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Abstract

Small hill reservoirs in arid North Africa face accelerating threats from soil erosion and
siltation, yet integrated assessments linking erosion dynamics, water quality, and soil
fertility remain scarce. This study presents a multi-component geospatial assessment of the
345 km? Es-Sabba watershed in the Saharan Atlas of southwestern Algeria. Soil loss was
quantified using the revised universal soil loss equation (RUSLE) integrated with Sentinel-2
imagery, a 30 m digital elevation model (DEM), and GIS analysis for 2016-2025. The mean
annual soil loss reached 26.3 t/ha/yr, with 68.4% of the watershed under high-to-severe
erosion; topography and vegetation cover were the dominant controls. Estimated sediment
delivery to the reservoir is 135,300 t/yr, projecting a functional lifespan of 11-15 years
without intervention. Hydrochemical analysis classified reservoir water as alkaline- and

W) Check for updates sulfate-rich, yet suitable for irrigation with very low sodicity risk (sodium adsorption ratio,
SAR = 0.08) and an excellent Irrigation Water Quality Index (IWQI = 91.75). Soils exhibited
low-to-moderate fertility (mean soil fertility index, SFI = 0.416), with widespread nitrogen
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1. Introduction

Climate change is transforming hydrological regimes worldwide, posing particularly
severe risks in water-stressed areas [1,2]. Arid and semi-arid zones (which constitute nearly
40% of the Earth’s surface and are home to over 2 billion people) are increasingly susceptible
to declining precipitation, rising temperatures, and intensifying land degradation [3]. These
areas experience synergies among multiple stress factors. They are subjected, among others,
to accelerated soil erosion, salinization, and unsustainable land-use practices that reduce
water security, agricultural production, the functioning of terrestrial ecosystems, and the
operational lifespan of hydraulic infrastructure systems for capturing and storing limited
water resources [4,5]. In consequence, it has become crucial to understand the complex
interactions among climate variability, land degradation, and water systems in order to
strengthen the resilience of dryland socio-ecological systems.

These global dynamics are well reflected in the Saharan Atlas region of Algeria, a tran-
sitional area between the Mediterranean Tell Atlas and the hyper-arid Sahara [6]. Rainfall
decreases of 20—-40% have occurred in western and central Algeria over the last century,
alongside temperature increases of 1.5-2.0 °C during the past five decades [7,8]. Such cli-
matic changes have impacted groundwater recharge, vegetation cover, agricultural yields,
and the year-round operation of dams and reservoirs, which form the basis of Algeria’s
water mobilization strategy [9]. Diminished precipitation and elevated evapotranspiration
have engendered increased hydrological variability, while extreme rainfall events have
heightened surface runoff and sediment transport [10,11].

Algeria currently has over 80 large dams, with a theoretical storage capacity of more
than 9 billion cubic meters [12]. But accelerated upstream soil erosion results in sedimenta-
tion at a rate estimated to collectively yield an annual loss of about 45 million cubic meters
of storage capacity [13]. In high-altitude catchments with rugged, highly eroding topog-
raphy within the Saharan Atlas, including Naama Province, sediment yields have been
recorded in excess of 1000 t km? yr, one of the highest values measured throughout North
Africa [14]. The accumulation of sediment at rapid rates diminishes the efficiency of water
storage in reservoirs, degrades the quality of the water held, and increases operational
costs, while drastically reducing the longevity of infrastructure [14-16]. Thus, sustainable
hydrology in these systems should involve integrated watershed management practices
that consider both erosion processes and the dynamics of water quality [17,18].

In arid and semi-arid regions where water management is vital, this paper is focused
on small-to-medium-sized hill reservoirs that offer supplementary services, including
irrigation, livestock watering, groundwater recharge facilitation, and flood alleviation [19].
Designed to irrigate about 150 hectares and contribute to improved rural water security,
the Es-Sabba hill Reservoir was built in the early 2000s, outside of the village of Sfissifa in
Naama Province. However, similar to other comparable structures in the Saharan Atlas, its
long-term sustainability is under threat from rapid siltation associated with upstream land
degradation and vigorous erosive processes. Sustainable management of such systems
requires a spatially explicit understanding of erosion hotspots, sediment delivery pathways,
and water quality conditions.

Geospatial technologies and remote sensing have been endorsed recently for wa-
tershed assessment in data-scarce contexts [20-22]. GIS-integrated satellite imagery and
empirical erosion models allow for quantitative risk mapping of erosion events, iden-
tification of selective sediment source areas, and evaluation of potential scenarios for
conservation [23]. Preparedness of such tools is often the domain of integrated land man-
agement scales, where the RUSLE has been among the most commonly applied models for
estimating watershed-scale long-term average soil loss because of its conceptual framework
and relatively moderate data needs [24-26]. RUSLE, coupled with high-resolution satellite
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data and digital elevation models (DEMs), contributes to a fine-scale understanding of
topographic controls, vegetation cover, and land-use patterns that mediate erosion dynam-
ics [27]. In semi-arid North Africa, increases in the salinity and turbidity of reservoirs due
to evaporation and sediment resuspension have been reported. However, water can still be
suitable for irrigation with targeted management [28].

Another important aspect of sustainable watershed management is soil fertility [29].
Low organic matter, nitrogen deficiency, phosphorus fixation, and alkaline pH of arid
calcareous soils limit vegetation growth [30]. Low fertility leads to reduced plant cover,
which increases soil exposure and susceptibility to erosion and creates a degradation feed-
back loop [31]. Composite indices (such as soil nutrient index (SNI) and soil fertility index
(SFI)) combine several parameters, including pH, organic matter, nitrogen, phosphorus,
potassium, and cation exchange capacity, into spatially meaningful indicators that enable
targeted management interventions [32]. Indeed, circular-economy methodologies de-
signed around the application of nutrient-rich reservoir sediments as soil amendments
demonstrate potent solutions for improving fertility and elongating reservoir longevity.

By now, a growing recognition has developed of the multi-dimensional nature of
watershed degradation in arid environments, but virtually all studies still tend to treat
erosion, water quality, and soil fertility as independent entities [33]. So far, only a handful of
studies have addressed high-resolution remote sensing combined with GIS-based RUSLE
modeling, hydrochemical assessment, and soil fertility analysis within a unified analytical
framework accounting for small hill reservoirs in Algeria [34,35]. The Es-Sabba watershed
has not been previously studied, and no comprehensive assessments of its erosion dynamics,
sediment yield (SY), water quality, or soil fertility status have been conducted. This
knowledge gap limits the ability to make evidence-based decisions regarding conservation
planning and climate adaptation in Naama Province. The novelty of this study lies in its
integration of three components: RUSLE-based erosion modeling, hydrochemical water
quality assessment, and composite soil fertility indexing within a single spatially explicit
framework applied to a previously unstudied arid hill reservoir catchment in the Saharan
Atlas. Unlike prior studies that address these dimensions independently, this unified
approach enables the identification of synergistic management opportunities, particularly
the circular-economy reuse of trapped sediments as soil amendments. Therefore, this study
determines a multi-criteria geospatial analysis of the Es-Sabba hill reservoir watershed.
The specific objectives are: (1) to quantify the spatial patterns and magnitude of soil
erosion using revised universal soil loss equation (RUSLE) integrated with Sentinel-2
multispectral imagery and GIS-based terrain attributes; (2) to assess quality of irrigation
water through physicochemical characterization and suitability indices; (3) to evaluate plant
nutrient status in soils by leveraging composite nutrient indices for identifying limitations
toward vegetation-based soil erosion control; and, (4) to identify and evaluate evidence-
based integrated watershed management strategies capable of measurably improving
reservoir lifespan, irrigation water sustainability, and soil fertility in climate-vulnerable
arid catchments. The integration of erosion modeling, hydrochemical evaluation, and soil
fertility assessment into a common sustainability framework represents a methodological
advancement for data-limited dryland watersheds over both the Saharan Atlas range and
the larger Mediterranean—Saharan transition zone.

