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INTRODUCTION

Soil erosion by water is widely recognized as 
one of the most serious forms of land degrada-
tion in semi-arid and arid regions, where fragile 
environmental conditions, irregular rainfall re-
gimes, and limited vegetation cover combine to 
intensify surface runoff and sediment detachment 
(Wischmeier and Smith, 1978; Renard et al., 
1997). The progressive removal of fertile topsoil 
not only reduces agricultural productivity but also 
accelerates downstream sedimentation, channel 

instability, and reservoir siltation, thereby threate-
ning water resources and ecosystem sustainabi-
lity (Morgan, 2005; Belasri and Lakhouili, 2016). 
These impacts are particularly pronounced in 
Mediterranean and North African environments, 
where climatic variability, episodic high-inten-
sity rainfall events, and increasing human pres-
sure have amplified erosion processes over recent 
decades, as demonstrated by several GIS-based 
erosion assessments conducted in Moroccan and 
Mediterranean watersheds (Sadiki et al., 2004; 
Bou-Imajjane et al. 2020).
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ABSTRACT
Soil erosion and sediment transfer represent major environmental challenges in semi-arid regions of southern 
Morocco, particularly in large watersheds characterized by strong topographic contrasts and fragile environmental 
conditions. This study assesses soil loss, sediment delivery, and channel sediment yield in the High and Middle 
Drâa watershed using a GIS-based implementation of the revised universal soil loss equation (RUSLE) combined 
with sediment delivery ratio (SDR) analysis. Climatic data, land use and land cover information, soil properties, 
and a 30 m resolution digital elevation model were processed within the ArcGIS environment to derive the spatial 
distribution of erosion-related factors and quantify sediment dynamics. The results reveal a marked spatial hete-
rogeneity of soil erosion intensity across the watershed. Very slight and slight erosion classes dominate in terms of 
area, covering about 61.7% of the basin, but contribute less than 4% of the total soil loss. In contrast, very high and 
extreme erosion classes together account for approximately 22.2% of the watershed area while generating more 
than 81% of the total annual soil loss. The estimated total soil loss reaches about 6 366 005 tons per year, with an 
average soil loss rate of approximately 46.2 t ha⁻¹ yr⁻¹. Sediment delivery analysis indicates an average SDR value 
of about 0.17, highlighting a limited efficiency of sediment transfer from hillslopes to the drainage network. Chan-
nel sediment yield ranges from less than 5 to more than 20 t ha⁻¹ yr⁻¹, with severe sediment yield classes repre-
senting only 21.7% of the channel surface but contributing over 70% of the total sediment delivered, estimated at 
approximately 1.09 million tons per year. The scientific contribution of this study is the quantitative identification 
of a spatial and functional decoupling between soil erosion intensity and sediment export, with sediment dynamics 
primarily controlled by slope, drainage connectivity, and land cover.
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In Morocco, soil erosion constitutes a major 
environmental challenge, particularly in large 
watersheds characterized by strong topogra-
phic contrasts, highly erodible lithologies, and 
heterogeneous land-use patterns (Sadiki et al., 
2004; Belasri and Lakhouili, 2016). Numerous 
studies have demonstrated that erosion rates 
vary considerably across Moroccan basins as a 
function of rainfall erosivity, soil physical pro-
perties, slope morphology, vegetation cover, and 
land management practices (Bou-Imajjane et 
al. 2020; El Jazouli et al., 2017). Consequently, 
spatially explicit approaches based on GIS and 
erosion modeling have become essential tools to 
accurately capture the spatial variability of ero-
sion processes and to identify critical sediment 
source areas that require priority conservation 
and land-management interventions (Renard et 
al., 1997; Meliho et al., 2023).

Geographic information systems (GIS), com-
bined with empirical soil erosion models, have 
become a standard and effective framework for 
assessing soil erosion at the watershed scale, as 
they allow the integration of topographic, clima-
tic, pedological, and land-use data within a spa-
tially explicit analytical environment (Renard 
et al., 1997; Sadiki et al., 2004). Among these 
models, the revised universal soil loss equation 
(RUSLE) has been extensively applied in Medi-
terranean and semi-arid regions due to its concep-
tual robustness, adaptability to GIS environments, 
and relatively moderate data requirements com-
pared to physically based models (Wischmeier 
and Smith, 1978; Belasri and Lakhouili, 2016). 
RUSLE estimates average annual soil loss by 
integrating rainfall erosivity (R), soil erodibility 
(K), topographic factors related to slope length 
and steepness (LS), land cover and management 
(C), and conservation practices (P), thereby ena-
bling detailed mapping of erosion susceptibility 
and spatial variability of erosion risk across hete-
rogeneous landscapes (Moore and Burch, 1986; 
El Jazouli et al., 2017).

The GIS-based implementation of RUSLE 
enables the integration of multi-source spatial da-
tasets, including digital elevation models, clima-
tic records, soil maps, and land-use information, 
to generate high-resolution erosion maps and spa-
tially explicit assessments of soil loss (Renard et 
al., 1997; Sadiki et al., 2004). Such maps provi-
de valuable insights into the spatial variability of 
erosion processes and facilitate the identification 
of areas most exposed to soil degradation (Moore 

and Burch, 1986). Previous applications of GIS-
based RUSLE in northern and central Morocco 
have demonstrated its effectiveness in quan-
tifying erosion risk and supporting soil conserva-
tion planning at both local and regional scales (El 
Jazouli et al., 2017; Belasri and Lakhouili, 2016).

