 m, and 2061 to 3273 m (Figure 4f).









3. Results and Discussion


3.1. PAP/RAC


According to the results of the modeling (Figure 5a), the distribution of erodibility in the Toudgha River watershed is influenced by the slope and the cohesive properties of the lithological facies. Using the PAP/RAC approach, areas with steep slopes and low resistance are always highly erodible. The strong and very strong erodibility classes are in the upstream and followed by southern parts of the watershed, where the slope is greater than 30%. The low and very low erodibility classes are found in the center and downstream parts of the catchment, where the slope is weaker. The most common classes are those of moderate, average, and extreme erodibility, which make up 28.69%, 16.72%, and 18.64% of the total area, respectively. In summary, the cohesive properties of the soil and the characteristics of the slopes significantly impact erosion at the watershed level. Steep slope areas tend to have soils with low resistance and high erodibility (Figure 5a).



From the analysis of the soil protection output map (Figure 5b), the Toudgha catchment has poor protection mainly in high-elevation regions (Central High Atlas and Jbel Saghro). The most common areas have weak protection (very low and low classes), which covers 56.34% of the total area and is found throughout the basin, particularly in the upstream and southern parts of the watershed. Even areas near rivers are not well protected; the medium protection class covers 15.72% of the total area, while the very high protection occupies 27.94% of the total protection degree located in the western region. The agricultural fields in the Toudgha River are limited to cereal crops and rely on the often-poor rainfall in the region which makes it more protected from erosion. Vegetation cover provides only weak protection for the soil in limited areas and reforestation is limited due to the lack of irrigation waters. The abundant categories of trees in the region are olive and palms with small leaves and little groves which provide medium soil protection. Degraded lands and the vicinity of the Toudgha River and its tributaries of Oued Target and Oued Ichem become sterile due to erosive processes such as surface gullies and widespread gullying, mainly in villages such as Imiter, Timadrouine, Toulouine, Ouaklim, Ghelil, and Tinjdad.




3.2. Erosion Potential Model


Characteristics of factors governing erosion in the Toudgha River watershed:



The intensity of soil degradation is the result of the combination of several factors (natural and anthropogenic) and their magnitude and classification according to the matrices defined by Gavrilovic [28,29] are presented in the following paragraphs.



Sensitivity of lithological formations to erosion (Y):



It is indispensable that the nature of lithological formations plays a very important role in the amplification of erosion. Indeed, our study basin is characterized by the dominance of sandstones, clay, and marly rock units, which are very sensitive to the action of water and erosive processes. Thus, more than 50% of the total area of the catchment is composed of classes whose sensitivity is low to moderate (0.24 to 0.40) (Figure 6a).



Protection by vegetation cover (land use) (Xa):



The role of vegetation cover in mitigating the action of erosive agents is well established and demonstrated by numerous studies. Indeed, vegetation reduces the velocity of runoff and decreases the kinetic energy of raindrops. However, its protective power is largely influenced by the dominant species and the rate of coverage. The Toudgha River watershed is characterized by a certain variety of vegetation formations, but their densities are not sufficient to provide adequate soil protection, mainly in the northern parts with more than 75% of the area of the basin characterized by low vegetation cover protection (Figure 6b).



Slopes (Ja):



The study area is marked by the presence of steep to very steep slopes in the upstream region. This relief configuration is favorable to runoff; it leads to a rapid movement of water from precipitation and increases the amount of water volume that runs to the downstream level. These slopes provide high erosive power by water and promote an increase in the rates of eroded materials from the upstream to the downstream of the catchment (Figure 6c).



Erosive state (Φ):



The erosive state varies depending on the distribution of the intensity of agents involved in erosion, namely, vegetation cover, lithological formations, slope, climate, and land use. The values of the erosive state in our basin (Figure 6d) range from 0.01, where erosion is low, to 1.05, where erosion is strong. Indeed, more than 70% of the area of the basin is marked by a moderate to very strong erosive state (between 0.43 and 1.05).



