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A B S T R A C T

This study proposes a comprehensive concept and a novel approach to examine and assess the impact of climate 
change on soil degradation within the Loukkos watershed. The main aims of this study are to quantify and 
predict the potential rate of soil erosion, monitor its changes, and determine the sediment yield (SY) from 1999 to 
2040 more accurately. This is achieved using the Revised Universal Soil Loss Equation (RUSLE), which accounts 
for variations in rainfall erosivity and soil cover, along with the linear mixed-effects model and Cellular 
Automata-Markov forecasting models and the Sediment Delivery Ratio (SDR). Our approach is based on data 
provided by remote sensing as well as daily rainfall data recorded at ten stations and multi-temporal time series 
satellite data for the reference period of 1999–2019. The results of the study revealed that soil erosion rates in the 
Loukkos basin range from 0 to 3797.66 t.ha− 1

.year− 1 between 1999 and 2040, with an average loss of 111.51 
t.ha− 1

.year− 1 and a SDR of 21.2 %. The average SY estimated by RUSLE/SDR is 6.81 Mm3, almost equal to the 
value measured at the El Makhazine dam reservoir by the Loukkos Hydraulic Basin Agency (ABHL). We obtained 
detailed and reliable estimates showing that the average soil loss in 1999 was 100.64 t.ha− 1

.year− 1; in 2009, it 
was 138.27 t.ha− 1

.year− 1, in 2019, it was 110.98 t.ha− 1
.year− 1, and it is projected to be 103.50 t.ha− 1

.year− 1 in 
2029 and 104.16 t.ha− 1

.year− 1 in 2040. This study will provide valuable concepts and insights into soil degra
dation in the study area, serving as a fundamental reference for researchers in this field. Additionally, it will be 
an essential guide for regional policymakers in planning soil erosion control strategies and watershed 
management.

1. Introduction

Soil degradation is a form of loss of the fundamental properties of soil 
under the influence of natural and anthropogenic factors (Jie et al., 
2002), such as rainfall patterns, topography, land use, and soil charac
teristics. These are the main determining factors that directly or indi
rectly lead to the activation of erosion processes and the increase in soil 

erosion rates, threatening the components and management of water
sheds (Chuenchum et al., 2020; Yan et al., 2023). Water erosion is a 
major phenomenon responsible for soil degradation and loss, detaching, 
transporting, and depositing soil particles from one area to another 
(Kidane et al., 2015). Most of the world’s lands are experiencing a rapid 
increase and development of this serious problem, especially in the 
Mediterranean basin region, known as the epicenter of climate change 
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(Daliakopoulos et al., 2017; Werrell and Femia, 2017). Morocco, being 
one of the countries in this basin, faces this threat in many of its regions, 
particularly the Rif Mountains in northern Morocco, characterized by 
their steep slopes and highly erodible soils, with abundant and irregular 
rainfall (Vianney Nsabiyumva et al., 2023).

Soil erosion leads to severe imbalances in terrestrial ecosystems, 
significantly reducing agricultural yields and overall nutrition (Chen 
et al., 2024; Derpsch et al., 2024). Natural resources such as water and 
soil undergo degradation, affecting their components and physical 
properties (such as phosphorus, potassium content, organic carbon, ni
trogen, and mineral and nutrient reserves), reducing root depth, avail
able water, soil acidity, and fertility. Furthermore, water bodies 
downstream from erosion are rich in pesticide and fertilizer residues and 
contain large amounts of sediments (Bijay- and Craswell, 2021), which 
impede the natural flow of water, causing flooding and contaminating 
surface and groundwater.

To reduce the risk of this phenomenon, many scientists specialized in 
this field have identified and modified various models, linking them to 
Geographic Information Systems (GIS) and advanced remote sensing 
technologies to model and identify erosion sites and assess and measure 
soil erosion rates (Belhaj et al., 2024). Among these models are the 
Universal Soil Loss Equation (USLE) and its improved versions, the 
Modified Universal Soil Loss Equation (MUSLE) (Shi et al., 2022) and the 
Revised Universal Soil Loss Equation (RUSLE) (Eniyew et al., 2021), as 
well as other models like Soil and Water Assessment Tool (SWAT) 
(Abdelwahab et al., 2018; Cui et al., 2024) and Emergency Preparedness 
and Management (EPM) (Bezak et al., 2024), which are used in 
numerous studies of water erosion in watersheds worldwide, including 
Morocco.

One of the advantages of remote sensing (RS) and GIS is the ability to 
accurately and qualitatively monitor the spatio-temporal changes of 
specific phenomena on Earth (Vavassori et al., 2024; Zhang et al., 2024). 
In this study, we apply the coupled RUSLE/SDR model to monitor and 
assess the risk of soil erosion and estimate their expected average annual 

loss and sediment yield (SY) in the Loukkos watershed in northwestern 
Morocco. This model was chosen because it is based on various satellite 
images and geospatial analyses, utilizing RS and one of the GIS software 
packages. It is considered one of the most successful and widely used 
models due to its simplicity and data availability, making it widely 
accepted by the soil erosion community. The average annual soil loss (A) 
is the product of five factors multiplied together within ArcGIS 10.4.1 
software, namely Rainfall erosivity (R), soil erodibility (K), slope length 
and steepness (LS), cover management (C), and support practices (P).

In the context of soil erosion monitoring and forecasting, numerous 
studies have been conducted worldwide, examining soil erosion in 
relation to future changes in climate and/or land use, including: Europe 
(Panagos et al., 2021), Morocco (North Africa) (Alitane et al., 2022; 
Ammari et al., 2023; Bammou et al., 2024), Ethiopia (Getachew et al., 
2021), China (Jin et al., 2021), Iran (Sardari et al., 2019), Spain 
(Eekhout and De Vente, 2020) and Thailand (Plangoen et al., 2013). In 
most of these studies, the authors emphasize that the projected increase 
in soil loss will mainly be driven by the anticipated rise in rainfall 
erosivity, with climate change being the primary factor (Borrelli et al., 
2020; Du et al., 2024). However, other studies suggest that changes in 
land use will be responsible for increased soil erosion in the future 
(Jazouli et al., 2019; Paroissien et al., 2015). For these reasons, it is 
recommended to assess the current and future impacts of climate change 
and land use on soil loss (Panagos et al., 2021; Sardari et al., 2019) to 
better protect land and water resources at the watershed scale (Girmay 
et al., 2021).

