0 water
]

Article

Integrated Analysis of Erosion and Flood Susceptibility in the
Gorgol Basin, Mauritania

Mohamed Abdellahi El Moustapha Alioune 2, Riheb Hadji 1>, Maurizio Barbieri 3*(, Matteo Gentilucci *

and Younes Hamed °®

W) Check for updates

Academic Editor: Achim A. Beylich

Received: 21 October 2025

Revised: 15 December 2025
Accepted: 17 December 2025
Published: 22 December 2025
Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Earth Sciences, Institute of Architecture and Earth Sciences, Ferhat Abbas University, El Bez,
Setif 19000, Algeria; abdalahimostaf@gmail.com (M.A.E.M.A.); hadji.rihab@univ-setif.dz (R.H.)

Laboratory of Applied Research in Engineering Geology, Geotechnics, Water Sciences, and Environment,
Ferhat Abbas University, El Bez, Setif 19000, Algeria

Department of Chemical Engineering, Materials and Environment (DICMA), Sapienza University of Rome,
00185 Rome, Italy

School of Science and Technology, Geology Division, University of Camerino, 62032 Camerino, Italy
Department of Earth Sciences, Faculty of Sciences of Gafsa, University of Gafsa, Sidi Ahmed Zarroug
University Campus, Gafsa 2112, Tunisia; hamed_younes@yahoo.fr

Correspondence: maurizio.barbieri@uniromal.it

Abstract

The watersheds of the Senegal River, particularly the Gorgol River, are increasingly affected
by hydrological extremes such as floods and soil erosion, pressures that are intensified by
ongoing climate change and human activities. This study investigates the hydrological
functioning and erosion susceptibility of the Gorgol tributaries to support sustainable
watershed management. A multidisciplinary approach was applied, combining spatial
analysis of watershed characteristics with hydrological modeling and erosion risk mapping.
Key datasets included satellite-derived climate variables, which were validated with ground
measurements and integrated with topographic, geological, soil, and land-use data. Climate
analysis revealed a pronounced north-south rainfall gradient, with most precipitation
occurring between July and September, alongside a +1 °C temperature increase over the
past 42 years. Erosion susceptibility was assessed using the Revised Universal Soil Loss
Equation, incorporating factors such as rainfall erosivity, soil erodibility, slope parameters,
land-cover, and conservation practices. Results indicate that areas in the southern basin
and those with fragile soils are most vulnerable, with rainfall erosivity being the primary
driver of soil loss. Hydrological study identified flood-prone zones and characterized the
regimes. These findings offer a scientific basis for targeted interventions in erosion control
and flood risk reduction within the Gorgol basin.

Keywords: hydrology; RUSLE; erosion; GIS; flood

1. Introduction

West Africa has experienced pronounced variability in rainfall over recent decades,
with alternating droughts and increasingly frequent high-intensity rainfall events driven
by broader climate fluctuations [1,2]. These shifts have intensified hydro-environmental
pressures across the Senegal River Basin, particularly within tributaries that remain among
the least monitored hydrological systems in Africa [3]. Limited observational data and few
detailed basin-scale studies have left significant uncertainties regarding runoff generation,
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seasonal flood behavior, and sediment dynamics. These knowledge gaps undermine water-
resource planning, reduce the effectiveness of risk-mitigation strategies, and constrain
efforts to adapt to climate-induced hydrological variability.

A growing body of hydrological research across West Africa further highlights how
climate variability and land-surface changes interact to influence runoff dynamics and
flood responses. Recent analyses of the West African monsoon point to an intensification of
short-duration, high-intensity rainfall episodes, which increase direct runoff and shorten
infiltration times in semi-arid and sub-humid catchments [4,5]. Studies conducted in
the Senegal River Basin and similar Sahelian systems emphasize the dominant role of
convective storms, often producing rainfall intensities that exceed soil infiltration capacity
and trigger rapid, high-magnitude flood peaks [6,7]. Land-surface degradation, including
vegetation loss and soil crusting, further amplifies these responses by reducing retention
capacity and promoting efficient hydrological connectivity between uplands and valley
bottoms [8,9]. Remote-sensing analyses and field-based investigations consistently show
that flood dynamics are shaped by the interaction between topography, contributing area
connectivity, and the presence of slope breaks that channel overland flow downslope [10].
Despite these advances, flood-susceptibility mapping in the Senegal River remains limited,
and few studies have jointly assessed hydrological variability, geomorphic changes, and
their combined influence on flood hazards. This persistent gap highlights the need for
integrated approaches that can better capture how rainfall variability, land-use transitions,
and terrain complexity interact to produce flood risks at the basin scale.

The Gorgol and adjacent tributaries illustrate these challenges. Irregular precipitation,
the absence of flow-regulation infrastructure, and rapid land-use change have increased
the frequency and severity of flooding, accelerated soil erosion, and reduced the reliability
of water supplies for agriculture and domestic use (Figure 1), [11-14]. Soil degradation
is already a major regional concern, affecting nearly two-thirds of Sub-Saharan Africa’s
cultivated land—about 500 million hectares [15]. In the Senegal River Basin, erosion
contributes to declining soil productivity, higher sediment loads during peak flows, and
progressive destabilization of riverbanks and valley floors.

Hydrogeomorphic responses in these tributaries are strongly conditioned by the
interaction between rainfall intensity and contrasting topographic units—plateaus, glacis,
colluvial slopes, and blocky terrain. Earlier conceptual work, including the three-phase
erosion—transport-deposition model proposed by Orange [16], highlights the dominant role
of seasonal floods in controlling sediment dynamics. However, quantitative assessments
linking hydrological patterns with spatially explicit erosion susceptibility remain limited.
Bank retreat, rill development, and sediment redistribution have been documented locally,
but these processes have not been consistently mapped across the Gorgol Basin.

Several empirical and process-based erosion models—USLE, RUSLE, MUSLE, MME,
SLEMSA, EPM, and PSIAC—are available for evaluating soil-loss dynamics, yet their
application in West African tributary basins often remains constrained by data scarcity.
The Revised Universal Soil Loss Equation (RUSLE) is widely adopted due to its opera-
tional simplicity, flexible input structure, and compatibility with remote-sensing and GIS
datasets [17-19]. Despite this, its use in large and largely ungauged basins of the Senegal
River system is still rare. Most existing work focuses on small or well-instrumented catch-
ments and does not account for hydrological extremes or basin-scale heterogeneity [20-25].
As a result, current erosion assessments do not adequately reflect how rainfall variability
and local terrain conditions interact to shape spatial erosion patterns.

Recent methodological advances demonstrate that GIS-based computation of RUSLE
factors can significantly improve model accuracy, especially in complex terrain [25]. Appli-
cations in Ethiopia, Nigeria, and West Africa have shown the value of RUSLE for identifying
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erosion hotspots and supporting conservation planning [26-29]. However, no existing
study has jointly assessed hydrological behavior, water-availability dynamics, and spa-
tially explicit RUSLE-based erosion susceptibility within the Gorgol Basin or the broader
Senegal River tributaries. This knowledge gap limits understanding of the combined
roles of climate variability, land-use change, and topography in controlling erosion and
flood-related hazards.