The High and Middle Drâa watershed, lo-
cated in southern Morocco, constitutes one of 
the most environmentally sensitive hydrological 
systems in the region. Extending from the sou-
thern slopes of the High Atlas Mountains toward 
the central Drâa Valley, the basin includes steep 
mountainous headwaters, intermediate plateaus, 
and wide alluvial corridors. This area is characte-
rized by low and highly variable rainfall, episodic 
high-intensity storm events, sparse and disconti-
nuous vegetation cover, and increasing land-use 
pressure related to irrigated agriculture, grazing, 
and infrastructure development (Johannsen et al., 
2016; Mattingly et al., 2018). These combined 
geomorphological, climatic, and anthropogenic 
factors make the High and Middle Drâa basin par-
ticularly vulnerable to water-induced soil erosion 
and sediment transfer processes (Boudhar et al., 
2009; Amellah and el Morabiti, 2021).

Despite its strategic importance for water re-
sources and regional development, comprehensive 
spatial assessments of soil erosion in the High and 
Middle Drâa basin remain limited. Existing studies 
in this region have primarily focused on hydrologi-
cal variability, groundwater resources, and climate 
change impacts, while basin-scale evaluations ex-
plicitly addressing soil erosion patterns and their 
controlling factors are still scarce (Johannsen et al., 
2016; Mattingly et al., 2018). This lack of spatially 
explicit erosion assessments constrains the deve-
lopment of effective soil conservation strategies 
and sustainable land management policies adapted 
to the environmental constraints of the Drâa basin 
(Boudhar et al., 2009).

Despite the extensive application of GIS-
based RUSLE modeling in semi-arid regions, 
most studies remain limited to mapping soil loss 
patterns and rarely examine how erosion inten-
sity translates into effective sediment export at 
the scale of large watersheds (Johannsen et al., 
2016; Mattingly et al., 2018). In particular, the 
functional relationship between hillslope ero-
sion, internal sediment storage, and drainage 
connectivity remains insufficiently explored 
in large, topographically heterogeneous basins 
such as the High and Middle Drâa watershed 
(Boudhar et al., 2009).
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This study addresses this gap by focusing on 
the High and Middle Drâa watershed as an inte-
grated geomorphic system rather than a simple 
erosion-prone area. The central hypothesis is that, 
in large semi-arid watersheds, zones of maxi-
mum soil erosion do not necessarily control se-
diment export due to strong spatial variability 
in connectivity and internal sediment trapping. 
Accordingly, the study aims to (1) quantitatively 
distinguish erosion-dominated areas from sedi-
ment-export-controlling zones, (2) identify the 
geomorphological and land-cover factors gover-
ning this decoupling, and (3) assess how slope, 
drainage connectivity, and land use jointly regu-
late sediment dynamics at the basin scale.

By explicitly linking erosion intensity to se-
diment transfer efficiency, this study seeks to ge-
nerate process-based insight into the functional 
behavior of sediment dynamics in the High and 
Middle Drâa watershed and to support targeted 
soil and water conservation planning in large se-
mi-arid environments (Sadiki et al., 2004; Belasri 
and Lakhouili, 2016).

METHODS AND MATERIALS 

Study area

The study area corresponds to the High and 
Middle Drâa watershed, located in southern Mo-
rocco, (Figure 1). The basin extends from the 

southern slopes of the High Atlas Mountains 
toward the pre-Saharan domains and covers a 
wide altitudinal range, with elevations varying 
approximately from 450 m in the downstream 
plains to over 4000 m in the mountainous head-
waters. This pronounced topographic gradient 
controls drainage organization, slope morpholo-
gy, and hydrological responses across the basin 
(Johannsen et al., 2016).

The High and Middle Drâa basin is characte-
rized by a semi-arid to arid climate, marked by low 
and irregular annual rainfall, strong interannual va-
riability, and episodic high-intensity storm events. 
These climatic conditions, combined with steep 
slopes in the upstream areas and sparse vegetation 
cover, favor intense surface runoff and enhance 
susceptibility to water-induced soil erosion (Sadiki 
et al., 2004; Boudhar et al., 2009). The drainage 
network exhibits a dendritic pattern controlled by 
structural and lithological contrasts, with epheme-
ral channels dominating most of the basin.

Methodologies and data sets

In the context of this study, soil erosion in the 
High and Middle Drâa basin was evaluated using 
a GIS-based implementation of the RUSLE. The 
RUSLE model estimates the average annual soil 
loss (A, t·ha⁻¹·yr⁻¹) as the product of five ero-
sion-controlling factors according to the equation:

	 A = R × K × LS × C × P	 (1)

Figure 1. The High and Middle Drâa watershed
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where:	R represents the rainfall erosiv-
ity factor (MJ·mm·ha⁻¹·h⁻¹·yr⁻¹), K 
denotes the soil erodibility factor 
(t·ha·h·ha⁻¹·MJ⁻¹·mm⁻¹), LS corresponds 
to the topographic factor combining slope 
length and steepness, C represents the 
land cover and management factor, and P 
refers to the conservation practice factor 
(Wischmeier & Smith, 1978; Renard et 
al., 1997).