The erosion coefficient (Z) is the basic value for all EPM calculations [28,29,31]. This coefficient has been used to separate the intensity of erosion into classes or categories. The overlying of the four used factors, Ja, Y, Xa, and Φ, allows the determination of the potential erosion intensity Z (Figure 6e). Therefore, the differentiation of areas highly affected by erosion (unstable zones) from areas less affected (stable zones or environments where the intensity of erosion is relatively low) were as follows:



Zones where erosion is very weak to moderate occupy more than 65% of the basin’s surface and they are aligned with areas of strong protection by vegetation cover, low land, and high resistance of lithological formations.



Areas marked by strong to very strong erosion occupy an average of 35% of the whole area. These regions show a great extent of erosive potential in our study area as it is the result of the combination of the dominance of soft lithological units, weak protection by vegetation cover, and the presence of steep slopes.



Rainfall and temperatures:



Precipitation plays a very important role in erosive dynamics; it directly contributes to the onset of runoff and material transport. The duration and intensity of precipitation are decisive in determining or evaluating the quantities of eroded materials. In the Toudgha River basin, the upstream-downstream variations of precipitation (between 300 and 700 mm) and their spatio-temporal intensities promote the removal of considerable amounts of materials. The EPM model integrates temperature as a factor in the quantitative evaluation of water erosion. There are no values related to this climatic element derived from observations or instrumental measurements in the watershed. Surface temperatures from satellite images were considered. These show large spatio-temporal variations at the scale of the watershed, introducing an additional dimension in the spatial variation of water erosion in the Toudgha catchment. Thus, the characteristics of all the generating, regulating, and accelerating factors of erosion give the study area a moderate to high fragility and intense vulnerability to the triggering and extension of water erosion.



Synthetic maps of the models:



The comparison aims to validate the geographical location of detected vulnerable areas, and then it is important to compare both the location and degrees of erosion. While EPM quantitative (erosion rate) and PAR qualitative (level of erosion) data may provide different types of information, both can be used to assess erosion and validate the location of vulnerable areas. EPM quantitative data can provide information on the erosion rate over time, while PAR qualitative data can provide a snapshot of the current level of erosion at a specific location. By comparing both types of data, it is possible to identify areas with a high erosion rate as well as areas with a high level of erosion, which can help to validate the location of vulnerable areas as well as the final maps. It is important to note that while EPM and PAR provide different types of data, they are both important tools for assessing erosion and can be used in conjunction with one another to provide a more comprehensive understanding of erosion patterns.



According to the final map of the EPM model (Figure 7 and Figure 8), the highest amounts of soil loss occurred in the Toudgha River catchment are located in the northwest, with an average of 4000 m3/km2/y. This area has the highest amount of rainfall and snowfall throughout the year, mainly during the winter season as well as marly, dolomite, clay, and sandstone lithological units. The steep slopes and low vegetation cover of this area make it a highly susceptible source to water erosion and floods (Figure 9), including falls, topples, translational slides, and lateral spreads. Based on the spatiotemporal analysis of potential soil loss from water erosion in all parts of the area, we can conclude the following results (Figure 7a): 40.62% of the catchment area (about 940.26 km2) had a significant soil erosion rate, defined as less than 800 m3/km2/y. This area was characterized by a dense vegetation cover (Toudgha River) and low slope degrees (lowlands), as well as concentrated urban building. A total of 16.72% of the area (386.74 km2) had a moderate soil erosion rate, with an annual erosion of (2000–3000 m3/km2/y), this area is located in the south region and has a medium slope degree, which belongs to the Anti-Atlas Mountains. A total of 42.66% of the area (986.98 km2) had the highest soil erosion rate (severe and excessive classes), with an average erosion rate equal to 3000 m3/km2/y of soil loss. This area was identified as a high-risk region due to moderate to steep slopes, moderate to high vegetation cover, and is characterized by degraded lands.