Figure 1. Gully erosion photos in the Gorgol basin.

To address this gap, the present study develops an integrated hydrological and erosion
modeling framework for the uncontrolled tributaries of the Senegal River Basin. The
objectives are:

(i) to characterize hydrological conditions and water-availability dynamics under vary-
ing rainfall regimes, and

(ii) to map erosion susceptibility using a RUSLE-GIS approach incorporating rainfall
erosivity, soil erodibility, topographic factors, land-cover, and conservation practices.
By linking hydrological variability with spatial patterns of soil loss in a basin exceeding

22,000 km?, this study provides new insights into the dominant drivers of land degradation

in a poorly monitored region. The results contribute to improved watershed management,

support climate-adaptation strategies, and offer a technical basis for prioritizing soil- and

water-conservation measures across the Senegal-Gorgol system.

2. Study Area

The study area consists on the Gorgol basin, situated in Mauritania, in the upper
valley of the Senegal River (Figure 2). This watershed is classified within a plateau domain,
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primarily formed by the geological structures of Fouta Djalon, Fantofa, and the Manding
Mountains, with elevations ranging from 400 to over 1000 m. The region is markedly
dissected, characterized by isolated plateau fragments that reveal a history of varying
erosion cycles. In addition to the high plateaus, the region encompasses lower plateaus,
including the Mandingue, Assaba, and Tagant, which have elevations between 100 and
400 m. These areas generally display a uniform topographic profile, characterized by flat
plateau surfaces and deeply incised valleys that exhibit convex shapes, along with notable
hills and mounds. As the terrain approaches watercourses, it transitions into a step-like
configuration typical of glacis formations that connect to terraces.
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Figure 2. Geographic location of the Senegal river (blu) basin (green) focusing on the Gorgol sub-basin.

The Gorgol basin consists of both the Gorgol Noir and Gorgol Blanc, with the former
being regulated by the Foum Geita dam. Agricultural activities in this area are significantly
impacted by erosion, with reports indicating a 33% loss in revenue, prompting 11% of
local farmers to abandon their practices. Gorgol experiences a hot, dry desert climate
according to the Koppen—Geiger classification, with an average annual temperature of
30.6 °C and average annual precipitation of 539.9 mm (Figure 3). Historical data from 1980
to 2022 highlights particularly warm years, including 1983, 1987, 1998, 2010, and 2021,
reflecting cyclical temperature patterns occurring every 11 to 12 years. Additionally, a trend
of increasing temperatures has been observed over the 42-year period analyzed, averaging
an increase of about 1 °C across the watersheds.

The morphological features of the studied basin exhibit distinct concave and convex-
concave slopes, with primary topographic elements including plateaus, debris zones,
colluvial slopes, and glacis formations. The plateau areas are characterized by extensive,
gently sloping terrain with indistinct boundaries and are typically covered by low herba-
ceous vegetation, which facilitates diffuse runoff. Small, shallow depressions indicative of
subsidence within the lateritic crust are also present.

The transition zones between debris areas and colluvial slopes are significant, as they
facilitate runoff movement from diffuse flow at the summits to concentrated runoff that
actively erodes the armored surface, creating deep incisions. As the flow descends, the debris
layer modifies runoff dynamics, reducing water velocity and allowing for the deposition
of coarse materials such as stones and gravel transported from higher elevations. During
heavy rainfall, liquefaction of underlying clays can occasionally trigger sporadic block slides.
The dynamics of these topographic features are further influenced by rotational and sliding
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failures, primarily due to fractures parallel to the sandstone plateau edge, resulting from
thermal and hydroclastic processes, as well as erosion of the softer lateritic layers.
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Figure 3. The average temperature and mean total precipitation, (1981-2022).

The colluvial zone, located between the debris areas and the glacis, serves as a con-
nector between these two topographical features. Although less prominent than other
elements in the upper Senegal River basin, this zone is characterized by a fine matrix and a
breakpoint in the slopes. The steep slopes at the foot of the debris gradually soften, forming
a wide concavity. In this area, surface hydrodynamics transition from concentrated flow to
sheet flow, facilitated by the gentle slope and broad concavity, where water carries detrital
materials with greater erosive power compared to the debris zones.

The glacis, situated at the base of the debris and colluvial complex, often merges grad-
ually into the slope. The concavity at this junction is referred to as the “root of the glacis,”
with slope values ranging from 0 to 5 degrees, varying from 0 to 2.5 degrees downstream
and reaching up to 5 degrees upstream. Features such as rills, flow channels, and spoon-
shaped impressions on the glacis suggest a combination of diffuse and concentrated runoff,
influenced by the micro-relief. During heavy rainfall, water flows over the lower glacis in
a sheet-like manner, while a fluvial terrace lies below this glacis, typically composed of
sandy-clay soil that slopes toward the main riverbed of the rivers.

In the Gorgol region, land-use exhibits a varied distribution of different types of
land-cover. Notably, permanent crops are virtually nonexistent, comprising 0% of the total
land area, while seasonal crops account for a modest 2.96%. Freshwater bodies make up
1.84% of the landscape, and forests and wooded areas cover 4.82%. Interestingly, there
are no active mining, quarrying, construction sites, or landfills, all contributing 0% to
the land-use profile. Similarly, savannahs are absent, also registering at 0%. A significant
portion of the land, approximately 70.97%, is classified as bare or nearly bare soil, indicating
extensive areas devoid of vegetation. Sparse steppes and scattered vegetation comprise
18.20% of the region, while human habitats only represent 1.05%. Inland wetlands are
minimal, covering merely 0.16%, and there are no industrial, commercial, or transportation
zones, including large infrastructures, which similarly account for 0%. This distribution
underscores a landscape primarily dominated by bare soil and sparse vegetation, with
limited agricultural development and minimal human infrastructure.
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3. Materials and Methods
3.1. Overview of the Methodological Framework

The methodological workflow integrates climatic analysis, hydrological data process-
ing, and GIS-based erosion modeling using the RUSLE framework. The approach consists
of four main steps:

(i) Acquisition and preprocessing of climatic, hydrological, topographic, soil, and land-
cover datasets; (if) validation and harmonization of multi-source inputs; (iii) computation
of hydrological indices and flood-related parameters; (iv) and estimation of soil loss using
RUSLE and production of erosion-susceptibility maps.

All spatial operations were performed in ArcGIS 10.8 using a standardized projection
system (UTM Zone 28-29, WGS84), and all raster layers were resampled to a common
spatial resolution. A workflow summary is provided in Figure 4.