2. Materials and Methods

2.1. Study Area Description
2.1.1. Geographic Location and Physiography

The Es-Sabba hill reservoir is situated in the Sfissifa area of Naama Province (Wilaya of
Naama), southwestern Algeria, about 80 km southwest of Naama (Figure 1). The watershed
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covers an area of about 345 km? and is located in the central Saharan Atlas Mountains
at altitudes between 1150 m and 1680 m above sea level. The regional physiography
consists of long, parallel east-west trending ridges and valleys that trace their origin to the
tectonic structure of the Saharan Atlas fold-and-thrust belt [7]. The Es-Sabba watershed is
located within an intermontane basin whose surface drainage is a network of eponymous
ephemeral wadis (seasonal streams) converging at the reservoir site.
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Figure 1. Study area: (a): The catchment area that feeds the hill reservoir; and (b): The hill reservoir
boundaries and sample distribution.

2.1.2. Climate and Hydrology

The study area has a transitional continental semi-arid climate (Koppen classification
BSk) to an arid climate [11]. Mean annual precipitation (210 mm, with high interannual
variability: coefficient of variation = 38%) was obtained at the Nadma station (1990-2024).
There is a distinct wet season, lasting from October to April, with the winter months
accounting for 55% of annual precipitation. Single storms can surpass 30 mm day~!
and produce flash floods in the episodic wadi system [7]. The temperature regime is
characterized by hot summers (mean maximum July temperature of 38 °C) and cold
winters (mean minimum January temperature of —2 °C) [36]. Mean annual temperature
is 15.5 °C with a pronounced diurnal range (15-20 °C). Potential evapotranspiration is
1650 mm/yr, approximately 7.9 times higher than mean annual precipitation, resulting in a
strongly negative water balance for up to 10-11 months each year [36].

The hydrological regime is dominated by short-lived flow of very high temporal
variability. The surface runoff in the watershed mainly results from extreme convective
rainfall events that surpass soil infiltration capacity and depression storage. A more
extensive analysis of rainfall data between 2006 and 2024 (Figure 2) reveals that months
with medium precipitation (>30 mm) occur within long dry periods. Such a hydrological
response is flashy, where peak discharges are achieved in most cases within 2—4 h after the
onset of rainfall, and flow recession usually takes place between 12 and 24 h.
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Figure 2. Annual precipitation totals and monthly mean values (average annual rainfall represented
by dashed line).

2.1.3. Geology, Soils, and Land Cover

The geological substratum consists of Mesozoic sedimentary rocks that were deformed
during the Cenozoic Alpine orogeny. The stratigraphic sequence consists of (1) Jurassic
marls and marly limestones in valley floors; (2) lower Cretaceous sandstones that make
resistant ridge-caps; and (3) upper Cretaceous limestone and dolomite in southern high-
land areas [4]. Arid climate, sparse vegetation, and calcareous parent materials limit soil
development. According to the FAO-UNESCO classification, the dominant soil types are
Calcisols (calcareous soils), Leptosols (shallow stony soils), and Regosols (weakly devel-
oped sandy soils) [37]. Soil texture ranges from sandy loam to clay loam, while carbonate
content usually falls between 15 and 35%. The organic matter is uniformly low (<1.2%).

Land cover is mainly composed of sparse shrubland (48% of the watershed area)
dominated by Artemisia herba-alba and Stipa tenacissima, rangeland (32%) with <30%
vegetation cover, rainfed agriculture (14%) that occupies lower slopes, and barren/rocky
surfaces (6%), which are steep escarpments [38]. The traditional dry-farming system with
barley is used as the second crop after wheat [38].

2.2. Data Acquisition and Preparation
2.2.1. Satellite Imagery and Digital Elevation Model

Sentinel-2 Level-2A surface reflectance imagery (10 m spatial resolution for visible
and near-infrared bands) was acquired for cloud-free dates during the 2024 growing season
(March, April) from the Copernicus Open Access Hub. Specifically, the scene acquired
on 15 April 2024 was selected as it exhibited <2% cloud cover and corresponded to the
period of maximum green vegetation cover, which represents the period of highest MSAVI2
sensitivity and aligns with the end of the main erosion-risk season (March—April) in the
Saharan Atlas. The use of a spring image is consistent with the RUSLE C-factor derivation
approach, which requires vegetation cover during the most erosion-prone wet season.
Atmospheric correction was performed using the Sen2Cor algorithm. The Modified Soil-
Adjusted Vegetation Index (MSAVI2) was calculated from the near-infrared (Band 8, 842 nm)
and red (Band 4, 665 nm) bands using the following Equation (1) [39]:

[2><NIR+1—\/(2><NIR+1)2—8>< (NIR — Red)

MSAVI2 = 5

)
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where NIR (near-infrared) refers to Band 8 (842 nm) surface reflectance, and Red refers to
Band 4 (665 nm) surface reflectance of the Sentinel-2 image.

MSAVI2 is particularly suitable for arid and semi-arid regions because it reduces the
influence of soil background reflectance and improves vegetation detection under sparse
cover conditions.

A 30 m resolution digital elevation model (DEM) derived from NASA'’s Shuttle Radar
Topography Mission (SRTM) was obtained from the USGS Earth Explorer portal. The
DEM was processed in Arcgis 10.8 to derive slope gradient (percent and degrees), aspect,
flow direction, flow accumulation, and watershed boundary delineation using standard
hydrological modeling tools. Prior to use, the DEM was pre-processed to ensure hydrologi-
cal connectivity: sinks were identified and filled using the Fill tool, and a flow-enforced
DEM was generated to ensure continuous drainage networks across the rugged terrain
(altitudes between 1150 m a.s.l. and 1680 m a.s.l.). The 30 m resolution is acknowledged
as a limitation for capturing steep micro-topographic features in the Ksour Mountains;
however, it represents the best freely available dataset at watershed scale, and its suitability
for RUSLE-based erosion mapping in similar North African catchments was demonstrated
in prior studies.

2.2.2. Meteorological Data

Daily precipitation data for the period 20162025 (10 years) were obtained from the
Naama meteorological station operated by the Office National de Météorologie (ONM).
Data quality control included identification of missing values (<3% of records), outlier
detection using statistical tests, and gap-filling using spatial interpolation from adjacent
stations. Monthly and annual precipitation totals were calculated, along with measures of
variability (standard deviation, coefficient of variation).

2.2.3. Soil and Water Sampling

Field campaigns were conducted in July 2024 and July 2025 to investigate the soil and
water characteristics of the Es-Sabba reservoir. Soil sampling was conducted in July 2024;
at the time of the field campaign, the reservoir bed was exposed due to the absence of
surface water, enabling direct access to the sediment surface. Thirty surface soil samples
were collected from the upper 0-20 cm layer following a systematic sampling approach.
The geographic coordinates of each sampling location were recorded using a handheld
GPS (45 m accuracy). These were subsequently georeferenced within a GIS environment.
In contrast, water sampling was carried out during the July 2025 field campaign, when the
reservoir contained water following seasonal rainfall and runoff. Surface water samples
were collected using acid-washed 1 L polyethylene bottles, preserved on an ice-cooled
container during transport, and analyzed within 24 h of collection at the Laboratory of
Sustainable Management of Bio-Resources, Salhi Ahmed University.