The estimation of these parameters was based 
on multi-source spatial datasets derived from cli-
matic records, soil databases, topographic data, 
and satellite imagery. Rainfall, soil, topography, 
and land-use data used for the computation of 
RUSLE factors, along with their spatial resolu-
tion and sources, are summarized in Table 1. All 
datasets were processed and harmonized at a spa-
tial resolution of 30 m within a Geographic Infor-
mation System environment to ensure consistent 
spatial analysis across the study area.

Although recent machine-learning ap-
proaches have shown promising performance in 
soil erosion prediction, their application generally 
requires large, spatially consistent training data-
sets and long-term ground observations, which 
remain limited in large semi-arid watersheds such 
as the High and Middle Drâa. In this context, the 
use of RUSLE is justified by its transparent struc-
ture, explicit representation of controlling fac-
tors, and suitability for data-scarce environments. 
More importantly, the objective of this study is 
not solely predictive accuracy, but the analysis of 

functional relationships between erosion inten-
sity, sediment delivery, and landscape connecti-
vity. RUSLE allows direct interpretation of the 
individual roles of slope, land cover, rainfall ero-
sivity, and conservation practices, thereby provi-
ding a conceptually appropriate framework for 
addressing the research questions of this study.

All primary datasets used in this study 
originate from widely recognized and qua-
lity-controlled sources, including satellite-based 
products and international soil databases, ensu-
ring reliable and consistent spatial erosion analy-
sis in the High and Middle Drâa watershed.

RUSLE configuration and GIS implementation 

RUSLE was implemented using a fully ras-
ter-based GIS workflow at a spatial resolution of 30 
m. All factor layers (R, K, LS, C, and P) were ge-
nerated or resampled to a common grid and harmo-
nized to the same coordinate system (UTM Zone 
29N), cell size, and spatial extent corresponding to 
the High and Middle Drâa watershed boundary.

Soil loss (A) was calculated for each ras-
ter cell by multiplying the spatially distributed 
RUSLE factors using the Raster Calculator ac-
cording to the equation A = R × K × LS × C × 
P, following the methodological framework illus-
trated in Figure 2. To ensure spatial consistency 
and reproducibility, GIS processing environments 
were fixed as follows: cell size = 30 m, snap ras-
ter = 30 m DEM, and analysis extent and mask 
limited to the watershed boundary. Zonal statis-
tics were subsequently applied to derive mean 

Table 1. Study data and data sources used for soil erosion assessment in the High and Middle Drâa basin
Data Description Spatial resolution Source

Rainfall
Long-term mean annual rainfall data 
derived from meteorological stations and 
regional climatic records

Interpolated to 30 m
National meteorological services 
and regional hydrological agencies; 
complementary global datasets

Soil Soil physical properties (% sand, % silt, % 
clay) used to derive soil erodibility (K factor) 30 m

FAO Digital Soil Map of the World 
(DSMW) and Harmonized World Soil 
Database

Topography
Digital Elevation Model used to extract 
slope, flow direction, flow accumulation, 
and LS factor

30 m SRTM DEM (USGS Earth Explorer)

Land use / Land 
cover

Land use and land cover classes used to 
derive cover-management factor (C) 30 m Landsat 8 OLI imagery (USGS / NASA 

Earth Explorer)

Conservation 
practices

Support practice information used to 
estimate P factor based on slope classes 
and land management assumptions

30 m Derived from land use, slope map, and 
literature-based coefficients

Drainage 
network

Stream network extracted from DEM and 
used for erosion–sediment connectivity 
analysis

30 m DEM-based hydrological analysis 
(ArcGIS 10.1)

Soil erosion Estimated average annual soil loss using 
the RUSLE model 30 m Computed in GIS environment
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soil loss rates and class-based contributions at the 
watershed scale.

All spatial analyses and RUSLE computa-
tions were performed using ArcGIS Desktop 10.1 
with the Spatial Analyst extension, while drai-
nage attributes required for sediment delivery 
analysis were derived using ArcHydro tools. As 
an empirical deterministic and non-iterative mo-
del, RUSLE does not involve model training or 
iterative calibration. Methodological robustness 
was ensured through sensitivity checks on key 
GIS-derived parameters, particularly those re-
lated to drainage delineation for channel slope and 
SDR estimation. The stability of spatial patterns 
across parameter values indicates that the results 
are not sensitive to a specific parameter choice.

The mean annual soil loss rate (t·ha⁻¹·yr⁻¹) 
was calculated as the spatial average of the 
RUSLE-derived soil loss raster across the entire 
watershed using zonal statistics within the GIS 
environment. This spatially averaged value repre-
sents a cell-based mean erosion rate rather than a 
simple division of total soil loss by the basin area

Rainfall erosivity factor

The rainfall erosivity factor (R) was estimated 
to characterize the spatial variability of rainfall 
aggressiveness over the High and Middle Drâa 

watershed (Figure 3b). Due to the lack of high‐re-
solution rainfall intensity data, R was calculated 
using long-term precipitation records based on 
the empirical formulation proposed by Rango 
and Arnoldus, which has been widely applied 
in semi-arid and Mediterranean environments 
(Wischmeier and Smith, 1978; Zema et al., 2018).