DATA ACQUISITION |

' v |

Climate Data Environmental Hydrological Data
(CHIRPS, etc.) Soil, Geology (NOAA-GHCN stations)
A\ 4
PEEIRE HA S INPUT HARMONIZATION & VAIDATION
Preprocessing T * Temporal aggregation
& QA/QC - ¢ Resolution standardization
e Multi-source consistency check
Projection,
Clipping,
Format conversion HYDROLOGICAL INDEX COMPUTATION
@GIs) > ¢ Flow-duration curves
¢ Baseflow & flood indices
o Peak-flow detection
RUSLE FACTOR MODELLING
e Rainfall erosivity (CHIRPS) SRR G
= . ) _ope _)
Soil erodibility (ISRIC) MODELLING
* Topography (STRM DEM) o
 Land Cover (CGLS/Landsat) | |Resterharmonization
o Conservation practice (default) Plxel~leve!
computation
l Soil-loss raster
EROSION SUSCEPTIBILITY MAPS | |8eneration
VALIDATION e i MCDA weighting
< Bigtoricl assification (Very low — High) L )
flood Inventory || * Hotspot detection
¢ Hydrometric l
comparison FINAL MAPS
o Satellite flood FLOOD SUSCEPTIBILITY & INTERPRETATION
extents °TWI eSlope e Drainage density

°|Wrivere Proximity ¢ MCDA weighting

Figure 4. Methodological workflow of the adopted approach.
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3.2. Data Sources and Acquisition
Environmental, Soil, and Geological Data

Soil and geological information was sourced from ISRIC and BRGM, providing har-
monized datasets on soil texture, organic matter, structure, and permeability, as well as
geological and geomorphological layers. Additional layers; including hydrography, water-
shed boundaries, land-use, and environmental features; were obtained from BRG, ISRIC,
BRGM, and project-specific repositories. Field surveys verified land-use patterns, drainage
networks, and selected soil properties.

All datasets were converted to GIS-compatible formats, projected, and clipped to basin
boundaries. The final database includes geology, pedology, DEM, land-use, and drainage
networks for slope, LS-factor, and soil erodibility computations.

3.3. Climate Data and Analysis
3.3.1. Satellite Climate Products

Climatic variables (precipitation, temperature, evapotranspiration) were extracted
from satellite-based Earth observation products, preferred due to sparse ground stations
and gaps in long-term records. Validation against ground observations involved: Pairwise
comparison of monthly values; computation of correlation coefficients and bias; and visual
inspection of time-series agreement.

Only datasets within acceptable deviations, following literature norms, were retained.

3.3.2. Climatic Characterization

Precipitation exhibits a pronounced north-south gradient with limited east-west
variation. Temperature ranges from 25.1 °C in January to 35.7 °C in May, occasionally
exceeding 42 °C, with extremes up to 52 °C. Minimum temperatures in December-February
can reach ~9 °C.

Rainfall is highly seasonal: <15 mm/month from January to March; increasing
from April; peaking at ~121 mm in August; decreasing below 25 mm/month by
October-December. Interannual variability (1981-2022) indicates a moderate rainfall in-
crease and ~1 °C warming across sub-basins. Climatic indicators informed rainfall erosivity
(R factor), hydrological indices, and seasonal flood characterization.

3.4. Hydrometric Data and Discharge Records

Daily river discharge data were compiled from in situ hydrometric stations operated
by regional water authorities in Mauritania. All observations originate from ground-based
gauging stations, ensuring that the dataset reflects direct hydrometric measurements rather
than derived or proxy information. In this study, three stations distributed along the
Gorgol-Senegal River system were selected for analysis.

The Kaedi_]1 station covers the period from 1 January 1990 to 17 February 2001 and
shows a mean discharge of approximately 5 m3/s. The Podor_J1 station provides the
longest and most continuous record, extending from 19 June 1903 to 8 September 2022,
with a slightly higher average discharge of about 6 m®/s, consistent with its downstream
position and the larger contributing catchment area. By contrast, the Podor_J]2 station spans
a shorter interval, from 3 September 2000 to 18 February 2001, and exhibits a lower mean
discharge of roughly 4.5 m?/s.

Overall, the discharge data are suitable for hydrological analysis, as they were collected
using standardized gauging methods commonly applied by national hydrological services
and river basin authorities. However, some limitations remain, including temporal gaps,
heterogeneity in record length across stations, and increased uncertainty during extreme
flow conditions due to rating-curve extrapolation. To address these issues, the dataset was
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subjected to systematic quality control procedures, temporal consistency checks, and the
removal of anomalous or suspect values.

The processed time series were subsequently used to derive key hydrological indi-
cators, such as baseflow components, flow-duration curves, and flood-frequency metrics.
Flood events were identified using discharge-based thresholds and incorporated into the
flood-susceptibility mapping framework.

3.5. Soil Erosion Modeling Using RUSLE
3.5.1. General Formulation

Soil loss was estimated using RUSLE [17], expressed as:
A=RxKxLSxCxP (1)

where A is mean annual soil loss (t*ha_l*yr_l), and R, K, LS, C, and P are rainfall erosivity,
soil erodibility, topographic factor, cover-management factor, and conservation-practice fac-
tor, respectively. Each factor was mapped as an independent raster layer before integration.

3.5.2. Rainfall Erosivity (R Factor)

The R factor (MJ*mm*ha~'*h~!*yr~!) was computed from validated monthly pre-
cipitation using empirical equations adapted to tropical and semi-arid basins. Monthly
erosivity values were summed to obtain annual R, and spatial interpolation (IDW /kriging)
produced continuous erosivity surfaces. Validation compared results with regional R values
reported in the literature.

In its original formulation, the R factor is derived from the El3j index, defined as the
product of the total storm energy (E) and the maximum rainfall intensity in 30 min period.
Expressed in MJ.mm.ha 1 h™! .yr~ !, the R factor is calculated using the (Equation (2)):

_ Y, (Elso);

R
N

(2)
where (El3p); represents the total kinetic energy of storm i multiplied by its maximum
30 min rainfall intensity, j is the number of storms recorded during the reference period N.

Implementing this formulation requires long-term rainfall records with 30 min tempo-
ral resolution. However, as highlighted in the literature, very few studies have been able to
determine the R factor using the original method proposed by Wischmeier and Smith [20],
mainly due to the limited availability of high-resolution rainfall data. Consequently, several
researchers have developed empirical relationships between the R factor and monthly or
annual rainfall.

Various formulations have been proposed depending on the regional context estab-
lished a relationship between annual rainfall (P) and the R factor [21] (Equation (3)):

R=05P £ 0.05 3)

Similarly, El Yacoubi [22] proposed a formulation for calculating R from the annual
maximum rainfall as (Equation (4)):

R = 0.0483 x P1.610 (4)

To estimate annual rainfall at the watershed scale, several types of precipitation data
can be employed, including long-term ground-based records, satellite-derived datasets
such as Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) (https:
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/ /www.chc.ucsb.edu/data/chirps, accessed on 1 October 2025), and gridded climatological
databases such as WorldClim (www.worldclim.org, accessed on 1 October 2025).