2.3. RUSLE Model Implementation
2.3.1. Conceptual Framework

The RUSLE calculates a long-term average annual soil loss (A, t/ha/yr) as the multi-
plicative product of five spatially distributed factors [40]:

A=RXKXLSxCxP (2)

where:
R = rainfall erosivity factor (MJ/mm/ha/h/yr).
K = soil erodibility factor (t/ha/h/ha/M]J/mm).
LS = slope length—steepness factor (dimensionless).
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C = crop/cover management factor.

P = support practice factor (dimensionless, 01).

All factor maps were output as 30 m cell size raster layers and matched to the SRTM
DEM coordinate system for further analysis. Overlay of the factor maps used raster algebra
in the Arcgis 10.8 Spatial Analyst and produced the final erosion hazard map.

2.3.2. Rainfall Erosivity Factor (R)

The rainfall erosivity factor is determined from the energy of an impulse storm and
30 min maximum [41]. Since no data suitable for the calculation of high-resolution rainfall
intensity data are available to estimate the R-factor in RUSLE, we computed that factor using
a revised Fournier Index method validated on a semi-arid North African environment [41]:
The use of a Fournier-type approach rather than direct El3y values is justified by the absence
of sub-daily rainfall intensity records at the Naama station. The modified Fournier Index
(MFI) is widely accepted for R-factor estimation in data-scarce semi-arid environments
and was specifically validated across North African catchments, where it shows strong
correlation (R? > 0.80) with observed erosion rates. The approach is preferable to pan-
regional regression equations, which are less well calibrated for the Saharan Atlas climate
regime [42,43]:

—152 3)

where p; is monthly precipitation (mm), and P is mean annual precipitation (mm). Mean
monthly values were calculated by averaging monthly precipitation data (2016-2025). The
total R-factor was then interpolated across the watershed using Inverse Distance Weighting
(IDW) to create a spatial precipitation gradient (higher values in southern, high elevation
areas) [44]. IDW was selected over kriging because of the single-station dataset, which
precludes variogram fitting; the IDW exponent (p = 2) was chosen following standard
practice for sparse-data semi-arid basins, and the resulting gradient is consistent with the
orographic lapse rate documented for the Ksour Mountains.

2.3.3. Soil Erodibility Factor (K)

The soil erodibility factor is a measure of the inherent susceptibility of soil to erosion
by raindrop impact and surface runoff, as affected by texture, structure, organic matter,
and permeability [41]. Based on the FAO digital soil map transformed according to texture
and organic matter content from field samples, K-values were determined through the
nomograph method:

Ko 21x 1074(12 — OM)M4 4 3.25(s — 2) +2.5(p — 3)

100 @

where M is the particle size parameter (% silt + % very fine sand) x (100 — % clay), OM is
organic matter (%), s is the soil structure code, and p is the permeability class.

2.3.4. Topographic Factor (LS)

The topographic factor (LS) quantifies the effects of cumulative slope length and slope
steepness on erosion [45]. The LS-factor was calculated directly from the DEM with the
above equations in the Arcgis 10.8 raster calculator:

)\ m
L= (55 ®
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- 10.8sin 6 4+ 0.03 if 6 < 9% ©)
16.8sin 6 — 0.50 if 0 > 9%
where A is the slope length (m) computed as a function of flow accumulation, 6 is the slope
angle (degrees), and m is the slope-length exponent. The exponent m was determined
based on the ratio of rill to inter-rill erosion following McCool et al. [46]: m = 0.2 for
slopes < 1%, m = 0.3 for slopes 1-3%, m = 0.4 for slopes 3-5%, and m = 0.5 for slopes > 5%,
as implemented in the Arcgis 10.8 raster calculator.

2.3.5. Cover Management Factor (C)

Cover management factor is the joint effect of vegetation cover, crop type, management
practices, and (residue) on erosion rates [45]. A classification-based approach to assign
C-values was applied by land cover class, integrating ESRI land cover data with MSAVI2
values pixelized from the Sentinel-2 imagery (Table 1).

Table 1. Values of the cover management factor (C) by land cover class.

Land Cover Class MSAVI2 Range C-Factor
Dense shrubland 0.35-0.60 0.05
Sparse shrubland 0.20-0.35 0.15
Rangeland 0.10-0.25 0.35
Rainfed agriculture 0.25-0.45 0.28
Barren/rocky <0.10 0.60

These values are consistent with reports in Mediterranean semi-arid lands [47]. The
highest (overgrazed rangeland and barren area) spatially C-factor map values represented
high susceptibility to soil erosion.

2.3.6. Support Practice Factor (P)

The factor support practice encompasses erosion-enduring practices, such as terrace
and contour plowing and strip-cropping [47]. The methodology for calculating the P-factor
in this study follows the technique established by Lense et al. [48], which modifies tradi-
tional RUSLE parameters to fit local conditions using high-resolution elevation data. The
slope gradient values, a key input for determining the P-factor, were obtained from the
DEM, which provides elevation data with a resolution of 30 m. These estimates provide a
conservative framework that reflects an incomplete adoption of soil conservation practices
observed through field surveys. Although this polynomial model was originally devel-
oped for contexts such as Brazil [48], its applicability to the Saharan Atlas is justified by
the comparable semi-arid slope-terrace conditions and the absence of locally calibrated
P-factor equations for this region. The model accounts for the partial adoption of con-
tour farming and small-scale mechanical structures observed in the field. A sensitivity
analysis comparing the polynomial approach with default FAO/USDA values for arid
zones (P = 0.5-1.0) yielded mean soil loss estimates within £8% of those reported here,
confirming that the choice of P-factor formulation does not substantially alter the overall
erosion hazard classification:

P = 1.69947 — 0.08911s + 0.01184s% — 0.000335s> 7)

where P is the conservation practices factor, which is dimensionless, and s is the slope in %.
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2.4. Spatial Analyses

Spatial data processing, map generation, and spatial overlay analyses were carried
out in Arcgis 10.8. At USDA standard classifications based on the severity of soil erosion
hazard, these maps were categorized into five classes following standard USDA classifi-
cations [49]: Slight (<10 t/ha/yr), Moderate (10-20 t/ha/yr), High (20-30 t/ha/yr), Very
High (30-40 t/ha/yr), and Severe (>40 t/ha/yr).

2.5. Laboratory Analyses

Physicochemical analysis of water samples was done using standard methods. In
situ temperature, pH, and electrical conductivity (EC) measurements were taken using
portable meters (Hanna HI98194). In the laboratory, total dissolved solids (TDS) were
determined by the gravimetric method, turbidity was measured using a nephelometer, and
major cations (Ca®*, Mg?*, and Na*) were analyzed using atomic absorption spectropho-
tometry, while major anions (Cl~, SO42~, and HCO; ) were ascertained using titration
and ion chromatography.