However, we found that most studies on soil erosion worldwide, for 
example Algeria (Saoud and Meddi, 2023), Tunisia (Serbaji et al., 2023), 
Ethiopia (Yeneneh et al., 2022), Taiwan (Liou et al., 2022), South- 
Central Niger (Almouctar et al., 2021), and more specifically in 
Morocco (Acharki et al., 2023; Bassairate et al., 2021; Ouallali et al., 
2016; Tahiri et al., 2017), focus solely on historical or current condi
tions, without considering the future impacts of climate change and land 
use on soil erosion (Jazouli et al., 2019; Simonneaux et al., 2015). This is 
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Fig. 1. Geographical location of the study area map; (a) Study area explained in the country, (b) study area with provincial boundary, (c) Study area with elevation 
and meteorological stations.

B. Fatima et al.                                                                                                                                                                                                                                  Applied Soil Ecology 206 (2025) 105910 

2 



one of the reasons why we decided to conduct this study in our region.
Based on the research conducted in this study, none of the previous 

studies have provided comprehensive and reliable projections of soil loss 
that could occur in coming years due to the impact of future changes in 
precipitation and vegetation in a specific region of Morocco. The novelty 
of this study lies in utilizing the Linear Mixed-Effects (LME) model and 
the Cellular Automata/Markov (CA-Markov) model to predict precipi
tation and NDVI, which are used to estimate the R and C factors of the 
RUSLE equation.

In this context, this study introduces a comprehensive concept and a 
novel approach to investigate and assess the effects of climate change 
and land cover on soil erosion in the Loukkos watershed in northwest 
Morocco. The specific objectives of this paper are: (i) to quantify and 
more accurately predict the potential soil erosion rate using the RUSLE, 
considering future changes in erosivity and land cover (R and C factors), 
and to monitor their trends over the period 1999–2040; (ii) to identify 
areas that will be vulnerable to soil erosion; and (iii) to evaluate the 
average SY using the coupled RUSLE-SDR model. The results will un
doubtedly provide important and useful insights and serve as a valuable 
reference for policymakers in planning the necessary strategies to 
mitigate and reduce this hazardous phenomenon.

2. Materials and methods

2.1. Study area

The Loukkos watershed is located in northwestern Morocco, between 
6.20◦ and 5.24◦ west longitude and 34.75◦ and 35.40◦ north latitude 
(Fig. 1a). It covers an area of 3743.46 km2 and has a perimeter of 376.76 
km. Its principal cities are Larache, Ksar el-Kebir, and Ouazzane 
(Fig. 1b). The climate is semi-humid, with average annual precipitation 
ranging from approximately 700 mm to 1014 mm. Light rainfall is 
recorded in the western part of the flat plain of the Loukkos Valley, 
which reaches a minimum altitude of 4 m. In contrast, heavy rainfall has 
been recorded in the eastern part of the basin, at high altitudes, reaching 
a maximum value of 1683 m (Fig. 1c).

From a hydrological perspective, the Loukkos River is considered the 
main river of the watershed and one of the most important rivers in 
Morocco in terms of flow and associated agricultural and economic ac
tivities (Hrour et al., 2023). It originates at Jbel El Khzana in the prov
ince of Chefchaouen, at an altitude of over 1600 m. It flows for 180 km 
westward to the mouth of the Atlantic Ocean near the city of Larache. Its 
tributaries include the Oued Ouarour (200 km2) and the Oued El 
Makhazine (880 km2). Its hydrology is closely linked to rainfall condi
tions and exhibits significant interannual irregularities. The watershed 
also contains three major dams: the Oued El Makhzen dam, with a ca
pacity of 782 m3, serves to provide drinking water, generate hydro
electricity, rinse, and reduce flood risks. The Dar Khrofa dam, with a 
storage capacity of 480 m3, is also used for irrigating agricultural land 
and is connected to Tangier’s drinking water supply system. Addition
ally, the Gard Dam aims to raise the river’s water level to facilitate 
irrigation pumping and protect the downstream valley from seawater 
intrusion.

Its climate and geomorphological structure endow the basin with 
significant hydrological potential, contributing to the development of 
irrigated agricultural activities in the area and making it one of the most 
important agricultural regions in Morocco (Abbou et al., 2023). 
Consequently, agriculture is considered the main economic activity of 
the basin, as the available agricultural area represents 57 % of the ba
sin’s total area, with 21 % covered by irrigated agriculture and the 
remainder by rain-fed agriculture (Ahmed et al., 2021). It is noteworthy 
that the Regional Office for Agricultural Development of Loukkos 
(ORMVAL) is responsible for agricultural development within the basin. 
At the same time, the Hydraulic Basin Agency of Loukkos (ABHL) 
oversees the distribution and management of hydraulic infrastructures 
(dams and irrigation).

2.2. Datasets

We used the data to conduct the research described in Table 1 below.

2.2.1. Precipitation data
The precipitation data used in this work are daily records from 1999 

to 2019 from ten stations in the study area provided by the Hydraulic 
Basin Agency of Loukkos (ABHL) (Table 1). A mixed-effects model is 
then used via R software to predict future precipitation, determine the 
erosivity factor (R), and assess hydrological responses under climate 
change scenarios.

2.2.2. Soil data
We used the World Digital Soil Map (DSMW) database (Table 1) to 

identify the main soil types in the Loukkos region and extract their 
properties. We then verified the accuracy of the obtained data using a 
soil-type distribution map of Morocco at a scale of 1:2,000,000 estab
lished by the mapping department of the Moroccan Directorate of 
Cadastre and Mapping (Table 1). Consequently, we used this data to 
estimate the erodibility factor (K).