Given the practical limitations of applying the original formulation by Wischmeier
and Smith [20], this study adopts an empirical approach based on annual rainfall data.
The Roose [21] model was excluded, as it is not suitable for regions located in transitional
rainfall zones or along oceanic fronts, where its assumptions are not valid. The formulations
proposed by El Yacoubi [22] and Sanchez Moreno [30] exhibit comparable structures and
yield similar results. For this reason, we retained the El Yacoubi model, after verifying that
applying Sanchez Moreno’s formulation produced no significant differences in the spatial
distribution of predicted erosion.

The CHIRPS satellite dataset was ultimately selected for the computation of the R
factor following a comparative analysis of various rainfall sources. Based on these data, a
rainfall erosivity map for the study area was generated in raster format (Figure 5a).

8°0'E 12°0'E 4°0'E 8°0'E 12°0'E
ol 3 [ T : R g

N

N.0.91

2%

Yy
N.0.CL

4°0E 8°0E 4°0E 8°0E 2°0E

Figure 5. (a) Rainfall erosivity map (R factor); (b) Soil erodibility map (K factor); (c) Topographic
factor map (LS factor); (d) Cover management factor map (C factor), [0: Water; 0.01: Urban and forest;
0.1: Herbaceous wetland; 0.3: Cropland; 0.31: Scrubland; 0.39: Herbaceous vegetation; 0.45: No
canopy, no covers; 0.9: Bare/sparse vegetation].

3.5.3. Soil Erodibility (K Factor)

The K factor, representing soil susceptibility to detachment, was calculated using
ISRIC soil texture, organic matter, and structure classes. Soil texture was categorized per
the USDA system, and K values were assigned following standard nomograms.

Several studies have estimated the K factor (which represents the intrinsic suscepti-
bility of soils to erosion) using various global and regional soil databases. Some authors
derived their estimates from the SoilGrids database of the International Soil Reference
and Information Centre (ISRIC). For example, Adamou et al. [31] used the African Soil
Erodibility Map, while Thiaw et al. [32] and Hara et al. [33] extracted soil data from the
FAO Harmonized World Soil Database. The DHI [34] study relied on the FAO digital soil
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map, integrating it with a K-value table derived from RUSLEFAC. In another approach, El
Yacoubi [22] computed the K factor using the (Equation (5)):

K = (% sand + % silt) (% clay)/100 (5)

In the present study, the K factor was estimated using the Wischmeier formulation
(Equation (6)), which allows for a more detailed integration of soil texture, structure, organic
matter, and permeability:

K= (2.1 x (M1.14).(10 — 4) x (12 — MO) + 3.25.(S — 2)+2.5.(P — 3))/100 (6)

where M = (% silt + % very fine sand) x (100 — % clay)

MO = percentage of organic matter

S = soil structure code (1: very fine, 2: fine, 3: medium, 4: coarse)

P = soil permeability class (1: rapid, 5: very slow)

The estimation of the soil erodibility factor (K) was carried out based on this Wis-
chmeier formulation. The required soil texture fractions (sand, silt, and clay) and the
organic matter content were directly extracted from the ISRIC SoilGrids database, ensuring
spatial consistency and global comparability (Figure 5b).

The soil structure parameter (S) was determined through the interpretation of textural
classes derived from the SoilGrids database, while the permeability parameter (P) was esti-

mated by analyzing the combinations of soil texture and organic matter content, (Figure 6,
Table 1).

CODE | SOIL STRUCTURE
Very fine 1 Very fine
Clay Sile —»| 2 Fine
3 Medium
& 4 Coarse
f Medium e,
A
0% . ® \100%
100% Sand 0%

Figure 6. The soil structure parameter (S).

Table 1. The interpretation of textural classes through permeability.

Code Texture Class Permeability (p)
1 Clay < 18% and Sand > 65% Rapid
S L

Clay < 35% and Sand < 15% Moderate
35% < Clay < 60% Slow to Moderate
Clay > 60% Slow

3.5.4. Topographic Factor (LS Factor)

Slope length and steepness (LS) were derived from high-resolution DEMs. Flow accu-
mulation and slope gradient were computed, and the Desmet and Govers algorithm [35]
was applied to account for complex terrain. LS surfaces were visually inspected for DEM
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artifacts. This Slope Length and Steepness factor, which accounts for the combined effects
of slope length (L) and slope steepness (S) on soil erosion, is typically derived from Digital
Elevation Models (DEMs). In most studies, this factor has been computed using DEMs
obtained from the Shuttle Radar Topography Mission (SRTM) with a spatial resolution of
3 arc-seconds (approximately 30 m). Adamou et al. [32] applied the formulations proposed
by Desmet and Govers [35] and Renard et al. [17], while DHI [34] adopted the approach of
Stone and Hilborn [36] to estimate the LS factor from SRTM data. In the present study, the
LS factor was generated using the available topographic datasets, of 30 m-resolution DEM
by SRTM data. The computation of the LS factor was carried out using Wischmeier and
Smith formulation in the ArcGIS 10.8 software. The applied equations, evaluated at the
pixel level (i, j), are as (Equations (7)—(9)):

(Ai,j—in + Dz)m+1 + AT

i,j—in

L= ;
VDM g x (22.13)" @)
Si,j = 10.8 x sin(9) +0.03,6 < 5.15° 8)
Si,j = 16.8 x sin(9) — 0.05,9 Z 5.15° (9)
2 00856
wherem = —— et B = .
B+1P 05643 [sin 6]

0 is the slope angle (in degrees), A is the upslope contributing area, D is the cell size,
and, X;; = |sina;, j, + |cos «;j|; Where «i,j represents the aspect angle of the cell.

This procedure ensures a physically consistent estimation of topographic influence
on erosion processes by integrating both local slope gradients and contributing flow accu-
mulation areas. The resulting LS factor map, (Figure 5c), illustrates the spatial variability
of topographic control on erosion across the River Basin, highlighting areas with steeper
slopes and longer flow paths that exhibit higher erosion potential.

3.5.5. Cover-Management Factor (C Factor)

Cover-Management factors were assigned based on recent land-use/land-cover
(LULC) maps. Classes (cropland, forest, savannah, bare soil, settlements, water) were
matched with literature values, refined using field observations. These factors were as-
signed based on recent land-use/land-cover (LULC) maps. Classes (cropland, forest,
savannah, bare soil, settlements, water) were matched with literature values, refined using
field observations. Fenta et al. [25] utilized a land-cover map provided by the Coperni-
cus Global Land Service (CGLS), derived from PROBA-V data at a resolution of 100 m.
Similarly, Adamou et al. [32] and Hara et al. [33] employed Landsat 8 imagery to generate
land-use maps, which were then used to determine the cover management factor (C). DHI
relied on the “ESA CCI” land-cover map, which has a resolution of 300 m, assigning C
values to various vegetation cover classes based on existing literature.