2.6. Irrigation Water Quality Criteria
2.6.1. Irrigation Water Quality Index (IWQI)

The Irrigation Water Quality Index (IWQI), developed by Meireles et al. [50], was
used to evaluate the irrigation suitability of groundwater samples. The INQI integrates
the most relevant irrigation parameters by assigning aggregation weights (wi) and quality
measurement values (qi) to each parameter. The values of gi were calculated based on the
irrigation water quality characteristics proposed by Ayers and Westcot [51] for agricultural
uses (FAO), using Equation (8):

[(xij — xinf) X qiump]
Xamp

gi = Gimax — (8)
where i is the quality of each parameter, qimax is the maximum value of qi for every class,
xij is the observed value of each parameter, Xj,s is the lower limit of the parameter class,
Qiamp is the amplitude of the quality measurement class, and Xamp is the amplitude class.
The final IWQI is then computed as Equation (9):

n

IQWI =Y qiw; ©)

i=1

2.6.2. Suitability Indices for Irrigation

Several popular hydrochemical indices, like sodicity, permeability hazard, salinity
load, and magnesium dominance, were used to assess the irrigation water quality. The
sodium adsorption ratio (SAR) was subsequently determined to quantify sodium relative
to calcium and magnesium in irrigation water as a proportionality that is indicative of
the potential hazard for sodicity resulting in dispersion and structural breakdown within
soil. To evaluate the effect of sodium and bicarbonate on soil infiltration capacity and
long-term permeability stability, the permeability index (PI) was applied. Kelly’s ratio
(KR) further provides an alternative measure of sodium hazard by evaluating the balance
between divalent (Ca?* and Mg?*) and monovalent cations (Na*). Potential salinity (PS) was
computed to account for residual salinity impact caused by chloride and sulfate ions, since
PS indicates how much salt load remains in the soil profile when irrigation is applied. The
Magnesium Hazard (MH) was calculated to assess the ratio of magnesium to calcium; excess
magnesium concentration can adversely affect the aggregation and permeability of the soil.

https:/ /doi.org/10.3390 /hydrology13050129


https://doi.org/10.3390/hydrology13050129

Hydrology 2026, 13, 129

10 of 27

Indices were calculated according to standard equations (Table 2) using the ionic
concentrations expressed as milliequivalents per liter (meq/L). PI and MH values were
described as percentages based on classical classification criteria. The generated index
values were classified, and a categorical rating of irrigation water suitability was obtained
in terms of the four classes: excellent, good, moderate, and unsuitable, using threshold
ranges defined according to Ayers and Westcot [51].

Table 2. Qualitative formulas and classifications of irrigation water.

Index Formula Adopted Classification Type References
. SAR > 26 Unsuitable
SAR = ——Do____ 18 <SAR <26 Doubtful
SAR (et imgt) 10 <SAR < 18 Good [52]
SAR <10 Suitable
N _ <25% Unsuitable
PI pI— (C;Ijj+;@+> % 100 S75% Good 53]
g 25-75% Suitable
KR — Nat <1 Unsuitable
KR Ca* +Mg>* >1 Suitable [54]
. >10 Unsatisfactory
PS PS=Cl~ + 5024 5-10 Good to Injurious [53]
<5 Excellent to good
_ __ Ca*t >50% Unsuitable
MH MH = o g X 100 <50% Suitable [59]

The hydrochemical facies of the Es-Sabba reservoir were determined using the Piper
trilinear diagram, which simultaneously plots the relative proportions of major cations
(Ca?*, Mg?*, and Na*+K*) and major anions (HCO;~, SO4>~, and Cl™). Irrigation suitabil-
ity was additionally visualized using the Wilcox diagram, which classifies water quality
into five classes ranging from Excellent to Unsuitable. The Piper and Wilcox diagram was
constructed using Diagrammes v9.35 software.

2.7. Soil Fertility Assessment

Soil fertility was evaluated using two complementary indices: the soil nutrient in-
dex (SNI) and the soil fertility index (SFI). The soil fertility component was designed to
provide a spatially integrated assessment of multiple nutrient and physical parameters
simultaneously, overcoming the limitation of single-parameter analyses, which cannot
capture the combined effects of nutrient interactions on plant growth. The SNI charac-
terizes the distribution of samples across fertility classes, providing a simple categorical
overview, while the SFI uses a weighted linear combination (WLC) to produce a continuous
composite score that allows spatial mapping and hotspot identification. Parameters were
selected based on their known importance in calcareous arid soils: pH governs nutrient
availability and microbial activity; organic matter (OM) controls nitrogen cycling, water
retention, and aggregate stability; total nitrogen (TN) is the primary growth-limiting nutri-
ent in these systems; phosphorus (P,Os) availability is constrained by carbonate fixation;
potassium (K,O) reflects mineral weathering capacity; and cation exchange capacity (CEC)
indicates the soil’s ability to retain and supply nutrients. Weights were assigned following
expert-elicitation and literature synthesis [56,57] for dryland calcareous soils (Table 3).
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Table 3. Adapted soil fertility index model for arid zones.

Parameter Proposed Weight

pH 0.18

EC 0.10

OM 0.22

TN 0.15

P,05 0.13

K;O 0.10

CEC 0.07

SO42~/Cl™ (salinity indicators) 0.05

2.7.1. Soil Nutrient Index (SNI)

The SNI was calculated to determine nutrient status based on the distribution of
samples across low, medium, and high fertility categories [58]. The index was computed as:

(1x NL)+ (2x NM) + (3 x HM)

I =
SN NT

(10)

where NL, NM, and NH represent the number of samples in low, medium, and high
categories, respectively, and NT is the total number of samples. SNI values were classified
as low (<1.67), medium (1.67-2.33), and high (>2.33). Soil parameters, including pH, EC,
OM%, TN%, P,0s, K,O, and CEC, were analyzed using standard laboratory procedures.

2.7.2. Soil Fertility Index (SFI)

We used the weighted linear combination (WLC) approach to develop a composite
soil fertility index (SFI) [58].

Since all parameters were measured on different ranges and units to allow comparison
across variables, each of them was normalized using Min-Max scaling:

X — Xmin

Normalized Value (X') = O
max — min

(11)
As indicated in Table 3, each parameter was assigned relative weights according to its
importance in soil fertility assessment as drawn from literature and expert judgment.
Where Wi is the weight, Fi is the normalized score of the respective parameter.
The SFI was computed then as:

n
SFI =) W;xF (12)
i=1

where Wi is the weight, and Fi is the normalized score of the parameter.

2.8. Conceptual Framework and Methodology Overview

The methodology adopted in this study is presented in Figure 3, structured around
three complementary analytical modules integrating multi-source input data, including
Sentinel-2 imagery, SRTM 30 m DEM, meteorological records, and soil and water field
samples. Module 1 applies the RUSLE-GIS approach, computing the five erosion factors
(R, K, LS, C, and P) within Arcgis 10.8 Raster Algebra to quantify annual soil loss and
generate an erosion hazard classification. Module 2 conducts a hydrochemical water quality
assessment using irrigation suitability indices SAR, PI, KR, and PS derived from measured
ionic concentrations to produce an Irrigation Suitability Rating. Module 3 performs a Soil
Fertility Evaluation combining the soil nutrient index (SNI) and soil fertility index (SFI)
through a weighted linear combination of pH, total nitrogen (TN), and organic matter
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Figure 3. Methodology adopted.

3. Results

Individual RUSLE factors showed a similar expected spatial pattern across the water-
shed consistent with physiographic and land-use characteristics.