2.2.3. Digital elevation model (DEM)
The 30 m x 30 m digital elevation model was downloaded from the 

US Geological Survey website (Table 1) to extract the slope length (L) 
and slope steepness (S), to determine the LS erosion factor using ArcMap 
extensions.

2.2.4. Satellite images
In this study, we used satellite images taken in spring (the plant 

blooming season), characterized by low cloud cover (<10 %), to extract 
vegetation index maps. Consequently, we selected the Landsat 4–5 TM 
C1 Type 1 level 1 image dated May 24, 1999, May 3, 2009, and the 
Landsat 8 image dated May 15, 2019 (Table 1). The CA-Markov simu
lation model is then used to predict future NDVI values closely reflecting 
reality to assess vegetation responses under climate change scenarios, 
thereby determining the current and expected cover management fac
tors (C).

2.3. Methodology

The estimation and prediction of soil loss during the study period are 
based on applying the RUSLE on the LME and CA-Markov prediction 
models and the SDR. The methodology developed in this research is 
presented in Fig. 2.

2.3.1. RUSLE equation
The application of the RUSLE eq. (1) to estimate the average soil loss 

(A) requires the preparation of several maps of the different factors, 
namely rainfall erosivity (R), soil erodibility (K), slope length and 
steepness (LS), cover management (C), and support practices (P) 
(Wischmeier and Meyer, 1973): 

Table 1 
Datasets were used in this research.

Data sets Resolution Associated 
Factor

Data Source

Precipitation 
data

R Hydraulic Basin Agency of Loukkos 
(ABHL) (http://www.abhloukkos. 
ma)

Soil data K Food and Agriculture Organization 
(FAO) www.fao.org/geonetwork/s 
rv/en/metadata.show? 
id=14116&currTab=d istribution)

Soil map https://edepot.wur.nl/487491
DEM 30 m LS Earthexplorer.usgs.gov
Landsat 4–5 

and 8
30 m C USGS Earth Explorer/ Earthexplor 

er.usgs.gov
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Fig. 2. Methodology applied in the study.
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A = R×K× LS×C×P (1) 

Where: (A) is the average soil loss (t.ha− 1
.year− 1); (R) is the rainfall 

erosivity factor (Mj. Mm/h.ha− 1.year) (K) is the soil erodibility factor 
(Mj. Mm/h.ha− 1

.year); (LS) is the topographic factor representing slope 
length (L in meters) and steepness (S in %), (dimensionless); (C) is the 
cover management factor (ranging from 0 to 1, dimensionless); (P) is the 
factor for anti-erosive support practices (ranging from 0 to 1, 
dimensionless). 

a) Erosivity Factor (R)

The R factor represents the potential soil loss due to precipitation. 
This has led many researchers to propose various empirical models to 
estimate this factor based on daily, monthly, and annual precipitation 
(Lee and Lin, 2015). In this article, this factor is evaluated using the eqs. 
(2) and (3) (Renard and Freimund, 1994). 

R = 0.0483*P1.610 if P ≤ 850 mm (2) 

R = 0.004105×P2–1.249×P+ 587 if P˃850 mm (3) 

Where: P is the average annual precipitation (mm).
The satellite images on which we based this study date back to May. 

Hence, the precipitation that directly affects the vegetation cover in that 
month comes from the rainfall received in autumn, winter, and spring. 
This led us to sum the precipitation from the months of these three 
seasons for each year 1998–1999 to 2039–2040 at each station and then 
calculate their averages (Table 2).

Consequently, the R factors were calculated based on these point 
precipitation data using the previous eqs. (2) and (3) and were inter
polated throughout the studied watershed using the IDW interpolation 
method in ArcGIS version 10.8.1. 

✓ Precipitation Forecasts

To predict future precipitation, we used a “new” two-level mixed 
effects model: level (1) represents the months, and level (2) represents 
the years (Beroho et al., 2020), developed using the statistical software 
“R” version 3.6.2 (R Core Team, 2017), and adapted with the “nlme” 
library (Pinheiro and Bates, 2006). This model is based on daily data 
from 1999 to 2019 from 10 rainfall stations. By applying the following 
eq. (4)(Beroho et al., 2020): 

Tijk = β0 + β1*cos
(
wXijk–φT

)
+U0i +U0ij + εij (4) 

Where: i is the index of the month’s observations. j is the index of the 
year observations. Tijk is the k-th observation of precipitation for a 

month (i) of the year (j). β0 is the average precipitation of a month at 
time zero. β1 is the average increase in precipitation over time. U0i is the 
random effect specifying the month (i) at the intercept β0. U0ij is the 
random effect specifying the year (j) including the associated month (i) 
at the intercept β0 (Table 3). 

b) Erodibility Factor (K)

The factor (K) determines the soil’s ability to resist erosion. It de
pends on the physical and chemical properties of the soil, as well as the 
intensity and kinetic energy of precipitation. In this study, the value of 
the factor K is calculated using the eq. (5) proposed by Tsige et al. 
(2022). Based on the data extracted from the FAO soil map, the down
loaded “DSMW” file provides all the information for each layer in 
shapefile and Excel format. The results of the equation are presented in 
Supplementary Table 1. 

Kusle = ƒ csand× ƒ cl − si× ƒ oragC× ƒ hisand (5) 

ƒcsand =

(

0,2+0, 3×EXP
[

− 0, 256×ms×
(

1 −
msilt
100

)])

(6) 

ƒcl − si =
(

msilt
mc + msilt

)0,3

(7) 

ƒoragC =

(

1 −
0, 25 × orgC

orgc + EXP(3,72 − 2, 95*orgC)

)

(8) 

ƒhisand =

⎛

⎜
⎝1 −

0,7
(

1 − ms
100

)

ms
100 + EXP

(
− 5, 5 + 22,9 ×

(
1 − ms

100

)

⎞

⎟
⎠ (9) 

Where ms being the percentage of sand (0.05–2.00 mm), msilt being 

Table 2 
Monitoring and prediction of annual average rainfall and R Factor of Loukkos watershed.