The PAP/RAC model provides a synthetic map of soil erosion distribution (Figure 7 and Figure 8), which demonstrates that the Toudgha River catchment is highly susceptible to erosion, mainly in the upstream region. The catchment can be divided into five classes of sensitivity, with the percentage of each class as follows: very low (71.57%), low (10.93%), moderate (7.85%), high (2.67%), and very high (6.97%) erosion sensibility of the total catchment area (Figure 7b). Areas with the highest vulnerability to erosion (classified as very high sensibility) cover a total of 9.65% of the whole catchment and are located in the extremity of the northwestern part, the vicinity of the Tizi n’Test fault to the south of the watershed (Jbel Saghro outcrop). These areas are characterized by soft and non-cohesive rocks, lack of vegetation cover, steep slopes, and weak resistance to weathering. In contrast, the central part of the basin, covering around 185.27 km2, which is equal to 7.85% of the whole catchment area, has shown moderate slope degrees, high to very high soil protection, and medium erodibility, demonstrating fewer erosion rates compared to the north and south regions. The remaining region is classified as having low to very low levels of erosion, covering a total of 82.50% of the area and having well-protected soils consisting of compact and unaltered rocks, which are located mainly in the western part (downstream) and characterized by adequate vegetation cover (Toudgha River), well-draining soils, lowlands, and reforestation activities. By using PAP/RAC mapping and considering factors such as slopes, geological data, land cover, and vegetation cover, it was possible to describe the state of erosion in the Toudgha catchment and identify areas where erosion sensitivity is high. The reduction in vegetation covers due to both climatic conditions and human activities, such as overgrazing, is a significant factor contributing to erosion in the study area. To reduce soil loss and control water erosion in the catchment, various measures can be taken, including reducing grazing pressure, reforestation, and using check dams to control surface runoff. These solutions will help to protect the soil and riverbanks and enhance the sustainability of the ecosystem in the Toudgha River catchment.



Both models used in this study confirmed that the north and south regions are the most vulnerable (characterized by high erodibility and low soil protection degrees), which is consistent with the field observations in the study area (Figure 9). These regions are distinguished by high elevation, steep slopes, intense rainfall, low vegetation density, fragile rock formations, the density of fractures and faults, and rapid topsoil erosion. Based on their high susceptibility to erosion, these regions should be given priority in terms of mitigation and maintenance efforts [85]. One of the main limitations of this study is the diversity and resolution of the data sources used, including DEM, LULC, lithology, and soil types (Table 1). It is challenging to choose the appropriate spatial resolution in natural hazard modeling studies, as pointed out by Elbadaoui et al. [86]. This issue is particularly relevant in areas with limited geographical data, such as the southeast of Morocco. To conduct this study, all the thematic layers were resampled at a 12.5 m resolution. Another limitation is the lack of data on important parameters such as soil texture, soil depth, and water table depth. Despite these limitations, the results of this study can still be considered effective for improving the quality of spatial outputs related to water erosion prediction at the national level, as demonstrated by the performance evaluation. In summary, the results of the field validation of the EPM and PAP/RAC models for estimating erosion potential in the Toudgha catchment showed that the locations of moderate and heavy erosion potential were accurately predicted, while the locations of slight erosion potential were not as accurate. The EPM model provided more reliable results compared to the PAP/RAC model, with both models yielding similar and generally reasonable results concerning field evidence.



To control erosion in these areas, several solutions can be implemented. One approach is to improve vegetation cover, which can protect the soil from erosion by stabilizing the surface and absorbing excess water. Other methods include the use of physical barriers, such as fences and terraces, to slow down water runoff and control sediment transport. Additionally, sustainable land use practices, such as conservation tillage and crop rotation, can help to reduce soil erosion and improve soil health.



Compared to other desert regions in North Africa, the areas in the table data share similar characteristics and erosion patterns. For instance, the High Atlas Mountains region, which covers parts of Morocco, Algeria, and Tunisia, is characterized by steep slopes, low vegetation cover, and frequent rainfall and snowfall during winter seasons, similar to the areas in the EPM and PAP/RAC models. The Sahara Desert region, which spans several North African countries, is also prone to erosion due to its arid climate, wind erosion, and dune movement.