The rainfall erosivity factor (R) demonstrated a southwest-to-northeast gradient, with
the lowest values (123 MJ/mm/ha/h/yr) and the highest ones (125 MJ/mm/ha/h/yr)
occurring at high altitudes and in elevated southern locations correlating with orographic
precipitation enhancement activity and localized convective storm activity (Figure 4a). As
can be seen in (Figure 4b), variation in soil texture significantly contributed to the patchy
distribution of soil erodibility factor (K), which had high values (0.048 t/ha/h/ha/M]J/mm)
for silty-clay valley soils and low values (0.023 t/ha/h/ha/MJ]/mm) for coarse sandy
upland regions, respectively. The variability for the topographic factor (LS) (Figure 4c)
was highest in terms of spatial dispersion, ranging from completely flat alluvial areas
with low values and terrestrial escarpments with slope gradients over 35%, well above a
value of 1600. LS was most spatially similar to the topography of high values distributed
along incised wadi channels, badland areas, and in the northwestern ridge system, where
slope length and gradient are maximized. Cover management factor (C) exhibited a
spatial mosaic of vulnerability to erosion, as protected areas (C = 0.32) coexisted with
dense shrubland in less reachable forms and high-susceptibility regions (C = 0.93-1.11),
mostly coinciding with degraded rangeland and barren surfaces (Figure 4d). A spatially
distributed support practice factor (P) was mapped across the entire watershed. Values of
P approaching 1.0 were recorded in areas where field surveys confirmed the absence of
any active soil conservation measures (Figure 4e). Low p values (0.5-0.8) were assigned
in rare agricultural areas where contour farming or small-scale mechanical conservation
interventions are practiced.
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Figure 4. RUSLE results: (a) R factor; (b) K factor; (c) LS factor; (d) C factor; (e) P factor; and (f) Soil loss.

3.1. Soil Erosion Hazard Classification

The five RUSLE factors were combined to produce an annual soil loss map (Figure 4f)
with values ranging from 40 t/ha/yr on steep sparsely vegetated slopes. The area distri-

bution showed that classification into severity categories was revealed as detailed in the

following (Table 4).

Table 4. Soil erosion severity classification for Es-sabba Dam watershed.

Erosion Severity Class Soil Loss Rate Area (%)
Slight <10 t/ha/yr 11.6
Moderate 10-20 t/ha/yr 20.0
High 20-30t/ha/yr 27.0
Very High 30-40t/ha/yr 252
Severe >40 t/ha/yr 16.2
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Soil degradation is widespread, as demonstrated by the fact that ~68.4% of the wa-
tershed area is affected by high-to-severe erosion rates (>20 t/ha/yr). Severe erosion
(>40 t/ha/yr) is observed on 16.2% of the watershed and is localized in three active zones:
(1) northwestern steep-slope badlands developed on Jurassic marls; (2) incised wadi chan-
nels with actively eroding banks and less than a quarter of riparian humid vegetation;
and (3) over-stressed rangeland on moderate slopes (15-25%) with >50% ground cover as
Bare Soil.

Spatial pattern of erosion hazard is in good agreement with the LS-factor, indicating
that topography governs spatial variability of erosion throughout the Es-Sabba watershed.
The C-factor secondary correlation shows that land cover change through restoration of
vegetative cover or better grazing management could substantially decrease erosion rates,
particularly in moderate-to-high eroding sectors with more relaxed topographic controls.

3.2. Sediment Yield Estimation

The average annual soil loss at the scale of the whole watershed was calculated to
be 26.3 t/ha/yr, which corresponds to a total sediment production of 386,610 tons per
year within the watershed. However, less sediment eroded from land is delivered to the
reservoir due to deposition in footslopes and wadi channels and on individual alluvial
fans. Using a sediment delivery ratio (SDR) of 0.35, which is characteristic for semi-arid
watersheds of this size, gives an estimated annual sediment delivery to Es-Sabba reservoir
of about 135,300 tons/yr. The projected functional lifespan of 11-15 years was derived
as follows: assuming a reservoir total storage capacity of approximately 3.0 mm? and a
bulk sediment density of 1.3 t/m3, the annual volume loss is 104,077 m?/yr, equivalent
to ~3.5% of total capacity per year. The time to reach 50% capacity loss (the common
threshold for functional impairment) is therefore approximately 14 years. This finding
is consistent with observations from comparable Tunisian and Moroccan hill reservoirs.
Regarding the agronomic potential of trapped sediment: based on measured soil TN of
0.08% and organic matter of 1.51%, the 135,300 t/yr of deposited sediment carries an
estimated nitrogen load of approximately 108 t/yr and an organic matter contribution of
~2043 t/yr, suggesting meaningful soil amendment value if dredged and redistributed to
adjacent degraded agricultural land.

3.3. Water Quality and Soil Fertility Assessment
Physicochemical Characteristics

The physicochemical properties of all samples collected from the Es-sabba ranged
widely (Table 5) and were consistent with semi-arid inland waters that are susceptible to
evaporative concentration and geology dominated by carbonates. This means the site was
alkaline, and the electrical conductivity (240 to 268 puS cm mean = 258 &+ 12 pS cm) indicates
that water belongs within the fresh, low salinity range; total dissolved solids were 124 to
163 mg/L (mean = 138 +16 mg/L) lower than World Health Organization drinking water
guideline of 400 mg/L and still reflect seasonal and case-day thermal stratification with
temperature ranging from 18.4 to 23.9 °C (mean = 21.1° C).

Table 5. Major ion composition of Es-Sabba reservoir water.

Parameter Min Max Mean £ SD
Ca?* (mg/L) 21.03 41.98 36.61 & 5.55
Mg?* (mg/L) 6.18 2242 13.40 + 3.80
Na* (mg/L) 2.27 2.41 2.36 + 0.03
Cl~ (mg/L) 3.50 371 3.63 + 0.04

SO42~ (mg/L) 35.35 95.03 68.44 + 12.14
HCO;3™ (mg/L) 192.69 272.59 250.42 + 13.43
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In general, all analyzed indicators of irrigation quality suggest a highly acceptable
hydrochemical regime for agricultural purposes in the studied hill reservoir system. Sodium
adsorption ratio (SAR) ranged from 0.0805 to 0.0980, with an average of 0.0851 £ 0.0043,
which shows very low sodicity hazard and the absence of greater sodium-induced soil
dispersion risk (Figure 5a). Kelly’s ratio (KR) revealed a moderately varying trend, as it
varied between 0.0328 and 0.0470 in the samples (mean = 0.0348 £ 0.0032), still below the
critical threshold of 1.0, which agreed with the significant prevalence of divalent cations
(Ca?* and Mg?*) to Na* (Figure 5b). The permeability index (PI) ranged from 64.33 to
93.24, with a mean value calculated as equal to 71.03 6.88, piling most of the readings
under class I or II range, implying that these influence soil permeability stability over time
and infiltration rate stability as well (Figure 5c). The Magnesium Hazard (MH), indicating
risk of magnesium dependently affecting alkalinity and structural deterioration, ranged
from 17.78 to 47.61% (mean = 34.89 & 7.01), always below the critical limit of the threshold
value of magnesium, which, together with alkalinity, can affect structural deterioration
risk occurring in ~10% samples (<2 dS m) (Figure 5d). Moderate salinity potential (PS)
values, such as a PS of 3.98 to approximately 4.61 (>mean = 4.34 £ 0.18), denote a city
chloride—sulfate salinity load that is considerable in this respect, but does not serve as
an overtly controlling factor in situations of adequate drainage (Figure 5e). This is due
to the occasional salt accumulation in some poorly drained micro sites. The composite
Irrigation Water Quality Index IWQI) displayed remarkable uniformity, varying only
between 91.16 and 92.33 with a mean of 91.75 £ 0.28, classifying all samples as excellent
for irrigation use (Figure 5f). However, evaluation against FAO irrigation water quality
guidelines indicated that Es-Sabba reservoir water is suitable for agricultural use with
moderate restrictions. Under high evaporation conditions, sulfate concentrations tend
to increase due to evapoconcentration, which may elevate the SO,?~ load above values
measured during wetter periods. Sustained high sulfate concentrations could pose risks to
irrigation infrastructure through scaling and pipe clogging, and this seasonal fluctuation
should be monitored in future campaigns spanning both wet and dry seasons.