Station 
Name

Coordinates 1999 2009 2019 2029 2040

Lat. Long. Average 
Rainfall 
(mm)

R (MJ mm 
ha− 1 h− 1 

year− 1)

Average 
Rainfall 
(mm)

R (MJ mm 
ha− 1 h− 1 

year− 1)

Average 
Rainfall 
(mm)

R (MJ mm 
ha− 1 h− 1 

year− 1)

Average 
Rainfall 
(mm)

R (MJ mm 
ha− 1 h− 1 

year− 1)

Average 
Rainfall 
(mm)

R (MJ mm 
ha− 1 h− 1 

year− 1)

BOEM 34.94 − 5.85 319.6 520.4 891.3 2734.8 600.8 1437.8 355.9 618.9 457.1 925.9
Oughane 34.98 − 5.45 355.6 618.0 1209.0 5077.2 868.8 2603.8 442.3 878.0 577.7 1349.9
Mdouar 35.00 − 5.50 387.7 710.3 1233.1 5288.7 681.9 1762.9 202.9 250.4 190.9 227.0
Mrissa 35.02 − 5.96 319.6 520.4 927.6 2960.5 533.8 1188.6 354.0 613.4 413.8 788.8
Boufarah 35.03 − 5.47 424.4 821.6 1433.6 7233.1 739.9 2010.6 572.4 1329.9 609.1 1469.9
Sahel 35.04 − 5.63 605.0 1454.0 1450.2 7408.8 784.7 2210.1 519.4 1137.3 599.2 1431.6
Jouaber 35.07 − 5.92 293.4 453.5 451.1 906.4 395.1 732.2 275.0 408.6 309.8 495.0
Sidi Ayad 

Soussi
35.16 − 5.90 300.2 470.5 974.0 3264.6 611.5 1479.3 362.5 637.6 442.0 877.3

Larache 35.19 − 6.15 294.5 456.2 991.4 3383.4 445.3 887.7 363.1 639.2 393.7 728.1
Dar 

Khrofa
35.22 − 5.80 345.4 589.7 1145.6 4543.5 710.0 1881.4 692.0 1805.2 741.1 2015.7

Average 364.5 661.5 1070.7 4280.1 637.2 1619.4 413.9 831.8 473.4 1030.9

Table 3 
Precipitation (mm) adjustment summary.

Fixed effect Estimation

Value Std. error p-Value

β0 2.2125 0.4828 0.0000
β1 0.2822 0.1152 0.0144

Random Effect Value

σb0(i) 1.6116
σb0(i)j 1.5911
σΣ 7.1353
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the percentage of silt (0.002–0.05 mm), mc being the percentage of 
clay (<0.002 mm), and orgC being the organic carbon content (SOC) 
(%). 

c) Factor of Topography (LS)

The factor (LS) is a topographic index that represents the shape of the 
terrain. It considers the effects of the length (L) and slope (S) of the slope 
on the rate of surface runoff leading to water erosion. The longer and 
steeper the slope, the greater the erosion. To determine this factor, we 
used the eq. (10) developed by Sakhraoui (2023). 

LS =

(
X

22,1)m.
(
0, 065+0, 045.S+0, 0065.S2) (10) 

Where; X is the length of the slope in meters, where X = (flow accu
mulation×resolution)X = (\text{flow accumulation} \times \text{res
olution})X = (flow accumulation×resolution). S is the slope percentage 
(Supplementary Fig. 1). Resolution: 30 m. m is a constant related to the 
slope, equal to 0.5, according to Supplementary Table 2 and Supple
mentary Fig. 1. 

d) Vegetation Cover Factor (C)

The factor (C) reflects the impact of vegetation cover and cultivation 
techniques on soil erosion (Chalise et al., 2019). It is a spatio-temporal 
variable related to precipitation dynamics and plant growth (Yuan 
et al., 2022). The C factor is determined based on the NDVI using the eq. 
(11) developed by Durigon et al. (2014): 

C =

(
− NDVI + 1

2

)

(11) 

The NDVI is a good indicator for monitoring vegetation activity. It is 
calculated using eq. (12). Its values range from − 1 to 1, with high values 
representing green and dense vegetation, while low values indicate bare 
land or water bodies. 

NDVI =
(PIR − R)
(PIR + R)

(12) 

Where: PIR is the reflectance in the near-infrared band, and R is the 
reflectance in the red band. 

✓ NDVI Forecasting

In this study, we applied the CA-Markov model from Idrisi Andes to 
predict the NDVI for 2029 and 2040 based on the NDVI from 1999, 
2009, and 2019. The model combines CA-Markov processes to enhance 
the computational efficiency of the simulation (Cui et al., 2021; Nie 
et al., 2015). The NDVI for 2019 was predicted using the transition 
probability matrix between the different NDVI categories from 1999 to 
2009. A Kappa accuracy test was conducted on the predicted data and 
the actual NDVI data from 2019 to verify the simulation results. 
Consequently, the NDVI for 2029 and 2040 is predicted based on the 
class transition probability matrix of the NDVI from 2009 to 2019 
(Abdelkarim, 2023). 

e) Factor of Erosion Control Practices (P)

The factor P reflects the effectiveness of measures aimed at reducing 
runoff velocity and preventing soil erosion (Panagos et al., 2015). The 
most significant supporting measures include contour farming, strip 
cropping, and terracing. The value of P ranges from 0 to 1, where 
0 represents very effective erosion control practices, and 1 indicates no 
erosion control practices (J. Li et al., 2024). 

f) Estimation of Soil Loss Rate (A)

The spatial distribution of soil loss (factor A) is estimated and map
ped based on the product of the five factors described above, following 
the empirical equations of the RUSLE model in ArcGIS 10.4.1, using the 
option Spatial Analyst Tools > Map Algebra > Raster Calculator. To 
facilitate the analysis and identification of erosion severity levels in the 
Loukkos watershed, each estimated soil loss map has been divided into 
the following five categories (Fig. 8):

2.4. Validation

The SDR represents the total amount of soil lost and transported 
downstream from a specific area over a defined time period (Dos Santos 
et al., 2017). At the watershed level, this ratio can be determined by 
comparing the sediment generated within erosion-prone areas to the 
sediment discharged through the watershed outlet (Puno et al., 2021). In 
practice, the proposed equations apply only to lands influenced by the 
primary factors for which they were developed. We included all nine 
SDR parameters involved in the process to fully assess the capability of 
our models (Supplementary Table 3) (Xu et al., 2024). We then used 
the Ru ratio to identify the most suitable model, considering compara
tive methods, standard error (SE), and the coefficient of variation 
(Boufeldja et al., 2020).