Mean monthly precipitation data were com-
piled for the period 2000–2024 and used to derive 
annual rainfall totals for each meteorological sta-
tion. Rainfall erosivity was then computed using 
the equation:

	 R = 10^(1.74 log₁₀ [Σ (Pᵢ² / P)] + 1.29)	 (2)

where:	Pᵢ represents the mean precipitation of 
month i (mm), and P denotes the mean 
annual precipitation (mm). This formu-
lation accounts for the seasonal concen-
tration of rainfall, which is a key driver 
of erosion processes in semi-arid regions 
characterized by irregular and episodic 
precipitation patterns (Zema et al., 2018).

The calculated R values, expressed in MJ·m-
m·ha⁻¹·h⁻¹·yr⁻¹, were spatially interpolated using 
the inverse distance weighting (IDW) method at 
a 30-m resolution within a GIS environment. As 
shown in Figure 3b, rainfall erosivity exhibits a 
marked spatial gradient, with higher values in the 

Figure 2. Schematic illustration of methods
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northern mountainous sectors influenced by oro-
graphic effects, and progressively lower values 
toward the southern arid areas of the basin. This 
spatial pattern reflects the combined influence 
of altitude, climatic variability, and rainfall dis-
tribution across the Drâa watershed, consistent 
with observations reported for other Moroccan 
semi-arid basins (Wischmeier and Smith, 1978; 
Zema et al., 2018).

Soil erodability factor

The soil erodibility factor (K) was estimated 
to represent the intrinsic susceptibility of soils 
to detachment and transport by rainfall and sur-
face runoff. In this study, K was derived from soil 
unit information obtained from the FAO digital 
soil map of the world (DSMW) and the Harmo-
nized World Soil Database. Although the EPIC/
Williams (1996) formulation expresses soil ero-
dibility as a product of texture- and organic-mat-
ter-related sub-factors (fcsand, fclsi, forgC, and 
fhisand), the detailed and spatially continuous 
soil property measurements required to compute 
these sub-factors were not consistently available 
at the scale of the High and Middle Drâa water-
shed. Consequently, representative K values were 

assigned to the dominant FAO soil units based on 
ranges reported in the literature for semi-arid en-
vironments (Wischmeier and Smith, 1978; Pana-
gos et al., 2015). These values were subsequently 
spatially mapped within the GIS environment to 
produce the K-factor raster at 30 m resolution. 
The soil data sources and parameters used for 
K factor estimation are summarized in Table 1, 
while the spatial distribution of soil erodibility 
across the watershed is illustrated in Figure 3d.

Topographic factor

The topographic factor (LS) expresses the in-
fluence of terrain morphology on water-induced 
soil erosion by integrating both slope length (L) 
and slope steepness (S) at the grid-cell scale. 
Slope length represents the distance over which 
surface runoff accumulates before sediment de-
position occurs or before runoff enters a defined 
channel, while slope steepness controls the ero-
sive power of flowing water. In this study, the LS 
factor was derived from a 30 m resolution digital 
elevation model by calculating slope gradient and 
flow accumulation within a GIS environment. 
The computation followed the widely adopted 
formulation proposed by Mitasova et al. (1996), 

Figure 3. Slope class (a), R factor (b), LS factor (c), and K factor (d) of the High and Middle Drâa watershed
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which is commonly used in RUSLE-based ero-
sion assessments:

	 LS = (Flow accumulation × Cell size /	
 	 22.13)^0.4 × (sin slope / 0.0896)^1.3	 (3)

The resulting LS factor map (Figure 3c) re-
veals pronounced spatial variability across the 
High and Middle Drâa watershed. High LS va-
lues are concentrated in the upstream moun-
tainous sectors of the High Atlas, where steep 
slopes and dense drainage networks prevail, in-
dicating a strong topographic control on erosion 
processes. In contrast, low LS values dominate 
the central and downstream areas characterized 
by gentler slopes and broader valley floors. This 
spatial pattern highlights the critical role of relief 
in controlling erosion susceptibility in the Drâa 
basin and is consistent with findings reported for 
other semi-arid Moroccan watersheds (Sadiki et 
al., 2004; Khalil Issa et al., 2014).

Cover factor

The cover management factor (C) reflects the 
protective effect of vegetation cover and land-use 
conditions against soil erosion by water. High C 
values indicate sparse to nearly absent vegetation 
cover, resulting in greater soil exposure to rain-
fall and runoff, whereas low C values correspond 
to areas where vegetation, although generally li-
mited, provides a certain degree of surface pro-
tection (Wischmeier and Smith, 1978).

In the present study, the C factor was derived 
from a Landsat-8 image acquired on 03/05/2023 
through the calculation of the normalized diffe-
rence vegetation index (NDVI) and its transfor-
mation into C values using the empirical rela-
tionship proposed by De Jong (1994):

	 C = 0.431 − 0.805 × NDVI	 (4)

Resulting values were constrained to the 
range [0–1] to ensure consistency with the 
RUSLE framework.