The qualitative study of potential erosion using the PAP/CAR method, based on natural factors (slope, lithology, vegetation cover, and land use) allows for the analysis and understanding of the issue of erosion risk in the study area. It demonstrated its importance as an effective tool for a simple and rapid general diagnosis of potential hydraulic erosion risk at the watershed scale of the Toudgha River. This work enabled the establishment of a multi-source database on the study region and demonstrated the importance and contribution of geographic information systems and remote sensing to the mapping of areas at risk of hydraulic erosion. The predictive phase provided information on the current state of soil degradation based on the degree of influence of different factors that control hydraulic erosion. It shows that 80.52% of the studied watershed has low to moderate erodibility, while only 19.48% has high to very high erodibility. The descriptive approach showed that soil degradation and loss manifest in different forms of hydraulic erosion, with a predominance of gullies and surface rills in low lands downstream, as well as sheet erosion in the central part of the catchment.



The model outputs of the EPM rely heavily on the multiplication of the model parameters. As an example, when the average erosion resistance of rocks (soil erodibility coefficient Y) varies, the total annual volume of detached soil (Wa) will vary proportionally. However, not all parameters are included in the model through multiplication. Some parameters such as the average slope of the study area (Ja), average annual temperature (T0), and drainage density (Dd) are categorized as high-sensitivity factors. The multiplication-form parameters are classified as very high-sensitivity factors. During model modification, it is essential to consider two things to reduce model errors and uncertainties. Firstly, it is necessary to assess whether the average annual temperature is given sufficient significance in the model. Secondly, it is important to evaluate whether the integration of T0, which represents the annual temperature average (e.g., 32° for the Tinghir region in our case) in the model, limits its applicability to regions with similar climates.



The topography of the upper part of the Toudgha River catchment, specifically the average slope length and gradient, significantly influences water erosion, runoff, and downslope sediment transport. The parameter representing these characteristics, Ja, has a high impact on the model outcome. However, when considering its sensitivity index, I, Ja falls within the lower high-sensitivity class values.



In a previous study by Elbadaoui et al. [86], it was found that the ranking of parameter sensitivity is dependent on the variable, location, and case study. Therefore, it is necessary to conduct a sensitivity analysis for each new catchment study to select a subset of parameters for model calibration and uncertainty analysis. The most sensitive parameters identified in the sensitivity analysis for the Gavrilović method are also considered significant in the scientific literature on erosion analysis [28,29,30].



Specifically, the soil erodibility coefficient and soil protection coefficient Xa are classified as very high-sensitive parameters, with Xa being a high-sensitive parameter concerning the Wa model output. In a separate analysis [28,29], the effect of using different information sources for the land use parameter Xa was investigated, revealing significant deviations in model output values. This analysis not only explores parameter uncertainty in the model but is also closely related to parameter sensitivity analysis since both consider deviations in parameter values, whether intentionally chosen or defined by external factors.



The results from the different degrees of erosion for the EPM and PAP/RAC models highlight the need for effective erosion control measures in these arid areas. Factors such as wind erosion, water erosion, and soil compaction contribute to erosion, and solutions such as improving vegetation cover, using physical barriers, and implementing sustainable land use practices can be effective in controlling erosion. The characteristics of these areas are comparable to other desert regions in North Africa, emphasizing the importance of studying and implementing effective erosion control measures in these regions. In summary, model parameterization plays a crucial role in determining the accuracy of model outputs. The sensitivity of each parameter should be carefully evaluated, and modifications should be made accordingly to reduce errors and uncertainties. Additionally, the applicability of the model should be assessed to ensure that it can be used in various regions and environments [87,88].





4. Conclusions


Soil erosion is a significant environmental issue that can result in reduced agricultural productivity, increased sedimentation of waterways, and loss of biodiversity. The north of the Toudgha River catchment located in the southeastern region of the Central High Atlas is particularly susceptible to erosion due to unfavorable erosion factors, mainly steep slopes, soft rocks, and low vegetation cover.



To address this issue, this study utilized a range of tools to provide a comprehensive understanding of erosion mapping. The EPM showed that annual estimating and the sensitivity of soil loss varied from upstream to downstream of the catchment due to differences in erosion factors and changes in vegetation cover resulting from land management and climate change. Meanwhile, the PAP/RAC method provided the distribution of soil loss over the catchment based on physical properties and protection factors. The results indicate that the upstream region of the Toudgha catchment with 9.65% and 8.56% of the whole area is highly or very highly prone to water erosion by applying both PAP/RAC and EPM, respectively. The correlation of the results between the two models highlights the importance of considering the quality of the user data, the climatic characteristics of the chosen area, and determining the number of coefficients for each model.