The resulting SDR values (Supplementary Table 3) vary across 
models depending on the factors incorporated into each model. For 
comparison, we calculated the sediment-output ratio “Ru” for the EPM 
model using Eq. 13. 

Ru =
4(P × D)0.5

L + 10
(13) 

Where Ru represents the sedimentation coefficient of the watershed, L is 
the length of the line connecting both ends of the watershed (in km), P is 
the watershed perimeter, and D is the topographic difference between 
the average elevation and the lowest elevation of the watershed, defined 
as D ¼ Dar - Do, with Do being the elevation (in km) at the watershed 
outlet. Consequently, the sediment-output ratio Ru is calculated as 
0.40988689 (as shown in Table 4).

To identify the most suitable model for our study area, we employed 
multiple approaches, including adaptive comparisons, the coefficient of 
variation (CV), standard deviation, and standard error (SE) (Belkendil 
et al., 2016), as outlined in Eqs. (14–16). 

CV =
SD
X0

×100 (14) 

SD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Xe − X0)
2

X0

√

(15) 

SE =

⃒
⃒(SDR)E − (SDR)B

⃒
⃒

(SDR)E
*100 (16) 

Table 4 
Estimation of sediment delivery from the Loukkos watershed, according to the 
model EPM.

Surface (km2) 3743.46
Surface (mil2) 2326.08
Perimeter 376.7
length of the main water course (km) 124
Maximal length of the watershed inferred parallel to the 

mainstream (km)
88

Maximum altitude 1683
Minimum altitude (m) 4
R: watershed relief = maximum height of the watershed – outlet 

elevation
1679

Outlet height (m) 4
Mean elevation (m) 271.71
D (km) 0.26771
EPM (Ru) 0.40988689
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Fig. 3. Spatial distribution of erosivity (R) for Loukkos watershed. (a) 1999, (b) 2009, (c) 2019, (d) 2029, and (e) 2040.
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Where CVis the coefficient of variation; SD is the standard deviation;X0is 
the observed SDR (SDR0);Xe is the estimated SDR (SDRe); SDRB is the 
sediment delivery rate.

3. Results

3.1. Analysis of factor maps

a) Erosivity Factor (R)

We simulated future precipitation projections up to 2040 using a 
linear mixed-effects model (LME) based on daily precipitation data from 
1999 to 2019. The validity and accuracy of the precipitation forecast 
simulations are indicated by a p-value lower than 0.05 (see Table 3). 
Therefore, the standard deviation values for the fixed and random ef
fects are very low. Additionally, the amounts of precipitation and the 
errors align well with the fitted values (Supplementary Fig. 2).

The satellite images on which we based this study date back to May. 
Hence, the precipitation that directly affects the vegetation cover in that 
month comes from the rainfall received in autumn, winter, and spring. 
This led us to sum the precipitation from the months of these three 
seasons for each year of 1998/1999 to 2039/2040 at each station and 
then calculate their averages (Table 2).

Consequently, the R factors were calculated based on these point 
precipitation data using the previous eqs. (2) and (3), and were inter
polated throughout the studied watershed using the IDW interpolation 
method in ArcGIS version 10.4.1, as shown in Figs. 3a, b, c, d, and e. 
The results indicate that the values of the R factor are high, ranging from 
227.47 to 7408.43 

(
Mj. Mm/h.ha− 1.year

)
(Fig. 3), with an overall 

average of 1684.76 
(
Mj. Mm/h.ha− 1.year

)
, specifically 661.47 

(
Mj. Mm/h.ha− 1.year

)
in 1999, 4280.11 

(
Mj. Mm/h.ha− 1.year

)
in 2009, 

1619.44 
(
Mj. Mm/h.ha− 1.year

)
in 2019, and 831.84 

(
Mj. Mm/h.ha− 1.

year
)

in 2029, and 1030.92 
(
Mj. Mm/h.ha− 1.year

)
in 2040 (Table 2), 

indicating a significant variation between years due to changes in 

precipitation during this period. Thus, the highest value occurred in 
2018/2019, with a maximum average rainfall of 1070.69 mm, while the 
lowest was recorded in 1998/1999, with a minimum average rainfall of 
364.54 mm. It is observed that precipitation strongly impacts changes in 
erosivity and, consequently, on soil loss. The highest values are pri
marily recorded in the eastern part of the basin, whereas the lowest 
values are recorded downstream of the basin (Fig. 3). 

b) Factors of Erodibility (K) and topography (LS)

Fig. 4a illustrates the spatial distribution of the erodibility factor K in 
the Loukkos watershed, with values ranging from 0.0172 to 0.0213 
(
Mj. Mm/h.ha− 1.year

)
. The highly erodible soils are Kastamozems cal

ciques (Kk), which account for 32.27 % of the area, followed by Luvisols 
chromiques (Lc), characterized by moderate erodibility and covering 
more than half of the watershed area (57.86 %). In contrast, the least 
erodible soils are Fluvisols eutriques (Je), representing only 9.88 % of 
the total area (Table 5).

Fig. 4b shows the spatial distribution of LS factor values, ranging 
from 0 to 205.3. The lowest values are recorded in the plains and riv
erbeds of the watershed, while relatively higher values are associated 
with steeper slopes, particularly in the upper valleys and upstream areas, 
where the rugged topography is more susceptible to erosion processes 
(Ochoa et al., 2016). These higher values are concentrated in the eastern 

Fig. 4. Spatial distribution of RUSLE parameters: (a) K-factor; (b) LS-factor.

Table 5 
Class distribution of factor K throughout the Loukkos watershed.