The land-use map produced from CGLS data serves to identify the predominant
types of land-use. The C factor values are derived from bibliographic sources, including
Renard et al. [17] and Wischmeier and Smith [20], as well as adaptations specific to the
local context of the basin. Dense forests are characterized by a C factor of 0.01, indicating
a minimal risk of erosion (Figure 5d). Open forests also maintain a low C factor of 0.01,
comparable to urban areas and water bodies, which share the same factor. In contrast, shrub
savannas exhibit a higher C factor of 0.39, suggesting a moderate risk of erosion. Wetland
areas are assigned a C factor of 0.25. Cultivated land, particularly rain-fed agricultural
zones, has a C factor of 0.25, while areas under irrigation show a significantly elevated
factor of 0.45, highlighting their increased vulnerability to erosion. Additionally, regions
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subjected to slash-and-burn agriculture are similarly at a heightened risk, with a C factor of
0.45. Collectively, this data underscores the diverse levels of erosion risk associated with
various land-uses.

3.5.6. Conservation Practice (P Factor)

P factors were assigned using slope-based categories, reflecting standard conservation
practices (contour farming, terracing, strip cropping) in semi-arid basins. According to
Fenta et al. [25], “the P factor can be derived from satellite image classifications or previous
field-based reports. However, at regional scales, the quantity and spatial distribution of
conservation structures (bunds, terraces, contour farming) cannot yet be mapped with suffi-
cient precision.” For example, Hurni [37,38] reported that recent attempts to automatically
map conservation structures in the Ethiopian Highlands using high-resolution satellite
imagery were unsuccessful due to the low accuracy of the resulting maps. Consequently,
the P factor is rarely included in large-scale soil erosion assessments [39] and is generally
regarded as the least reliable parameter among the RUSLE factors.

Given the lack of detailed spatial data and the large extent of the study area, the
P factor was therefore set to 1 in this study. This assumption corresponds to the absence of
specific conservation practices and implies that the existing land management measures
have a neutral effect on erosion reduction at the basin scale.

At smaller scales, however, the P factor can be adjusted to reflect the effectiveness
of soil and water conservation practices in reducing runoff and erosion, as well as the
influence of local slope gradients. Wischmeier and Smith [20] derived reduction coefficients
for different conservation methods based on extensive plot-scale experiments. These
empirical relationships remain a key reference in soil erosion modeling (Table 2).

Table 2. P-factor values for various conservation practices and slope ranges [20].

Slope (%) Contour Farming  Strip Cropping * Mz wiin

Contour Cropping

|| to field boundaries 0.8 ** - -
1-2 0.6 0.30 -

2.1-4 0.5 0.25 0.10

41-7 0.5 0.25 0.10

7.1-12 0.6 0.30 0.12

12.1-18 0.8 0.40 0.16
>18 0.9 0.45 -

Note: * Four-year crop rotation: maize, cereals, hay. ** Applicable for slopes up to 12%.

Table 2 highlights how contour-based and terracing practices can significantly reduce
soil erosion compared to non-conservation land-use, particularly on moderate slopes.
However, due to data limitations at the regional scale of this study, such differentiation
could not be spatially implemented.

3.6. Integration and Mapping of Soil Loss

Raster layers for all factors were harmonized and combined in ArcGIS using the
RUSLE multiplicative formula. Outputs include: Spatial distribution of predicted annual
soil loss; classification into erosion-susceptibility classes (very low to very high); and
identification of erosion hotspots to support conservation planning.

3.7. Hydrological Data Analysis

Hydrological conditions within the Gorgol basin were assessed using specific dis-
charge records from the main tributaries. These data were processed to characterize both
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the magnitude and temporal variability of streamflow. Seasonal patterns were also exam-
ined to distinguish baseflow contributions from episodic high-flow events. Streamflow
generally increased during winter and early autumn, reflecting periods of higher rainfall,
while the late spring and summer months were dominated by markedly reduced flows
or near-dry conditions. These seasonal and inter-annual dynamics provided the basis for
understanding flood-generating mechanisms within the basin.

3.8. Flood Susceptibility Assessment

Flood susceptibility was mapped using a multi-criteria decision analysis (MCDA) ap-
proach designed to incorporate the principal physical controls on flood occurrence. Four in-
dicators were selected based on their relevance to runoff generation and flow concentration:

3.8.1. Topographic Wetness Index (TWI)

Topographic Wetness Index (TWI): used to identify areas with a high likelihood of soil sat-
uration and runoff accumulation. The TWI is calculated from a DEM using (Equation (10)):

TWI = In (As/tanp) (10)

With As = upslope contributing area per unit contour width (m?/m).

And B =local slope angle (radians).

TWI expresses the potential for water accumulation in the landscape. High TWI values
indicate areas where water is likely to pool or remain saturated (valleys, flat zones), while
low values correspond to well-drained, steep areas where water is rapidly evacuated.

3.8.2. Slope

Slope: a key factor determining runoff velocity and the potential for rapid overland
flow. Slope is a fundamental topographic parameter that strongly influences surface runoff
dynamics. Steeper slopes increase gravitational force on flowing water, leading to higher
runoff velocity and a greater likelihood of rapid overland flow. Conversely, gentle slopes
slow down runoff, promoting infiltration and reducing erosion risk.

The slope derived from a DEM is commonly calculated as (Equation (11)):

Slope = arctan ((dz/ ox)? + (9z/ ay)z)l/ 2 11
where 9z/0 and dz/dy are the elevation gradients in the x and y directions.

3.8.3. Drainage Density (DD)

Drainage Density (DD): representing the degree of hydrological connectivity and the
efficiency of the drainage network. It also reflects how well a landscape is dissected by
streams and channels, serving as an indicator of hydrological connectivity and the efficacy
of water evacuation. Areas with high drainage density tend to transfer runoff quickly and
are often associated with limited infiltration and higher erosion potential. In contrast, low
drainage density suggests weaker channel development, slower runoff concentration, and
greater opportunities for water storage or infiltration. DD is calculated as (Equation (12)):

DD = Ly /A (12)
where L, = total length of all streams in the basin (km), and A = basin area (km?).

3.8.4. Proximity to Rivers and Tributaries

Proximity to Rivers and Tributaries: indicating zones exposed to inundation during
periods of channel overflow. It is a spatial indicator used to identify areas more susceptible
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to flooding during periods of channel overflow. Locations closer to riverbanks are typically
exposed to higher inundation risk due to their immediate connection to rising water levels,
while zones farther away generally experience reduced flood impact unless affected by
extreme events or poor drainage.

A simple distance-based expression is commonly used (Equation (13)):

D = dist (x,y; river) (13)

where D = distance from any point; (x,y) to the nearest river or tributary (m).

Each dataset was standardized to ensure comparability among indicators and com-
bined through a linear additive model. The weighting of parameters was guided by expert
knowledge and supported by findings from hydrological research conducted in comparable
semiarid environments. The resulting composite index was classified into four suscepti-
bility levels (low, moderate, high, and very high) using thresholds informed by historical
flood evidence and hydrometric observations.

3.8.5. Weighting and Scoring Method for Flood Susceptibility

To combine the four indicators (TWI, slope, drainage density, and proximity to rivers)
into a single flood susceptibility index, a weighted linear combination (WLC) was applied.
This method is widely used in MCDA-based hydrological mapping and enables each factor
to contribute proportionally to its relative importance.