The information generated from this case study can be utilized in natural resource and soil conservation projects to develop targeted strategies for erosion control and prevention in the south of the High Atlas regions. However, it is important to recognize the limitations of the EPM and PAP/RAC methods, which rely heavily on expert knowledge and experience, and that further research is needed to refine their accuracy and explore their effectiveness in other regions. In conclusion, this study provides valuable insights into the severity of erosion in the Toudgha River watershed and emphasizes the importance of employing a range of tools and approaches to comprehensively analyze soil erosion. This knowledge can help to inform future conservation and management efforts, ultimately leading to a more sustainable and resilient ecosystem.
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Figure 1. The geographical location of the Toudgha River watershed. 
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Figure 2. (a) Elevation classes and (b) slope degrees of the study area. 
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Figure 3. Methodology adopted for running the EPM and PAP/RAC models under GIS software. 
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Figure 4. Causal factors of the erosion involved: (a) lithological units, (b) land use, (c) rainfall, (d) NDVI, (e) slopes, and (f) elevations. 
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Figure 5. Maps of erodibility (a) and soil protection (b) according to the PAP/RAC approach. 
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Figure 6. Digital maps of the EPM model parameters (a): Y factor; (b): Xa factor; (c): Ja factor; (d): Φ factor; (e): the erosion coefficient Z of the Toudgha River catchment. 






Figure 6. Digital maps of the EPM model parameters (a): Y factor; (b): Xa factor; (c): Ja factor; (d): Φ factor; (e): the erosion coefficient Z of the Toudgha River catchment.



[image: Land 12 00837 g006]







[image: Land 12 00837 g007 550] 





Figure 7. Maps of potential erosion risk of Toudgha River catchment. (a) EPM model and (b) PAP/RAC model. 
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Figure 8. Evolution of impacted areas regarding the erosion degrees of both prediction models. 






Figure 8. Evolution of impacted areas regarding the erosion degrees of both prediction models.



[image: Land 12 00837 g008]







[image: Land 12 00837 g009 550] 





Figure 9. Photographs showing the severity of water erosion and associated floods in the study area: (1) Taghia, (2) Taghzout, (3) Ait Iala, (4) Ait Hani, (5) Tilouine, (6) Taghia, (7) Asfalou, and (8,9) Tizgui. 
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Table 1. A descriptive evaluation of the EPM model parameters [15,60].
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	Soil Protection Coefficient (Xa)
	Value
	Coefficient of Type and Extent of Erosion (ϕ)
	Value



	Mixed and dense forest
	0.05–0.2
	Little erosion on watershed
	0.1–0.2



	Thin forest with grove
	0.05–0.2
	Erosion in waterways on 20–50% of the catchment area
	0.3–0.5



	Forest with little grove, scarce bushes, bush prairie
	0.2–0.4
	Erosion in rivers, alluvial deposits, karstic erosion
	0.6–0.7



	Damaged forest and bushes, pasture
	0.4–0.6
	>50% of the catchment area affected by surface erosion
	0.8–0.9



	Damaged pasture and cultivated land
	0.6–0.8
	Whole watershed affected by erosion
	1



	Areas without vegetal cover
	0.8–1.0
	
	



	Soil erodibility coefficient (Y)
	Value
	Erosion coefficient (Z)
	Value



	Hard rock, erosion resistant
	0.2–0.6
	Excessive erosion >1.00
	>1



	Rock with moderate erosion resistance
	0.6–1.0
	Severe erosion 0.70–1.00
	0.7–1



	Weak rock, schistose, stabilized
	1.0–1.3
	Medium erosion 0.40–0.70
	0.4–0.7



	Sediments, clay, and rocks with low resistance
	1.3–1.8
	Slight erosion 0.20–0.40
	0.2–0.4



	Fine sediments/soils without erosion resistance
	1.8–2.0
	Very slight erosion
	0–0.2