Soil of Loukkos 
watershed

factor K 
(Mj. Mm/h.ha− 1.year)

Area 
(km2)

Percentage 
(%)

Eutric Fluvisols (Je) 0,0172 368,32 9,88
Carbonate 

Kastamozems (Kk)
0,0213 1203,09 32,27

Chromatic Luvisols 
(Lc)

0,0183 2157,31 57,86
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Fig. 5. Spatial distribution of the NDVI for Loukkos watershed. (a) 1999, (b) 2009, (c) 2019, (d) 2029, and (e) 2040.
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part of the watershed. 

c) Factor of vegetation Cover (C)

Based on the NDVI data from 1999, 2009, and 2019, we used the CA- 
Markov model to obtain the NDVI for 2029 and 2040 (Fig. 5). The Kappa 
index values of the simulation results between the simulated NDVI 2019 
map (Supplementary Fig. 3) and the actual one are Klocation = 0.88 
(88 %), Kn0 = 0.86 (86 %), and Kstandard = 0.83 (83 %) (Fig. 6), 
indicating an almost perfect agreement between the two maps, and 
suggesting that the NDVI forecasts for 2029 and 2040 will be very close 
to reality.

The method for obtaining the factor (C) using the NDVI index as
sumes a linear relationship between them. The results of this study 
revealed a strong negative correlation, with the R2 coefficient during the 
study period reaching 0.9948 (Supplementary Fig. 4). This indicates 
that the two variables tend to move in opposite directions. As factor C 
decreases, the NDVI value increases, indicating good protection and 
conservation of land cover, and vice versa (Figs. 5 and 7).

The obtained factor (C) maps (Fig. 7) show that the distribution of its 
values is quite heterogeneous throughout the area. This value difference 
(C) reflects the variation in vegetation cover density within the water
shed (Table 6). Values of C ≤ 0.3 indicate that vegetation cover is well 
developed and the soil is well protected. In contrast, values of C > 0.3 
confirm poor soil protection in urban areas, agricultural lands, shrub
lands, grasslands, and lands exposed to heavy rainfall and completely 
bare soils. These are mainly distributed in the western and eastern parts 
of the basin, characterized by low vegetation cover due to significant 
urban expansion and agricultural activities primarily conducted on 
plains with fertile alluvial deposits. However, urban expansion and 
population growth have led to the emergence of rural areas in the 
Loukkos basin, with a total estimated population of 861,188 people 
(Supplementary Fig. 5), and subsistence agriculture in steep areas, 
resulting in deforestation and thereby exacerbating the risk of erosion. 
The spatial distribution of factor C confirms that human activities 
related to land use and climate change have long affected the area, 
leading to forest degradation and conversion into cultivated lands, 
steppes, and pastures (De Chazal and Rounsevell, 2009). 

d) Factor of Erosion Control Practices (P)

Most farmers in the Loukkos Basin do not implement the erosion 
control measures recommended by agricultural experts. Most crops in 
the basin are cereals, which are rarely grown parallel to the contour lines 

of the basin. For these reasons, we assign a value of 1 to the factor P for 
the entire watershed area. It is also for these reasons that most studies 
conducted in Morocco have adopted this value (El Assaoui et al., 2023).

3.2. Estimation of soil loss rate

The spatial distribution of soil loss (factor A) is estimated and map
ped based on the product of the five factors described above, following 
the empirical equations of the RUSLE model in ArcGIS 10.4.1, using the 
option Spatial Analyst Tools > Map Algebra > Raster Calculator. To 
facilitate the analysis and identification of erosion severity levels in the 
Loukkos watershed, each estimated soil loss map has been divided into 
the following five categories (Fig. 8):

Based on the resulting soil loss maps over the period (1999–2040), 
each pixel in the total area of the Loukkos basin (3743.46 km2) has a 
value corresponding to its erosion potential, with an overall range of 0 to 
3797.66 t.ha− 1

.year− 1 and an average rate of 111.51 t.ha− 1
.year− 1.

The results in Table 7 show that the average soil loss in 1999 was 
100.64 t.ha− 1

.year− 1. In 2009, it was 138.27 t.ha− 1
.year− 1 in 2019, it 

was 110.98 t.ha− 1.year− 1, and it is expected to reach 103.50 
t.ha− 1

.year− 1 in 2029 and 104.16 t.ha− 1
.year− 1 in 2040. Thus, the lowest 

average recorded during this period was in 1999, while the highest was 
recorded in 2009. It is noted that the average annual soil loss signifi
cantly increased by +37.39 % (from 100.64 to 138.27 t.ha− 1

.year− 1) 
from 1999 to 2009 and then decreased by − 19.74 % (from 138.27 to 
110.98 t.ha− 1

.year− 1) from 2009 to 2019, and it will further decrease by 
− 6.75 % (from 110.98 to 103.50 t.ha− 1

.year− 1) from 2019 to 2029, 
while there will be a slight increase of +0.64 % (from 103.50 to 104.16 
t.ha− 1

.year− 1) from 2029 to 2040.
This study set the soil erosion tolerance threshold at 25 t.ha− 1

.year− 1. 
Therefore, areas where soil erosion rates exceed 25 t.ha− 1

.year− 1 are 
considered highly eroded and require urgent measures to prevent and 
control soil erosion (Fig. 8). The analysis showed that the area with a soil 
erosion rate ≤ 25 t.ha− 1

.year− 1 in the Loukkos watershed was estimated 
at approximately 3451.90 km2 (92.21 %), 2928.80 km2 (78.24 %), and 
3202.44 km2 (85.55 %) in 1999, 2009, and 2019, respectively. Mean
while, in 2029 and 2040, the area will reach approximately 3406.02 km2 

(90.99 %) and 3327.34 km2 (88.88 %), respectively. In contrast, the area 
with a soil erosion rate > 25 t.ha− 1

.year− 1 was estimated at approxi
mately 291.56 km2 (7.79 %) in 1999, 814.66 km2 (21.76 %) in 2009, 
and 541.02 km2 (14.45 %) in 2019. The area is expected to reach 
approximately 337.44 km2 (9.01 %) in 2029 and 416.12 km2 (11.12 %) 
in 2040 (Table 7).