The content of organic matter was consistently low (average 1.51 £ 0.76%) due to
limited biomass input, high rates of mineralization, and surface horizon depletion induced
by erosion. Total nitrogen was observed to be 0.06 and 0.10% (mean 0.08 & 0.04%), which
indicates low nitrogen availability, confirming that nitrogen is one of the main limiting
nutrients in this system [33]. The available phosphorus (P,0O5) was 3748 ppm (mean:
42.5 £ 3.19 ppm). The availability of phosphorus does not seem to be as limiting as that ob-
served in calcareous arid soils, with levels of phosphorus (= 18.7 mg/kg) being considered
moderate to adequate for rainfed cereal production after conversion. Exchangeable potas-
sium concentrations were high (mean K,O = 223 ppm), which is in line with a significant
supply of K from mineral weathering and low leaching intensity (Table 6). Dominant solu-
ble ions were chloride and sulfate, and sodium concentrations were moderate, suggesting
a potential salinity but only very early signs of sodicity hazard.

Figure 6 depicts moderate but spatially heterogeneous soil fertility conditions of 30 hill
reservoir soil samples as derived from the soil fertility index (SFI) (Figure 6a) and soil
nutrient index (SNI) (Figure 6b). Soil fertility index (SFI) values ranged from 0.267 to 0.597
and were between a mean value of 0.416 £ SD = 0.096, indicating that soil fertility overall
belongs to the low-to-moderate class for most samples, except for some that tended towards
a lower limit of soil fertility threshold (Table 7). Thus, the coefficient of variation (~=23%)
indicates moderate spatial variability in integrated fertility status, likely reflecting micro-
topographic deposition patterns and localized variations in organic matter accumulation
and nutrient retention.
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Figure 5. Water quality indices: (a) SAR; (b) KR; (c) PIL; (d) MH; (e) PS; and (f) IWQL

Table 6. Soil physicochemical properties.

Parameters Max Min Mean + SD

EC (ds/m) 2.72 0.87 1.21+0.74
pH 8.70 7.88 8.27 £0.18
TC% (total carbon) 14.35 9.33 12.44 +6.04
AC% (actif carbon) 2.99 1.13 216 £ 1.14
OM% (organic matter) 2.01 1.25 1.51 + 0.76
TN% (total nitrogen) 0.10 0.06 0.08 = 0.04
P,Os5 (ppm) 48.00 37.00 42.50 £+ 14.72
K>O (ppm) 242.40 197.67 223.03 £ 107.37
Na* (meq/L) 3.66 1.34 2.56 + 0.58
Cl™ (meq/L) 15.00 6.00 10.78 £ 1.97
SO4%~ (meq/L) 11.81 0.59 6.98 + 2.83
HCO;™ (meq/L) 1.13 0.41 0.59 £0.17
CEC (meq/100 g) 8.25 5.95 6.95 £ 0.86
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Figure 6. Soil fertility index: (a) SFI and (b) SNI.

Table 7. Soil fertility index value and its associated fertility classes.

Soil Fertility Index Value Classes
>0.25 Very low
0.25-0.50 Low
0.50-0.75 Moderate
0.75-0.90 High
<0.90 Very high

Consequently, overall low-to-moderate fertility status with particular emphasis on the
localized nutrient deficiencies formed the basis of indices pertaining to the studied soils as
potential candidates for assessments adapted towards their sustainable productivity under
calcareous arid system.

The Piper trilinear diagram (Figure 7a) reveals that all Es-Sabba reservoir samples
belong to the Ca-Mg-HCOj3 hydrochemical facies. In the cation triangle, samples cluster in
the Ca?* dominant zone, with a secondary Mg?* contribution and negligible Na*, reflecting
the predominance of divalent cations derived from calcareous and dolomitic parent materi-
als of the Ksour Mountains. In the anion triangle, HCO3~ is dominant, with S042 asa
secondary contributor, and essentially negligible C1~. Projection onto the central diamond
confirms a Bi/Carbonate calcium—-magnesium water type, characteristic of waters that
have equilibrated with carbonate mineral assemblages and undergone limited evaporitic
enrichment. The dominance of HCO3;~ and SO42~ is consistent with dissolution of cal-
cite, dolomite, and minor gypsum-anhydrite intercalations in the Cretaceous sedimentary
sequence. The Wilcox diagram (Figure 7b) confirms the excellent irrigation suitability of
all samples, which were placed in the low-salinity range. This graphical classification
is fully consistent with the IWQI (mean 91.75) and SAR values (mean 0.085), providing
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independent visual corroboration of the reservoir water’s low sodicity and low salinity
hazard for agricultural irrigation.
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Figure 7. Hydrochemical facies and irrigation suitability classification of Es-Sabba reservoir: (a): Piper
diagram; and (b): Wilcox diagram.

4. Discussion

The integrated geospatial assessment of the Es-Sabba watershed shows that a mean
annual soil loss of 26.3 t/ha/yr is an order of magnitude greater than tolerable limits often
quoted for semi-arid environments (2-5 t/ha/yr), confirming that erosion rates at these
levels are unsustainable in the long-term given pressing demands for continuing to guaran-
tee soil and water security in this arid Saharan Atlas system. This value does, however, lie
within the range of values reported for other mountainous North African catchments char-
acterized by steep slopes and erodible lithologies as well as degraded vegetation. Khodja
et al. [59] estimated 18.4 t/ha/yr in the Bou Rouina watershed, northeastern Algeria, using
RUSLE-SDR coupling, whereas studies from the Moroccan Anti-Atlas typically range be-
tween 15 and 35 t/ha/yr [60], according to land-use intensity and conservation status. The
spatial concentration of severe erosion (16.2% of sediment >40 t/ha/yr) within a minor part
of the Es-Sabba watershed supports the well-acknowledged “80/20” property of sediment
delivery, which states that only a small fraction of hillslopes and channels is responsible for
most sediment yield, and is consistent with regional-scale summaries from Mediterranean
and North African basins highlighting topographically controlled badlands, gully systems,
and rangelands overgrazed as preponderant areas where deposition occurs [61,62].

The high correlation of soil loss with the LS factor indicated that topography re-
mained the primary control of erosion processes through the pasture throughout this
extensive management watershed, as opposed to more intensively cultivated Mediter-
ranean agro-systems, where factors related to crop and support practice (C,P) dominate
spatial variability. Nonetheless, the important secondary role of cover management also
suggests there is good potential for soil loss reduction through shrub cover restoration,
conservational agricultural practices, and grazing pressure regulation, which supports
European-scale and North African applications of RUSLE where large reductions in erosion
are found once vegetation cover exceeds 40-50% of total soil area. From the perspective
of reservoir management, an estimated sediment delivery of approximately 135,300 t/yr
(specific siltation rate ~767 m3/km?/yr) ranks Es-Sabba among the most affected dams in
Algeria with respect to reported national infrastructure figures ranging between 400 and
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200,000 m3/km?2/ yr. The estimated 4.5% annual volume loss, and its reported useful
lifespan of only between 11 and 15 years, also corroborates other observational findings
based on Tunisian hill reservoirs, where over half of the existing structures have already
lost more than half their capacity within two or three decades, and fast siltation is observed
on Tunisian dams [63]. These results directly inform sustainable development and water se-
curity targets. Rapid siltation compromises the ability of the Es-Sabba reservoir to provide
irrigation, livestock watering, and flood attenuation services, thereby jeopardizing local
progress toward SDG 2 (Zero Hunger) and SDG 6 (Clean Water and Sanitation). Interna-
tional and Algerian case studies provide evidence that watershed treatment, a combination
of mechanical structures (check dams, contour bunds, and terraces) and biological mea-
sures (reforestation, rangeland restoration), can achieve reductions in sediment delivery
of 30-50% within a decade while regenerating ecosystem services and rural livelihoods.
It follows that, for Es-Sabba, the risk of top soil erosion hazard assessed to be severe or
very high on hillslopes and channels accounting for a relatively small percentage of the
total land area would still provide out-sized benefits to increased reservoir lifespan at an
appropriate cost relative to any other potential use of sediment control infrastructure; this
is consistent with cost-benefit analyses of measures taken in similar semi-arid basins.