This approach is well adapted to semi-arid 
environments such as the Drâa basin, where ve-
getation cover is discontinuous and strongly 
controlled by water availability.

As illustrated in Figure 4b, high C values 
dominate most of the High and Middle Drâa wa-
tershed, indicating extensive areas characterized 
by very sparse or absent vegetation cover. These 
zones correspond mainly to plateaus, slopes, and 
arid sectors, and are therefore highly susceptible 
to soil erosion. In contrast, lower C values are 
concentrated along the main channel of the Drâa 
River, as well as in parts of the western sector and 
locally in the northeastern area of the basin. These 
areas coincide with the presence of riparian vege-
tation and irrigated or semi-natural agricultural 
zones, where vegetation cover, although limited, 
contributes to reduced erosion intensity. This 
spatial pattern highlights the strong influence of 
hydrological conditions and land-use practices on 
vegetation distribution and erosion control within 
the Drâa watershed.

Support practice factor

The support practice factor (P) represents the 
effect of soil conservation and land management 
practices on reducing soil erosion by modifying 
surface runoff pathways and slope conditions rela-
tive to conventional up-and-down slope cultivation 
(Wischmeier and Smith, 1978). This factor accounts 
for practices that reduce the erosive power of rain-
fall and overland flow through slope adjustment, 
land use organization, and surface management.

In the High and Middle Drâa watershed, 
detailed spatial information on conservation 

Figure 4. P factor (a) and C factor (b) of the High and Middle Drâa watershed
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practices is limited. Consequently, the P factor was 
derived indirectly by combining land-use catego-
ries with slope classes, a commonly adopted ap-
proach in semi-arid environments characterized 
by heterogeneous terrain and land management 
conditions (Bewket and Teferi, 2009). The water-
shed was first classified into major land-use types, 
including agricultural lands, rangelands, forests, 
bare lands, and water bodies, and subsequent-
ly subdivided according to slope classes derived 
from the slope map (Table 2; Figure 4a). Each 
land-use–slope combination was then assigned a 
representative P value following the empirical for-
mulation proposed by Werner et al., (2006):
	 P = 0.2 + 0.03 × S	 (5)
where:	S denotes slope gradient (%).

The resulting P factor values range from 0.10 
to 0.75 across the watershed (Figure 4a). Low 
P values dominate gently sloping agricultural 
areas and valley bottoms, indicating relatively 
effective erosion mitigation, whereas higher va-
lues are mainly associated with steep slopes and 
poorly managed or bare surfaces, reflecting li-
mited conservation effectiveness and increased 
susceptibility to soil erosion. This spatial pattern 
highlights the strong control exerted by slope and 
land management on erosion processes within the 
Drâa basin.

Sediment delivery ration

The sediment delivery ratio (SDR) expresses 
the proportion of eroded soil that is effectively 
transported from hillslopes to the drainage 
network and ultimately exported at the watershed 
outlet. Not all material detached by rainfall and ru-
noff reaches the river system, as a significant frac-
tion is deposited along hillslopes, footslopes, and 
valley bottoms (Maidment, 1993; Andualem et al., 
2023). SDR therefore provides a key link between 
potential soil erosion and actual sediment yield, 

allowing a more realistic assessment of sediment 
transfer processes at the watershed scale.

In the present study, SDR was estimated 
using an empirical approach based on channel 
slope, which has proven particularly suitable for 
data-scarce semi-arid environments where sedi-
ment measurements are limited (Gebrehivot et al., 
2014). The method assumes that steeper channel 
gradients enhance sediment transport efficiency, 
whereas gentler slopes favor deposition. Accor-
dingly, SDR was calculated as a function of the 
average slope of drainage channels derived from 
the digital elevation model using ArcHydro tools, 
following Equation :
	 SDR = 0.627 × SLP^0.403	 (6)

Sediment yield (SY) at the channel scale was 
subsequently estimated by combining the spatial-
ly distributed soil loss derived from the RUSLE 
model with the sediment delivery ratio. For each 
raster cell, sediment yield was calculated as:
	 SY = A × SDR	 (7)
where:	SY represents sediment yield (t·ha⁻¹·yr⁻¹), 

A is the average annual soil loss obtained 
from the RUSLE model (t·ha⁻¹·yr⁻¹), and 
SDR is the sediment delivery ratio. This 
raster-based multiplication allows the 
conversion of potential soil erosion into 
effective sediment delivery to the drain-
age network.

The resulting channel slope map (Figure 5) 
reveals spatial variability in drainage gradients 
across the High and Middle Drâa watershed. Hi-
gher channel slopes are mainly concentrated in 
upstream and structurally constrained sections 
of the drainage network, indicating greater sedi-
ment transfer efficiency, whereas lower gradients 
dominate downstream reaches and wider valley 
floors, where sediment deposition is more likely. 
These spatial patterns highlight the strong control 
exerted by channel morphology and topography 

Table 2. Slope class distribution in the High and Middle Drâa watershed
Slope class (%) Designation Area (ha) Area (%)

0–4 Flat 395 819 10.42

4–10 Gently sloping 1 570 461 41.33

10–18 Sloping 1 001 229 26.35

18–26 Strongly sloping 590 181 15.53

26–74 Steep 242 310 6.37

Total — 3 800 000 100.00
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on sediment connectivity and delivery processes 
within the Drâa basin, consistent with observa-
tions reported for other semi-arid watersheds 
(Gebrehivot et al., 2014).