3.8.6. Standardization of Each Indicator

Each factor was transformed to a normalized scale between 0 and 1 to allow comparison:
Xonorm = X — Xiin / Xmax — Xinin (14)
Higher values correspond to higher susceptibility, so distance-to-river was inverted:
Duorm =1 = (D — Dypin/Dmax = Dipin) (15)
Thus, areas closest to rivers receive values near 1 (highest susceptibility).

3.9. Model Validation

To evaluate the reliability of the flood susceptibility map, several independent valida-
tion sources were used:

Historical Flood Inventories, which were spatially overlaid on the susceptibility classes
to examine the correspondence between documented flood locations and predicted high-
risk zones.

Hydrometric Discharge Data, used to verify whether areas experiencing frequent or
intense flow events were consistently identified as highly susceptible.

Satellite-Derived Observations, where available, to confirm inundation extents during
major rainfall episodes.

Together, these validation steps were used to ensure the robustness and credibility of
the susceptibility model prior to its interpretation.

4. Results and Discussion
4.1. Implementation of the RUSLE Method in the Gorgol Basin

All datasets used in the modeling workflow were harmonized to a spatial resolution
of 30 m, ensuring full compatibility among the input layers (Figure 5). Factor overlays and
raster calculations were performed in ArcGIS, and the resulting water-erosion susceptibility
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map (Figure 7) expresses mean annual soil loss in tons per hectare per year (t-ha=!-yr=1).
These values represent long-term averages and therefore do not capture short-duration,
high-intensity events that may locally produce extreme erosion.
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Figure 7. Erosion susceptibility map in the Gorgol watershed.

To facilitate interpretation, erosion estimates were grouped using thresholds com-
monly adopted in regional and continental studies: values below 10 t-ha~!-yr~! indicate
low erosion, while rates exceeding 300 t-ha~!-yr~! correspond to severe erosion. A mild
spatial smoothing filter was applied to the outputs to reduce isolated pixel noise without
altering major spatial trends.

The erosion sensitivity map clearly reflects the strong north—south rainfall gradient
that shapes erosive dynamics across the Gorgol Basin (Figure 7). As documented in many
tropical environments, rainfall erosivity (R factor) is the dominant component of annual
soil loss. In this study, R values derived from CHIRPS data range from roughly 300 to more
than 850 MJ-mm-ha~!-h~!.yr~1. The southeastern hillslopes register the highest erosivity,
frequently exposed to intense convective storms, whereas the central lowlands exhibit
comparatively subdued levels. This gradient implies that the most exposed sectors receive
three times the erosive rainfall energy observed in the most sheltered zones.

Soil erodibility (K factor) also shows pronounced spatial variability. Estimated K values
span 0.015-0.045 t-ha-h-ha~1-MJ~!-mm™~!, with the highest erodibility concentrated in fine-
textured soils poor in organic matter. These materials are structurally weak and highly
prone to detachment under raindrop impact. In contrast, coarser and better-aggregated
soils in the basin’s northwest display lower K values and thus greater natural resistance.

Topographic influence is evident in the LS factor derived from the 30 m DEM. LS
values range from near zero across the wide alluvial plains to more than 25 on steep,
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dissected eastern slopes. Areas combining sharp gradients and long contributing flow
paths show the strongest topographic amplification of runoff energy, fostering accelerated
surface flow and high shear stress.

Land-cover plays a further regulatory role. Forested areas (both dense and open)
maintain very low C values (0.01), providing the most effective protection against soil
detachment. Shrub savannas (C ~ 0.39) and wetlands (C ~ 0.25) offer moderate buffering,
while irrigated croplands and zones affected by slash-and-burn practices, which reach
C = 0.45, exhibit limited vegetative shielding. Due to the lack of detailed information on
conservation measures, the P factor was kept uniform at 1 across the basin.

The resulting susceptibility map reveals strong spatial contrasts. Roughly 45-50%
of the basin falls into low to moderate susceptibility classes, primarily in the central and
northwestern sectors. These areas combine gentle slopes (<5°), broad valley systems, and
some vegetation cover, which reduce runoff velocity and limit erosive potential.

By contrast, the eastern and southeastern sectors display the highest susceptibility
levels. Nearly 20% of the basin (mostly within these areas) belongs to high or very high
susceptibility classes. Steep slopes (>15°), rugged terrain, and a dense drainage network
intensify flow concentration, promoting rill, gully, and sheet erosion. The clustering of
these high-susceptibility zones highlights the strong geomorphic control exerted by local
relief and the limited presence of stabilizing vegetation.

Hydrographic corridors represent additional hotspots. Several main drainage lines
align with elongated belts of elevated susceptibility, particularly in the central and southern
parts of the watershed. Frequent channel incision and repeated high-flow episodes expose
adjacent slopes to lateral erosion. Near the reservoir, susceptibility increases along con-
verging flow paths, signaling an enhanced risk of sediment delivery and raising concerns
regarding accelerated siltation.

A sub-watershed breakdown reveals further differentiation. Northern and northwest-
ern sub-basins consistently show low susceptibility due to stable geomorphology and
protective vegetation. Downstream units exhibit a more heterogeneous pattern driven by
abrupt slope transitions, variable soil characteristics, and the expansion of agriculture onto
erodible substrates. The eastern fringe remains the most critical hotspot, where steep topog-
raphy and tightly spaced drainage channels jointly promote rapid soil loss and localized
mass movements.

These results carry clear implications for land and water management. High-
susceptibility sectors should be prioritized for targeted interventions such as terracing,
reforestation, controlled grazing, and slope-stabilization structures. Moderate-susceptibility
areas require preventive action to avoid future degradation under increasing land-use pres-
sure. Low-susceptibility zones should be preserved, as their gentle relief and vegetation
play an essential role in buffering runoff and reducing sediment transfer toward the reser-
voir and downstream ecosystems.

4.2. Hydrological Variability
4.2.1. Weighting of Indicators and Weight Matrix

To ensure transparency and reproducibility of the multi-criteria decision-making
(MCDM) procedure, the relative importance of the flood susceptibility indicators was
formalized using a pairwise comparison matrix, following the principles of the Analytic
Hierarchy Process (AHP). The matrix was constructed based on hydrological relevance
reported in the literature for semiarid basins, expert judgment, and the observed spatial
correspondence between historical flood occurrences and each predictor.

Flood generation in the Gorgol Basin is primarily controlled by runoff concentration
and soil saturation processes, which justify the dominant role assigned to the Topographic
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Wetness Index (TWI) and proximity to rivers. Drainage density plays a key role in flood
propagation and response time, while slope exerts a secondary but non-negligible influence
by controlling runoff velocity and infiltration capacity (Table 3).

Table 3. Pairwise comparison matrix of flood susceptibility indicators.

Indicator TWI Proximity to Rivers Drainage Density Slope
TWI 1 2 3 4
Proximity to rivers 1/2 1 2 3
DD 1/3 1/2 1 2
Slope 1/4 1/3 1/2 1

The values in the matrix express the relative dominance of one indicator over another
using Saaty’s fundamental scale. For example, TWI is considered moderately more impor-
tant than proximity to rivers and strongly more important than drainage density and slope,
reflecting its role in identifying saturation-prone areas and runoff accumulation zones.