The results show that this reservoir is a mixed type, with low sulfate and moderate
salinity, making its potability limited while still allowing safe use for irrigation under
adequate management and drainage conditions, as seen in other Algerian reservoirs like
Koudiat Medouar and Babar [64,65]. Considering the low EC and SAR values of Es-Sabba
water, it falls into the most favorable FAO classes for agricultural use; however, in hot, dry
periods, this water should not be used to sprinkler-irrigate crops sensitive to sulfate because
of the risk of leaf burn due to SO4%~ and localized salt accumulation. The combination
of the irrigation suitability advantage and block trend due to hill reservoirs for capturing
up-slope rainfall signals a need to focus management on conserving this resource that
supports agriculture, while investigating decentralized or blended supplies for drinking.

The hydrochemical facies revealed by the Piper diagram, the Ca-Mg-HCOj type, is
consistent with findings from comparable semi-arid Algerian reservoirs, including Babar
and Koudiat Medouar [58,59], where carbonate lithologies dominate catchment geology
and evaporative concentration increases SO,4%~ relative to Cl~. The absence of Na*-Cl~ or
Na*-SO42~ facies confirms that halite dissolution and anthropogenic contamination are
not significant processes in this watershed, which is important for long-term irrigation
sustainability. The concentration of samples in a single facies field reflects the geochemical
uniformity of the catchment, dominated by Jurassic-Cretaceous carbonates and evapor-
ites, and suggests that intra-seasonal hydrochemical variability is controlled primarily by
evapoconcentration rather than by shifts in water sources or flow paths [58]. The Wilcox
diagram independently corroborates the low sodicity risk: all samples in the Excellent class
confirm that current irrigation practices with Es-Sabba water carry minimal risk of soil
permeability degradation or Na*-induced clay dispersion, provided that surface irrigation
methods are used and periodic leaching fractions are applied to prevent bicarbonate and
sulfate accumulation in the crop root zone.

Patterns of soil fertility characteristics in the watershed are a critical connecting tissue
between land degradation and potential for ecosystem-based erosion control. A chronic
phosphorus deficiency, a factor that limits nitrogen availability in calcareous arid soils [66],
and wide variances of very low total nitrogen across most samples are characteristic of this
class of dryland regime (e.g., the denuded Ica Valley of Peru or North African steppe agro-
systems) where multi-nutrient limitations lower biomass production rates and contribute to
diminished protective vegetative cover. In Es-Sabba, this level of fertility constrains not just
existing agricultural productivity but also limits the establishment of vegetative measures
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meant to stabilize soils and reduce runoff, forming a feedback loop between erosion, falling
fertility, and continued loss of vegetation. Integrating nitrogen-fixing legumes, targeted
P fertilization and organic amendments would increase yields and improve soil physical
properties substantially compared to studies done in cereal zones of Algerian settings;
such combinations that adapt to local socio-economic conditions were identified as key
options for overcoming biological constraints in the context of conservation agriculture and
rangeland restoration plots, and packages that take advantage of local resources unlock the
full potential of these technologies in this watershed.

One of the major opportunities arising from this study is to use reservoir sediments as
soil amendment, thus following the circular-economy approaches that are being increas-
ingly promoted in semi-arid areas. The moderate fertility index values obtained from both
sites, together with successful examples of use in Brazilian and other dryland reservoirs
where dredged sediments have contributed nitrogen and phosphorus to crops, indicate that
the reuse of sediment under appropriate management can generate simultaneous restora-
tion of storage capacity while imposing complementary input on nutrients for prudent
control of salinization risks as well as possible trace-metal accumulation. This viewpoint
complements recent work on nutrient recycling and sediment valorization, linking local
reservoir management to wider debates around sustainability that concern the efficiency of
resource use and waste reduction in water-limited settings.

Despite the comprehensive nature of our multi-criteria framework, a number of
limitations should be noted in relation to interpreting results and translating them into
policy. First, RUSLE is a long-term average and not event-scale erosion dynamics; in
extremely episodic climates, e.g., Saharan Atlas, many annual sediment yield numbers
can be produced by only a few intense storms, so it would be better to couple with a
process-based or event-driven hydrological and erosion model (e.g., WEPP or EUROSEM)
in order to better represent peak loads of sediment and climate-change sensitivity.

Validation of the RUSLE-estimated erosion rates against measured suspended sedi-
ment data was not possible due to the absence of a stream gauge at the reservoir outlet;
however, indirect corroboration is provided by comparison with a substantial body of
regional literature, as discussed above. Beyond the Algerian and Moroccan comparisons al-
ready noted, Djoukbala et al. [61] obtained mean specific erosion rates of 9.65-11.33 t/ha/yr
across USLE, RUSLE, and MUSLE frameworks in the Wadi Gazouana watershed (NW
Algeria); the lower values relative to Es-Sabba reflect that catchment’s gentler slopes and
denser Mediterranean vegetation cover, while their multi-model comparison represents a
methodological strength not adopted here, though RUSLE remains the most widely vali-
dated framework for data-scarce arid basins. In Tunisia, Serbaji et al. [63] applied RUSLE
with GIS and reported losses of 1045 t/ha/yr in semi-arid basins of similar physiography,
with the highest values concentrated in badland zones analogous to the northwestern sector
of the Es-Sabba watershed. In the eastern Mediterranean, Hammad et al. [62] calibrated
RUSLE for Jordanian and Palestinian watersheds and reported values of 5-40 t/ha/yr
under varying land-use intensities; their study is notable for incorporating field-measured
runoff plots that allowed direct model validation, precisely the type of ground-truth ap-
proach that future bathymetric surveys of Es-Sabba reservoir would enable, providing
site-specific siltation rates for robust model validation.

Second, the sediment delivery ratio used to scale hillslope erosion to reservoir siltation
is based on the regional literature and not site-specific monitoring, which should be refined
through bathymetric surveys followed by measurements of suspended sediment from
runoff events. Third, water quality was measured from a single dry-season campaign and
again lacked seasonal and interannual variation in turbidity, nutrients, and microbiolog-
ical contamination despite evidence from other Algerian works, as well as for semi-arid
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equivalents, that substantial fluctuations can occur across wet and dry periods. The single
dry-season water quality campaign is acknowledged as a significant limitation; conclusions
about irrigation suitability should be treated as indicative rather than definitive, and future
monitoring should encompass at least one wet-season sampling round to capture the full
seasonal range of hydrochemical variability. Regarding laboratory QA /QC: all water and
soil analyses were performed following standardized protocols (APHA 2017 for water;
ISO 10390, ISO 14235 for soil). Reagent blanks, duplicate samples (10% of total), and
certified reference standards were used throughout. The different sampling years (soil in
July 2024, water in July 2025) reflect logistical constraints of field access; soil properties
are relatively stable interannually under these arid conditions, and the temporal offset is
not expected to introduce significant systematic bias. Fourth, soil fertility indicators were
predominantly chemical parameters, and biological indicators of soil health and socio-
economic dimensions of management adoption did not fall within the scope (although
increasing recognition is given to these as paramount for designing effective and resilient
interventions). Finally, the study screened current conditions and management options
conceptually; it did not assess specific conservation measures on the ground, and thus, their
effectiveness and cost-effectiveness in the Es-Sabba context need to be validated through
pilot projects and long-term monitoring.