RESULTS 

Soil loss

Based on Table 3, the soil loss map (Figure 
6), and the ArcGIS 10.1 processing workflow (Fi-
gure 7), the RUSLE results reveal a marked spa-
tial heterogeneity of soil erosion intensity across 
the High and Middle Drâa watershed. Overall, 
very low to low soil loss classes (0–14 and 14–
57 t·ha⁻¹·yr⁻¹) dominate most of the watershed 
area, reflecting the prevalence of relatively gentle 

slopes, extensive internal accumulation zones, 
and the mitigating role of land cover, which lo-
cally reduces the C factor.

In contrast, Figure 6 highlights spatially li-
mited but highly erosive hotspots, mainly located 
in the upstream and mountainous sectors of the 
basin. In these areas, steep slopes (high LS fac-
tor) combine with relatively higher rainfall ero-
sivity (R factor) and locally erodible soils (K 
factor), leading to moderate to extreme soil loss 
classes (57–144, 144–284, 284–568, and 568–
916 t·ha⁻¹·yr⁻¹). Although these classes occupy a 
small proportion of the total watershed area, they 
contribute disproportionately to the overall an-
nual soil loss, a characteristic pattern of semi-arid 
basins where erosion is controlled by a limited 
number of highly connected source areas.

Figure 5. Channel slope map of the High and Middle Drâa watershed

Table 3. Spatial distribution of soil erosion risk classes and approximate soil loss in the High and Middle Drâa 
watershed (Morocco)

Soil loss (t·ha⁻¹·yr⁻¹) Erosion risk class Area (ha) Area (%) Soil loss (t·yr⁻¹) Soil loss (%)

0–14 Very slight erosion 1 792 430 47.17 179 201 2.81

14–57 Slight erosion 553 618 14.57 51 430 0.81

57–144 Moderate erosion 391 275 10.30 368 101 5.78

144–284 High erosion 218 964 5.76 579 601 9.10

284–568 Very high erosion 421 845 11.10 2 198 502 34.54

568–916 Extreme erosion 421 868 11.10 2 990 170 46.96

Total — 3 800 000 100.00 6 366 005 100.00
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The synthesis presented in Table 3 confirms 
this contrast between area extent and erosion 
contribution: low-severity classes account for 
most of the surface area, whereas high and extre-
me erosion classes, despite their restricted spa-
tial extent, represent a major share of estimated 
soil loss. The ArcGIS 10.1 workflow illustrated 
in Figure 7, based on the multiplication of R, K, 
LS, C, and P factors using the Raster Calculator, 

further supports this interpretation. Elevated soil 
loss values observed in the upper parts of the 
basin therefore primarily reflect morphometric 
sensitivity (LS), enhanced rainfall aggressive-
ness (R), and local land-cover and conservation 
conditions (C and P).

Consequently, classifying soil erosion risk 
into six categories provides a robust framework 
for identifying priority areas for soil and water 

Figure 6. Soil loss of the the High and Middle Drâa watershed (Wischmeier classification)

Figure 7. Raster calculator workflow used to compute soil loss based on the RUSLE factors (R, K, LS, C, and P) 
in the High and Middle Drâa watershed
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conservation. Management efforts should focus 
on upstream erosive hotspots through slope sta-
bilization, vegetation restoration, improved land-
use practices, and targeted conservation mea-
sures, in order to reduce sediment production and 
limit downstream impacts within the High and 
Middle Drâa watershed.

Sediment delivery ratio

The spatial distribution of the sediment de-
livery ratio (SDR), (Figure 8a) derived from the 
SDR map and summarized in Table 4, reveals pro-
nounced spatial variability across the High and 
Middle Drâa watershed. SDR values range from 
very low to relatively high, reflecting contrasting 
sediment transfer efficiencies controlled by to-
pography, drainage connectivity, and slope gra-
dients. The lowest SDR class (0.000–0.324) do-
minates the watershed, covering about 35.43% of 
the total area. These areas are mainly associated 
with gently sloping valley bottoms and deposi-
tional zones, where sediment transfer capacity is 
limited and a large proportion of eroded material 
is retained within the landscape.

Intermediate SDR classes (0.325–0.367 and 
0.368–0.403) together account for more than 35% 
of the watershed area. These zones correspond to 
moderately connected hillslopes and midstream 

sectors, where sediment transport is facilitated but 
remains partially controlled by internal storage 
and attenuation processes. In contrast, the highest 
SDR classes (0.404–0.440 and 0.441–0.513), al-
though spatially restricted and representing less 
than 30% of the total area, are mainly concen-
trated in upstream and steeply sloping sectors. 
These areas exhibit strong channel connectivity 
and a high capacity to deliver sediments to the 
drainage network, as confirmed by their elevated 
average SDR values.

Overall, the results indicate that sediment ex-
port from the High and Middle Drâa watershed is 
controlled by a limited number of highly connec-
ted source areas, while large portions of the basin 
function as sediment sinks. This spatial decoupling 
between erosion-prone areas and effective sediment 
delivery highlights the importance of considering 
landscape connectivity, in addition to soil loss rates, 
when assessing sediment dynamics and prioritizing 
soil and water conservation measures.