The pairwise comparison matrix was normalized, and the final weights were obtained
by averaging the normalized rows. A consistency check was performed to ensure logi-
cal coherence of the judgments, yielding a Consistency Ratio (CR) below the commonly
accepted threshold of 0.10, indicating satisfactory consistency (Table 4).

Table 4. Final weights of flood susceptibility indicators.

Indicator (Wi) Hydrological Justification
TWI 035 Strong control on soil saturation, runoff accumulation;
’ high correlation with flood zones.
Proximity 0.30 Major driver of inundation; ~70% of historical flood
to rivers ' points occur within 250 m of riverbeds.
DD 0.20 Controls hydrological connectivity and concentration
' time; high DD = fast channel response.
3l 015 Influences runoff velocity and infiltration; effect is
ope ’ moderate compared to other factors.
Sum 1.00 /

These weights were subsequently used in the weighted linear combination model to
compute the composite Flood Susceptibility Index (FSI).

4.2.2. Weighted Linear Combination Model

The composite flood susceptibility index (FSI) was calculated as:
FSI =0.35 TWlyorm + 0.30 Dyorm + 0.20 DDyyopy + 0.15 Slopesorm (16)

where all indicators were previously normalized to a common scale between 0 and
1. The resulting FSI values range from 0 (low flood susceptibility) to 1 (very high
flood susceptibility).

4.3. Reclassification into Susceptibility Classes

Thresholds were derived from:

natural breaks in the data distribution,
hydrological reasoning (TWI > 11, DD > 2.5 km/km?),
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spatial coincidence with historical flood inventories and satellite flood maps (Table 5).

Table 5. Flood Susceptibility Index (FSI) Classification and Interpretation.

FSI Range Class Interpretation
0-0.25 Low Well-drained uplands, low TWI, far from rivers
0.25-0.50 Moderate Transitional slopes and mid-basin sectors
0.50-0.70 High Convergent zones, high DD, moderate river proximity

Floodplains, depressions, steep-to-flat transitions,

0.70-1.00 Very High river-adjacent areas

The analysis of specific discharge records across the Gorgol basin shows marked
hydrological variability between upstream and downstream tributaries. Most headwa-
ter streams maintain persistently low flows, with specific discharges rarely exceeding
2 L/s/ha. By contrast, downstream tributaries exhibit pronounced fluctuations in response
to rainfall inputs, with peak discharges rising to values above 0.9 m3/s during wet periods
(Figure 8). Seasonal variations are clearly defined: average discharges during winter and
early autumn were 3-5 times higher than those measured in late spring and summer, when
flows frequently dropped below 0.1 m3/s or became intermittent. This strong seasonality
underscores the dominance of rapid surface runoff and the limited influence of sustained
baseflow during dry months.

101

- Measured discharge
—=—- Baseflow

Discharge (m3/s)

Jun Jul
Month

Figure 8. Long-term series from 19 June 1903 to 8 September 2022, of the Podor_]1 station.

The flood susceptibility map derived from the MCDA framework reveals distinct
spatial patterns throughout the main river course, primary and secondary tributaries of the
watershed (Figure 9). Approximately 42% of the basin falls into the null to low-susceptibility
class, largely corresponding to gently sloping uplands and well-drained terrain. Moderate
susceptibility accounts for roughly 25%, forming broad transitional zones surrounding
the central basin. High and very high susceptibility classes jointly represent about 33%
of the total area. These more vulnerable zones are concentrated along densely structured
drainage corridors, at sub-basin confluences, and across low-lying depressions adjacent to
major tributaries of the River. The convergence of steep slopes, elevated TWI values, and
high drainage density in these sectors results in spatial clusters that are highly prone to
rapid flow accumulation and inundation.

The cities of Kaedi, Barogal, Barkewol, and Mbout face a direct and growing threat
from seasonal flooding. During the rainy season, these flood events are becoming more
frequent and intense, often escalating into severe storms. This troubling trend is closely
linked to broader shifts in regional weather patterns, driven by the ongoing impacts of
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Figure 9. Flood-Prone Areas Map of the Gorgol Basin.

The relative contribution of each indicator to the composite index mirrors the hydro-
logical behavior observed in the field. Areas characterized by TWI values exceeding 11,
slopes steeper than 18-20°, and drainage densities above 2.5 km/km? consistently align
with the high-susceptibility classes. Proximity analyses show that nearly 70% of historically
flooded locations occur within 250 m of a permanent or seasonal watercourse. These
spatial relationships highlight the strong hydro-geomorphic coupling that governs flood
generation in the basin.

Hydrological dynamics within the sub-watersheds further illustrate the heterogeneity
of flood responses. Several downstream sub-basins (especially those feeding directly
into the Gorgol River) concentrate runoff rapidly during storm events, producing peak
discharges that commonly reach 0.91 m3/s and in some years exceed 1.2 m3/s. This
behavior contrasts with upstream areas, where peak flows remain significantly lower and
flood propagation is more attenuated. The geometry of the drainage network plays a
decisive role: sub-basins with elongated shapes and high bifurcation ratios show faster and
more synchronized hydrograph responses, amplifying downstream flood hazards.

Observed flood impacts confirm the severity of these hydrological conditions. Re-
current inundations have led to extensive soil erosion, loss of croplands, and damage
to rural infrastructure. Sediment transport has intensified in high-susceptibility sectors,
contributing to the gradual infilling of rivers, lakes, and reservoirs (including the Foum
Gleita dam). Recent events illustrate these vulnerabilities. The 2022 flood season, one of
the most destructive in recent decades, affected 31 high-alert localities across the basin. The
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F. Gleita—Kaedi sector was particularly impacted, as exceptional inflows combined with
the full closure of the Kaedi gate bridge at maximum water level, producing widespread
inundation and additional structural damage. These observations align with the spatial
predictions of the susceptibility model, providing strong validation of its reliability.

4.4. Integrated Soil Erosion and Flood Susceptibility Mapping in the Gorgol Basin

The integrated assessment of soil erosion intensity and flood susceptibility offers a
robust and operational framework for identifying priority intervention zones within the
Gorgol Basin (Figure 10). The combined zoning highlights hydro-sedimentary hotspots
where moderate to severe erosion overlaps with high to very high flood potential, re-
vealing areas exposed to compounded degradation and hazard. These critical zones are
predominantly located along major river corridors, floodplains, sub-basin confluences, and
slope—valley transition areas, where intense rainfall promotes rapid runoff concentration,
enhances soil detachment on hillslopes, and triggers downstream inundation.
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Figure 10. Integrated Map of Flood-Prone Areas and Soil Erosion Susceptibility in the Gorgol Basin.