In the Loukkos basin, areas with low soil loss values <25 t.ha− 1
.

year− 1 are characterized by lower values of the LS, K, and R factors and 
the protective effect of vegetation. They are mainly concentrated in the 
western part of the basin, downstream and near the rivers, where the 
land is flat or gently sloped, with good irrigation conditions and high 
vegetation density, making them very resistant to erosion (Kosmas et al., 
2000). In contrast, areas with erosion categories >25 t.ha− 1

.year− 1 are 
characterized by higher LS, K, and R values and lack vegetation. They 
are mainly distributed in the eastern part of the basin, where the terrain 
is rugged, and the soil is loose and fragile, consisting of clay and marble.

3.3. Soil erosion rates about precipitation, erosivity, and factor C for the 
period 1999–2040

Climate change can lead to changes in precipitation patterns, both in 
terms of annual values and seasonal distribution (Sohoulande Djebou 
and Singh, 2016), which can significantly modify the erosivity factors 
(R) and vegetation cover (C) and, thus, soil loss rates. To protect the soil 
from water erosion caused by the impact of climate change and to take 
necessary measures to guide anthropogenic activities in the Loukkos 
watershed, such as agricultural practices, we reconstructed the spatio- 

Fig. 6. Validation of CA-Markov model.
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temporal evolution of precipitation and NDVI for 1999–2040. We 
identified the expected scenarios of changes in vegetation cover, 
erosivity, and soil loss while deducing the degree of correlation between 
them. On the one hand, the analyses demonstrate that a change in 
precipitation will inevitably lead to a change in NDVI values, thereby 
affecting the estimation of the C factor for an accurate soil loss predic
tion. While precipitation is positively correlated with NDVI with a value 

of R2 = 0.76 (Fig. 9a) and negatively correlated with the C factor with a 
value of R2 = 0.77 (Fig. 9b), indicating that a positive change in pre
cipitation will result in a positive change in NDVI and an adverse change 
in the C factor.

On the other hand, the results revealed that precipitation also affects 
erodibility and soil loss, which are closely related (Fig. 9c). Fig. 9d 
confirms a strong positive correlation between erodibility and soil loss, 

Fig. 7. Spatial distribution of the C-Factor for Loukkos watershed. (a) 1999, (b) 2009, (c) 2019, (d) 2029, and (e) 2040.
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as the R2 value is 0.99. This indicates that when annual erodibility in
creases, soil loss values increase, and vice versa, provided other condi
tions remain the same.

Based on these results, we conclude that precipitation is the domi
nant factor affecting erodibility, vegetation dynamics, and soil loss. The 
significant changes between 1999 and 2040 indicate that factor C 
decreased from the highest value of 0.36 in 1999 to the lowest value of 
0.30 in 2009 (Fig. 9b), demonstrating that this factor is not the main 
cause of increased soil loss in the basin. By examining Figs. 3 and 8, we 
find that soil loss primarily occurs in areas with the highest erodibility 
values, indicating that the latter remains the primary determinant of soil 
loss in the Loukkos watershed (Fig. 9c and d).

3.4. Validation

3.4.1. Sediment yield and silting rate of the Oued El Makhazine dam
We utilized the sediment delivery ratio (SDR) model to determine the 

proportion of eroded soils due to water erosion that contributes to 
sedimentation in the reservoir area of the watershed (Wu et al., 2018), 
which is best suited for the area. Consequently, the coupled RUSLE/SDR 
model was employed to calculate sediment yield (SY) by Ouadjane et al. 
(2021). From these data, we obtained a sediment delivery ratio (SDR) of 
21.2 % (Table 8) and a sediment yield (SY) value of 8,849,672.16 
t.ha− 1

.year− 1, corresponding to 6.81 Mm3 (Table 9), which matches the 
value measured by the bathymetry conducted by the Loukkos Hydraulic 
Basin Agency (ABHL) at the El Makhazine dam reservoir (Table 10).

4. Discussion

To clarify and evaluate the results obtained in this article, we 
compared them to a set of studies aimed at determining soil loss rates 
due to water erosion in different regions of Morocco. Consequently, we 
found significant spatial differences between the obtained soil loss 
values, in the Ourika watershed in the High Atlas of Marrakech. Meliho 
et al. (2016) found an average soil loss value of 380 t.ha− 1

.year− 1, with 
48 % of the watershed area experiencing soil loss ranging from 50 to 400 
t.ha− 1

.year− 1, 30 % between 400 and 1000 t.ha− 1
.year− 1, and only 4 % 

below the tolerance threshold (<7t.ha− 1
.year− 1). Meanwhile, in the 

Oum Er-Rbia watershed in the Middle Atlas, El Jazouli et al. (2019)
showed that the average soil loss was 250 t.ha− 1

.year− 1.A study by 
Ouadjane et al. (2021) found that 22.5 % of the area is very vulnerable 
to erosion. He was also conducted in the Agoudal watershed in the 
Central High Atlas, southeast of Morocco. He found an average erosion 
value of 255.058 t.ha− 1

.year− 1 using the RUSLE model. In contrast, in 
northern Morocco, on the Mediterranean slope of the western Rif, in the 
Oued Arbaa Ayacha watershed. Ouallali et al. (2016) found that the 
estimated annual soil loss varied between 0.11 and 468 t.ha− 1

.year− 1, 
while in the Oued Tleta watershed, Zahnoun and Jamal (2020) reported 
that the maximum soil loss value was about 294 t.ha− 1

.year− 1, with an 
average loss estimated at 46.1 t.ha− 1

.year− 1and a total annual loss of 
about 800,000 t.ha− 1

.year− 1.
Further research conducted in the Rif region reveals a higher level of 

erosion risk in this watershed, with soil loss rates ranging from 0 to 
467.19 t.ha− 1