Sediment yield in the High and Middle Drâa 
watershed was estimated from the intersection 
between the soil loss raster and the SDR. The re-
sulting sediment yield values exhibit a wide spa-
tial variability along the drainage network, with 
classes ranging from less than 5 t·ha⁻¹·yr⁻¹ to 
values exceeding 30 t·ha⁻¹·yr⁻¹ (Figure 8b). The 

Table 4. Spatial distribution of sediment delivery ratio (SDR) classes in the High and Middle Drâa watershed
SDR value Average Area (ha) Area (%)

0.000–0.324 0.29 1 346 280 35.43

0.325–0.367 0.35 821 465 21.62

0.368–0.403 0.39 518 972 13.66

0.404–0.440 0.42 409 183 10.77

0.441–0.513 0.48 704 100 18.52

Total — 3 800 000 100.00

Figure 8. SDR value (a) and sediment yield (b) of the High and Middle Drâa watershed
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Table 5. Channel sediment yield classes and estimated sediment delivery in the High and Middle Drâa watershed
SY (t·ha⁻¹·yr⁻¹) SY class Area (ha) Area (%) SY (t·yr⁻¹)

0–5 Low 21 640.35 35.10 39 951

5–10 Moderate 13 280.42 21.55 74 882

10–15 High 8 120.68 13.18 75 243

15–20 Very high 5 210.94 8.45 124 601

> 20 Severe 13 420.61 21.72 771 300

Total — 61 672.99 100.00 1 085 977

lowest sediment yield class (<5 t·ha⁻¹·yr⁻¹) repre-
sents the largest proportion of the channel sur-
face, accounting for about 35% of the total drai-
nage area (Table 5). These low-yield segments 
are mainly associated with gently sloping reaches 
and low-connectivity sections, where sediment 
transfer capacity remains limited.

Moderate and high sediment yield classes 
(5–10 and 10–15 t·ha⁻¹·yr⁻¹) together cover more 
than one third of the channel surface, reflecting in-
termediate transport conditions along midstream 
reaches. In contrast, very high and severe sedi-
ment yield classes (15–20 and >20 t·ha⁻¹·yr⁻¹), al-
though spatially restricted, are concentrated along 
the main channel and steep upstream tributaries. 
These sections exhibit a high sediment delivery 
efficiency and contribute disproportionately to 
the total sediment load, with an estimated contri-
bution exceeding 70% of the overall channel se-
diment yield (Table 5).

Overall, the spatial pattern of sediment yield 
closely mirrors that of the SDR distribution, 
confirming the dominant role of drainage connec-
tivity and channel slope in controlling sediment 
export. Despite the high potential soil loss es-
timated at the watershed scale, only a limited 
fraction of mobilized sediment is effectively 
transported through the channel network toward 
the outlet. A substantial proportion of sediments 
therefore remains trapped within channels and 
adjacent depositional zones, highlighting the 
buffering capacity of the High and Middle Drâa 
watershed and the importance of channel-scale 
processes in regulating sediment transfer.

DISCUSSION

The spatial patterns of soil erosion in the High 
and Middle Drâa watershed highlight the domi-
nant role of topographic and surface characteris-
tics in controlling erosion processes in semi-arid 

Moroccan environments. As shown in the soil 
loss map (Figure 6) and summarized in Table 3, 
very slight to slight erosion classes (0–14 and 14–
57 t·ha⁻¹·yr⁻¹) cover more than 61% of the water-
shed area. However, these classes contribute less 
than 4% of the total estimated soil loss, indicating 
that large low-relief sectors function mainly as se-
diment storage and accumulation zones. Similar 
distributions have been reported in several Mo-
roccan watersheds, where extensive low-erosion 
areas coexist with localized erosion hotspots (Sa-
diki et al., 2004; Taher et al., 2022; Tahiri, 2014).

In contrast, high to extreme erosion classes 
(144–284, 284–568, and 568–916 t·ha⁻¹·yr⁻¹) 
represent only about 28% of the watershed area 
but account for more than 90% of the total an-
nual soil loss, estimated at approximately 6.36 
million tons per year (Table 3). The extreme ero-
sion class alone contributes nearly 47% of total 
soil loss while occupying just 11.1% of the basin. 
This strong imbalance between areal extent and 
erosion contribution confirms that soil erosion in 
the Drâa watershed is driven by a limited num-
ber of highly vulnerable zones, mainly located in 
the upstream mountainous areas. These zones are 
characterized by steep slopes, long slope lengths, 
sparse vegetation cover, and locally high rain-
fall aggressiveness, conditions known to amplify 
the LS and C factors in the RUSLE framework 
(Wischmeier and Smith, 1978; Renard et al., 
1997). Comparable findings have been docu-
mented in the Rif and Middle Atlas watersheds, 
where erosion intensity is strongly controlled by 
slope morphology rather than by basin-wide cli-
matic averages (Yjjou et al., 2014; Khali Issa et 
al., 2010; El Amarty et al., 2024).