In the eastern and southeastern sectors of the basin, steep gradients, high LS values,
dense drainage networks, and weakly protected soils act in concert to intensify both
hillslope erosion and flood propagation. These conditions favor the rapid transfer of
sediments toward downstream reaches, increasing channel instability and flood impacts.
In such areas, effective management should focus on upstream interventions, including
reforestation, terracing, controlled grazing, and slope-stabilization measures aimed at
reducing runoff velocity and sediment yield at the source.

By contrast, the central lowlands are characterized by moderate erosion rates but
elevated flood susceptibility, largely driven by high soil moisture conditions, low relief, and
close proximity to river channels. In these zones, flooding is primarily governed by satura-
tion excess and lateral flow processes rather than slope-controlled erosion. Management
strategies should therefore emphasize floodplain zoning, channel maintenance, sediment
retention structures, and the preservation of natural storage areas to attenuate flood peaks
and limit sediment redistribution.

The spatial convergence of erosion-prone slopes and flood-susceptible lowlands con-
firms the role of flood-prone areas as key sediment transfer and deposition pathways,
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linking upland erosion sources to downstream floodplains, agricultural lands, and reser-
voirs. This coupling highlights the limitations of sectoral approaches that address erosion
or flooding in isolation. Instead, the integrated soil erosion—flood potential zoning provides
a decision-support tool that enables coordinated planning, supports the prioritization
of nature-based and structural measures, and enhances the resilience of land and water
systems under increasing hydro-climatic variability.

4.5. Comparison with Previous Studies

These results are in line with flood susceptibility assessments in semi-arid African
basins, such as the Senegal River catchment [39,40] and the Niger Inner Delta [41,42], where
topography, drainage density, and proximity to rivers were key determinants of spatial
flood patterns [43]. The inclusion of TWI and weighted overlay GIS approaches confirms
the consistency of our methodology with established practices in similar climatic and
geomorphic settings [44]. Observed impacts, including soil erosion, cropland loss, and
infrastructure damage (Foum Gleita dam, Kaedi—Gorgol sector), highlight the practical
relevance of the susceptibility maps for land and water management. Targeted interven-
tions should prioritize high-susceptibility areas, while moderate zones require preventive
measures and low-susceptibility zones need preservation [45].

The spatial patterns of soil erosion susceptibility identified in the Gorgol Basin align
closely with RUSLE-based assessments from other semi-arid African river systems, particu-
larly the Senegal and Niger River basins. In these regions, rainfall erosivity and topographic
forcing are widely recognized as the primary controls on soil loss, with the highest erosion
rates occurring on steep, dissected uplands and along convergent hillslope—channel transi-
tion zones [17,46]. This pattern reflects the combined effect of intense convective rainfall
and concentrated surface runoff, characteristic of Sahelian hydrological conditions [47,48].

The observed spatial variability of soil erodibility in the Gorgol Basin, with elevated
K-factor values in fine-textured, weakly structured soils low in organic matter, is consistent
with findings from similar semi-arid landscapes in West Africa [49,50]. Such soils are
particularly prone to detachment by raindrop impact, especially when surface crusting
occurs during the rainy season. The pronounced influence of the LS factor further confirms
the critical role of slope gradient and slope length in amplifying erosion processes, in
agreement with regional and continental-scale studies [20,51].

The mitigating effect of vegetation cover observed in this study also supports previ-
ous research demonstrating the protective function of forested and savanna ecosystems
in reducing runoff velocity and soil detachment, whereas cultivated or degraded lands
with limited surface cover are highly susceptible to erosion [52]. Furthermore, the clus-
tering of high erosion susceptibility along major drainage corridors and near reservoir
inflows parallels reports from other Sahelian basins, highlighting enhanced sediment trans-
fer to downstream channels and storage infrastructures, often resulting in accelerated
siltation [53,54].

5. Adaptation and Mitigation Practices

Adaptation and mitigation efforts in the Gorgol Basin should be prioritized in areas
identified as highly susceptible to both soil erosion and flooding. On the steep eastern and
southeastern slopes, where concentrated runoff and dense drainage networks exacerbate
soil loss, key interventions include terracing, contour bunding, and cover cropping to
reduce detachment, complemented by small check dams or gabions in critical tributaries
to slow flow and encourage sediment deposition. In low-lying flood-prone farmlands
and urban areas along major drainage corridors (particularly near Kaedi, Barkewol, and
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Mbout) micro-retention basins, riparian buffer strips, and targeted channel modifications
are recommended to manage seasonal inundation and safeguard infrastructure.

These site-specific measures combine soil and water conservation with flood mitigation
to enhance both ecological and socio-economic resilience. By aligning interventions with
mapped vulnerability zones, management efforts can be efficiently focused to minimize
sediment transfer, reduce infrastructure damage, and strengthen adaptive capacity across
the basin’s most at-risk areas.

6. Conclusions

This study of the Gorgol watershed tributaries has provided insights into the spatial
variability of flow dynamics and soil erosion processes within a semi-arid basin. Through
the characterization of sub-watersheds, thematic mapping, and hydrological analysis, we
produced a spatially explicit assessment of both erosion and flood susceptibility. Ap-
plication of the RUSLE model enabled quantification of soil loss across the basin and
identification of the most vulnerable zones, while hydrological analyses highlighted key
patterns of discharge, hydrograph dynamics, and flood occurrences. These findings collec-
tively enhance understanding of how geomorphology, land-cover, and drainage networks
interact to shape erosion and flood processes in semi-arid African basins.

From a scientific standpoint, the integrated use of GIS-based RUSLE modeling with
multi-criteria flood susceptibility analysis provides a reproducible and adaptable frame-
work for risk assessment in comparable watersheds. This approach demonstrates the
potential for combining physically based erosion modeling with hydrological risk mapping
to inform basin-scale management and support evidence-based decision-making. The
study also yields several practical implications for sustainable watershed management. In-
tegrated interventions tailored to sub-basin-specific conditions can optimize water resource
protection and rehabilitate degraded hydrosystems. Conservation measures, including
restricted-use zones and buffer establishment, can safeguard ecologically sensitive areas.
Restoration of degraded landscapes (such as bare lands, steep slopes, and headwater zones)
using nature-based techniques can enhance ecological resilience. Moreover, community
engagement and awareness initiatives are essential to mitigate unsustainable practices such
as bush burning, deforestation, artisanal mining, and overgrazing. Continuous monitoring
and research are necessary to refine understanding of hydrological and geomorphological
dynamics, enabling adaptive and evidence-driven management. Despite these contri-
butions, the study has some methodological limitations. The RUSLE model provides
long-term average estimates and may not capture short-duration, high-intensity storm
events or localized mass movements. The weighting of flood susceptibility indicators relies
on expert judgment and literature-derived assumptions, which may introduce uncertainties.
Data gaps, particularly in high-resolution discharge measurements and records of conser-
vation practices, may affect the precision of spatial predictions. This research establishes a
site-specific framework for managing soil erosion and flood susceptibility in the watershed.
By linking environmental processes with socio-economic realities, the study provides ac-
tionable insights for sustainable basin management and highlights opportunities for further
research to reduce uncertainties and strengthen adaptive planning.
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