However, by providing a joint diagnosis of soil erosion, water quality, and soil fertility
within one geospatial framework, this work propels the integrated diagnostic capacity
on offer to date for data-sparse arid catchments and flags a transition from sectoral to
system-level planning in Naama Province. The approach is in accordance with recent
regional initiatives harnessing satellite remote sensing and empirical models, e.g., RUSLE
and composite soil-water indices, to produce decision-support information that prioritizes
interventions under climate uncertainty. The methodology, when adapted and scaled to
other hill reservoirs in the Saharan Atlas and Mediterranean—-Saharan transition zones,
can support robust reservoir design, targeted watershed treatment, and climate-resilient
agricultural development, thereby strengthening national strategies for water security, land
restoration, and rural livelihood improvement.

5. Contribution to Sustainable Development Goals (SDGs)

The findings of this study contribute to several United Nations Sustainable Development
Goals (SDGs) by addressing the interconnected challenges of soil erosion, reservoir sustain-
ability, water quality, and soil fertility management in arid environments. These processes are
closely interlinked and represent major constraints to sustainable land and water management,
particularly in dryland regions such as North Africa and the Mediterranean basin.

In these environments, accelerated soil erosion and land degradation constitute funda-
mental threats to ecosystem stability and agricultural productivity. Processes such as water
erosion, nutrient depletion, and soil salinization reduce soil functionality and compromise
long-term sustainability. This directly relates to SDG 15 (Life on Land), especially in the
context of achieving land degradation neutrality (LDN) [67,68]. The situation observed
in the Es-Sabba watershed, where a large proportion of land is affected by severe erosion,
highlights the urgent need for effective soil conservation strategies to restore ecosystem
functions and prevent further degradation.

Addressing these challenges requires robust tools for monitoring and decision-making.
In this context, the integration of geospatial technologies, remote sensing, and GIS-based
models such as RUSLE provides a powerful framework for identifying erosion hotspots and
prioritizing conservation actions at the watershed scale [67,69,70]. Furthermore, erosion
modeling combined with climate and land-use scenarios supports the development of sus-
tainable land management strategies aligned with global sustainability targets [71]. These
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approaches contribute not only to improved land management but also to climate adapta-
tion strategies, thereby reinforcing links with SDG 13 (Climate Action) alongside SDG 15.

The implications of soil erosion extend beyond land degradation to directly affect
water resources. Sustainable watershed management is therefore essential for maintaining
water availability and reservoir functionality, which are central to SDG 6 (Clean Water and
Sanitation). In arid regions, reservoirs and small dams play a critical role in water security;
however, their effectiveness is increasingly compromised by sedimentation resulting from
upstream erosion. Previous studies highlight that sediment transport, climate variabil-
ity, and catchment degradation significantly influence reservoir performance and water
availability [72]. Controlling sediment inflow through integrated watershed management
is thus crucial for preserving storage capacity and ensuring the long-term reliability of
water supply systems.

At the same time, soil degradation has significant consequences for agricultural pro-
ductivity and food security. The loss of fertile topsoil and declining soil quality directly
reduces crop yields and threatens rural livelihoods. Sustainable land management practices
implemented in dryland agro-ecosystems have demonstrated their capacity to improve
soil fertility, enhance water use efficiency, and strengthen resilience [73]. These outcomes
directly support SDG 2 (Zero Hunger) by promoting more sustainable and productive
agricultural systems.

Recent advances in agroecological practices further reinforce this perspective. Tech-
niques such as agroforestry, conservation tillage, mulching, and crop diversification con-
tribute to reducing erosion while improving soil structure, organic matter content, and
water retention [74,75]. When integrated within a watershed management framework,
these practices generate multiple environmental and socio-economic benefits, enhancing
the resilience of agricultural systems under increasing climatic stress.

In addition, sustainable land management can contribute to broader resource effi-
ciency through circular approaches. For instance, the reuse of reservoir sediments as
soil amendments offers a dual benefit by restoring storage capacity while improving soil
fertility in degraded lands. This type of strategy strengthens the link between water man-
agement and agricultural sustainability, contributing to SDG 12 (Responsible Consumption
and Production).

Overall, the integrated geospatial framework developed in this study—combining
erosion modeling, water quality assessment, and soil fertility analysis—provides a valuable
decision-support tool for sustainable watershed management. By identifying priority
areas for intervention and promoting integrated land—water strategies, this study supports
multiple SDGs, including SDG 2, SDG 6, SDG 13, and SDG 15, ultimately contributing to
enhanced ecosystem resilience and sustainable rural development in arid regions.

6. Conclusions

The Es-Sabba watershed is losing soil at rates far beyond tolerable limits. About 68%
of the catchment falls in the high-to-severe erosion range, and the current siltation rate
implies a functional reservoir lifespan of only 11-15 years without intervention—a direct
threat to irrigation water supply and rural livelihoods in Naama Province. Topography
is the dominant control on erosion distribution, with vegetation cover as a secondary but
manageable factor.

Reservoir water is suitable for surface irrigation under current conditions (IWQI = 91.75;
SAR = 0.08), though elevated sulfate concentrations under high evaporation warrant
periodic wet-season monitoring. Watershed soils are low-to-moderately fertile (mean
SFI = 0.416), with nitrogen as the primary limiting nutrient. This constraint affects both crop
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yields and the establishment of protective vegetation cover, linking soil fertility directly
to erosion risk.

The principal contribution of this study is an integrated, spatially explicit framework
combining RUSLE-GIS erosion mapping, hydrochemical indexing, and composite soil
fertility assessment in a single diagnostic approach, applied here for the first time to this
previously unstudied catchment. This integration identifies a concrete circular-economy
opportunity: dredged reservoir sediment carries an estimated nitrogen load of approxi-
mately 108 t/yr and can be redistributed to adjacent degraded farmland, simultaneously
recovering storage capacity and partially offsetting soil nutrient deficits.

Three management priorities follow from these findings: targeting the small frac-
tion of hillslopes responsible for most sediment delivery with combined mechanical and
revegetation measures; managing irrigation to prevent localized salinity accumulation;
and integrating nitrogen and phosphorus inputs into agricultural extension programs to
strengthen vegetation-based erosion control. The framework is transferable to other hill
reservoirs across the Saharan Atlas and the broader Mediterranean-Saharan transition zone.
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Abbreviations

The following abbreviations are used in this manuscript:

CEC Cation exchange capacity

DEM Digital elevation model

EC Electrical conductivity

FAO Food and Agriculture Organization
GIS Geographic information system
GPS Global positioning system
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IDW Inverse distance weighting
IWQI Irrigation water quality index
KR Kelly’s ratio

MH Magnesium hazard

MSAVI2  Modified soil-adjusted vegetation index
RUSLE Revised universal soil loss equation

SAR Sodium adsorption ratio
SFI Soil fertility index
SNI Soil nutrient index

SRTM Shuttle Radar Topography Mission
USDA United States Department of Agriculture
WHO World Health Organization
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