The SDR analysis further refines the inter-
pretation of erosion dynamics by accounting for 
sediment transfer efficiency within the drainage 
network. As illustrated in Figure 8a and reported 
in Table 4, low SDR values (0.000–0.324) do-
minate the watershed, covering approximately 
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35.43% of the total area. These low-connectivity 
zones correspond mainly to valley bottoms and 
low-gradient sectors, where sediment transport 
capacity is limited and a large proportion of ero-
ded material is retained within the landscape. Si-
milar low average SDR values have been reported 
for large semi-arid Moroccan basins, indicating 
the importance of internal sediment storage pro-
cesses (Briak et al., 2016; Taher et al., 2022).

Intermediate SDR classes (0.325–0.403) re-
present more than 35% of the watershed and are 
associated with moderately connected hillslopes 
and midstream areas, where sediment transfer 
is partial and strongly conditioned by local to-
pography and channel organization. In contrast, 
the highest SDR classes (0.404–0.513), although 
spatially restricted and covering less than 30% 
of the basin area, are concentrated in steep 
upstream sectors and along well-incised channel 
segments. These areas exhibit strong hydrologi-
cal connectivity and enhanced sediment delive-
ry capacity, confirming the positive relationship 
between slope gradient, drainage density, and se-
diment transport efficiency reported in previous 
Moroccan studies (Sadiki et al., 2004; Boufala 
et al., 2020).

Sediment yield mapping at the channel scale 
(Figure 8b) clearly reflects this connectivity-driven 
behavior. According to Table 5, the lowest sediment 
yield class (<5 t·ha⁻¹·yr⁻¹) represents the largest 
proportion of the drainage surface (about 35.1%), 
yet contributes less than 4% of the total channel 
sediment yield. Conversely, severe sediment yield 
classes (>20 t·ha⁻¹·yr⁻¹) occupy only 21.7% of the 
channel area but account for more than 70% of 
the total sediment delivered through the drainage 
network, estimated at approximately 1.09 million 
tons per year. Similar channel-scale contrasts have 
been observed in the Sebou and Oum Er-Rbia wa-
tersheds, where sediment export is controlled by a 
limited number of highly energetic channel reaches 
rather than by the entire drainage network (Briak et 
al., 2016; Taher et al., 2022).

Overall, the results demonstrate that erosion 
and sediment dynamics in the High and Middle 
Drâa watershed are governed by a strong spatial 
decoupling between erosion sources and effective 
sediment export. While large portions of the basin 
act as sediment sinks, upstream erosion hotspots 
and highly connected channel segments play a 
disproportionate role in sediment production and 
transfer. These findings are consistent with previ-
ous Moroccan studies and confirm the relevance 

of combining RUSLE-based soil loss estimation 
with SDR analysis to identify priority areas for 
soil and water conservation in data-scarce semi-
arid environments (Renard et al., 1997; Sadiki et 
al., 2004; Yahya and Nawaiseh, 2015).

CONCLUSIONS

The High and Middle Drâa watershed, lo-
cated in the arid to semi-arid southeastern region 
of Morocco, represents one of the largest and 
least studied hydrological systems in the coun-
try. Similar to other large Mediterranean and arid 
watersheds, it is characterized by strong geo-
morphological contrasts, episodic hydrological 
activity, and pronounced internal sediment stor-
age. However, unlike many Mediterranean basins 
that have been extensively investigated, the Drâa 
system has received limited scientific attention, 
and existing studies have often addressed it in a 
fragmented manner by focusing on isolated sub-
basins or specific valley sections.

The present study demonstrates that analyz-
ing the High and Middle Drâa watershed as a sin-
gle integrated system provides a more coherent 
understanding of erosion and sediment dynamics 
in large arid basins. The results show that, despite 
high potential soil erosion in upstream mountain-
ous areas, sediment export at the basin scale re-
mains limited due to strong internal storage and 
variable landscape connectivity. This confirms 
that, in large arid and Mediterranean-type water-
sheds, erosion intensity alone is insufficient to ex-
plain sediment yield patterns.

A key scientific contribution of this work lies 
in the quantitative identification of a spatial and 
functional decoupling between soil erosion and 
sediment export across a large, environmentally 
heterogeneous watershed. By combining the High 
and Middle Drâa sectors within a unified RUSLE-
based and connectivity-oriented framework, the 
study reveals that sediment transfer is controlled 
by a restricted number of highly connected slopes 
and channel segments, while extensive areas of 
the basin function as long-term sediment sinks. 
Such behavior is characteristic of large arid Medi-
terranean basins but has rarely been documented 
quantitatively for Moroccan watersheds of com-
parable size and climatic conditions.

By addressing the Drâa watershed as a whole, 
this study fills an important knowledge gap in 
erosion and sediment research in arid southern 
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Morocco. It demonstrates the relevance of using 
RUSLE not only as a mapping tool, but also as 
a basis for functional analysis of sediment dy-
namics in data-scarce environments. The find-
ings open new perspectives for future research on 
large Moroccan and Mediterranean arid basins, 
particularly in relation to climate variability, res-
ervoir sedimentation, and basin-scale land man-
agement. From a practical standpoint, the results 
suggest that soil and water conservation strategies 
should prioritize connectivity hotspots rather than 
focusing exclusively on areas of maximum soil 
loss, in order to effectively reduce sediment trans-
fer in arid and semi-arid regions.
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