[image: Table] 





Table 2. Correlation matrix of resistance to erosion and slope degrees according to PAP/RAC model.
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Degrees

	
Code

	
Factor 1 (Slopes Degrees)

	
Factor 2 (Resistance to Erosion)




	
Classes

	
Area (km²)

	
(%)

	
Classes Degrees

	
Area (km²)

	
(%)






	
Very low

	
1

	
3–0%

	
962.3

	
41.51

	
Highly resistance

	
189.58

	
8.18




	
low

	
2

	
12–3%

	
554.42

	
23.91

	
Medium resistance

	
371.01

	
16.00




	
Medium

	
3

	
20–12%

	
424.74

	
18.32

	
Low resistance

	
436.73

	
18.83




	
High

	
4

	
35–20%

	
296.12

	
12.77

	
Coarse sediments

	
456.82

	
19.70




	
Very high

	
5

	
>35%

	
80.72

	
3.48

	
No resistance

	
864.6

	
37.29




	
Resistance to erosion

	

	

	




	
5

	
4

	
3

	
2

	
1

	

	
Slope degrees

	




	
2

	
1

	
1

	
1

	
1

	
1

	




	
3

	
3

	
2

	
1

	
1

	
2

	




	
4

	
4

	
3

	
2

	
2

	
3

	




	
5

	
5

	
4

	
3

	
3

	
4

	




	
5

	
5

	
5

	
4

	
4

	
5
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Table 3. Correlation matrix of vegetation density and land cover according to PAP/RAC model.






Table 3. Correlation matrix of vegetation density and land cover according to PAP/RAC model.





	
Degrees

	
Code

	
Factor 3 (Vegetation Density)

	
Factor 4 (Land Use/Cover)




	
Classes

	
Area (km²)

	
(%)

	
Classes Degrees

	
Area (km²)

	
(%)






	
Very low

	
1

	
<25%

	
577.92

	
24.93

	
Dry plantings

	
521.84

	
27.56




	
Lo

	
2

	
25–50

	
1463.22

	
63.12

	
Regular implants

	
495.25

	
21.41




	
Medium

	
3

	
50–75

	
250.12

	
10.79

	
Irrigated crops

	
463.88

	
20.05




	
High

	
4

	
>75%

	
27.05

	
1.17

	
Forest

	
369.79

	
10.98




	
Very high

	
5

	

	

	

	
Dense trees

	
462.68

	
20.00




	
Vegetation density

	

	

	




	
4

	
3

	
2

	
1

	

	
Land cover

	

	




	
4

	
4

	
2

	
5

	
1

	

	




	
4

	
4

	
5

	
5

	
2

	

	




	
1

	
1

	
2

	
3

	
3

	

	




	
1

	
2

	
3

	
4

	
4

	

	




	
2

	
3

	
4

	
5

	
5
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Table 4. Correlation matrix of surface susceptibility to erosion and soil protection according to PAP/RAC model.
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Degrees

	
Code

	
Erodibility

	
Soil Protection




	
Classes

	
Area (km²)

	
(%)

	
Class

	
Area (km²)

	
(%)






	
Very low

	
1

	
Very low

	
606.33

	
26.21

	
Extremely low

	
136.93

	
26.21




	
Low

	
2

	
Low

	
741.8

	
32.06

	
Insufficient

	
300.14

	
32.07




	
Medium

	
3

	
Medium

	
500.93

	
21.65

	
Average

	
291.89

	
21.66




	
High

	
4

	
High

	
309.27

	
13.37

	
Excessive

	
398.84

	
13.37




	
Very high

	
5

	
Very high

	
155.24

	
6.71

	
Valuable

	
1185.42

	
6.71




	
Erodibility

	

	

	




	
5

	
4

	
3

	
2

	
1

	

	
Soil protection

	




	
2

	
2

	
1

	
1

	
1

	
1

	




	
4

	
3

	
2

	
1

	
1

	
2

	




	
4

	
4

	
3

	
2

	
1

	
3

	




	
5

	
5

	
3

	
3

	
2

	
4

	




	
5

	
5

	
4

	
3

	
2

	
5
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