.year− 1, 0 to 3797.66 t.ha− 1
.year− 1, 0 to 1810.83 

t.ha− 1
.year− 1, 0 to 631.72 t.ha− 1

.year− 1, and 0 to 932.53 t.ha− 1
.year− 1 in 

1999, 2009, 2019, 2029, and 2040, respectively. Compared to findings 
in other watersheds, such as Arbaa Ayacha (Ouallali et al., 2016) with 
soil loss between 0.11 and 468 t.ha− 1

.year− 1, Tahaddart (Tahiri et al., 
2017) where values ranged from 0 to 202.3 t.ha− 1

.year− 1.
However, further research conducted in the Rif region supports our 

findings, particularly in the El Kharroub watershed (Ammari et al., 
2023; F. Li et al., 2024). Estimated annual erosion rates range from 0.47 
to 1284.7 t.ha− 1

.year− 1 between 2000 and 2020, from 0.37 to 1007.6 
t.ha− 1

.year− 1 for the period 2021–2030, and from 0.36 to 1012.6 
t.ha− 1

.year− 1for 2031–2050. In the Oued El Makhazine watershed (a 
sub-basin of Loukkos), Bassairate et al. (2021) reported an average 
annual soil loss of approximately 101.2 t.ha− 1

.year− 1 between 1999 and 
2008, and 174.5 t.ha− 1

.year− 1 between 2008 and 2013. These figures 
highlight the severity of the erosion issue in the region and the need for 
immediate action to address it (Xiong et al., 2024).

Compare the results of various studies conducted across the Medi
terranean basin to evaluate the accuracy of the model used. For example, 
according to a study by Kaci et al. (2017), average soil losses on fragile 
lands in the Oued Rhiou basin in Algeria reach 25 t.ha− 1

.year− 1. Simi
larly, (Souadi, 2011) reports that the Oued Barbara basin in Tunisia loses 
an average of 36 t.ha− 1

.year− 1. Focusing on the Mhaydssé watershed in 
the Bekaa plain of Lebanon, (El Hage et al., 2016) estimate soil losses at 
46 t.ha− 1

.year− 1. On the other side of the Mediterranean, a study by 
Napoli et al. (2016) in the Tusciano river basin in Italy reports average 
losses of 22 t.ha− 1

.year− 1 using the RUSLE model. In Spain, researchers 
such as García-Ruiz (2010) observed high erosion rates ranging from 
30.2 to 80.4 t.ha− 1

.year− 1 in various sub-basins of the Segura river. 
These figures underscore the importance of considering regional dif
ferences to better understand and manage soil erosion in the Mediter
ranean region (Liu et al., 2024; Qi et al., 2023).

The study highlights the extent of annual soil loss in the Loukkos 
basin between 1999 and 2040, revealing an alarming situation. This 
deterioration is primarily attributed to changes in erosion intensity 
caused mainly by climatic variations (precipitation), as confirmed by 
this research and previous studies, including those by Napoli et al. 
(2016) in Ethiopia, Zahnoun and Jamal (2020) in China, Ouadjane et al. 
(2021) in Iran, Meliho et al. (2016) in Spain, and Ammari et al. (2023) in 
Thailand. However, it is important to note that other factors signifi
cantly contribute to the uneven distribution of soil erosion risks, adding 
further complexity to this urgent environmental issue.

In this regard, it is strongly recommended to implement on-site soil 
conservation practices. For example, a study by Gong et al. (2022)
demonstrated that mixed forests significantly reduced soil erosion by 
23.6 % compared to monocultures. Moreover, the results showed that 
this effectiveness was particularly notable on steep slopes, between 16 
and 25◦. However, farmers should also consider other soil conservation 
measures on their agricultural lands. For instance, early crop sowing is 
preferable to late sowing. A study by Meunier et al. (2011) demonstrated 
that early planting of cassava helps mitigate soil erosion by promoting 
vegetation cover development and reducing runoff. Additionally, con
structing terraces on steep terrain has proven to be an effective method 
for slowing runoff velocity, as highlighted by Chen et al. (2017).

This study, while providing valuable insights into soil erosion dy
namics and sediment yield forecasting in the Loukkos watershed, faces 
several data limitations that may influence the precision of its results. 
The accuracy of the RUSLE and SDR models heavily depends on the 
quality and resolution of input data such as precipitation, LULC, and soil 
properties. The future precipitation projections were derived from a 
LME model based on historical data from 1999 to 2019, which may not 
fully capture the complexity of future climate patterns, especially in the 
face of extreme weather events. Similarly, the NDVI predictions using 
the CA-Markov model are constrained by the resolution and frequency 
of available satellite imagery, which may not reflect rapid changes in 

Table 6 
Distribution of the C-factor classes over the Loukkos watershed.

1999 2009 2019 2029 2040

Class Values Area 
(%)

Area 
(%)

Area 
(%)

Area 
(%)

Area 
(%)

Low <0.3 49.61 86.63 86.94 75.73 75.82
Moderate 0.31–0.5 48.95 11.96 11.64 22.51 22.23
High ≥0.51 1.44 1.41 1.43 1.76 1.95
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Fig. 8. Spatial distribution of estimated soil erosion rates in the study area: (a) 1999, (b) 2009, (c) 2019, (d) 2029, and (e) 2040.
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vegetation cover caused by unforeseen human activities or climatic 
fluctuations. Additionally, the sediment yield validation is based on data 
from the El Makhazine dam reservoir, which, although useful, may not 
comprehensively represent sediment dynamics across the entire water
shed. Despite these limitations, the study employs robust statistical 
methods and validation techniques, ensuring that its findings remain 
reliable within the constraints of available data.

This research contributes directly to several Sustainable Develop
ment Goals (SDGs), particularly SDG 13 (Climate Action), SDG 15 (Life 

Table 7 
Classes of soil loss rates derived from the RUSLE model.

1999 2009 2019 2029 2040

Values t.ha− 1
.year− 1 Class % km2 % km2 % km2 % km2 % km2

<25 Low 92.21 3451.9 78.24 2928.8 85.55 3202.44 90.99 3406.02 88.88 3327.34
25–50 Moderate 4.43 165.83 5.5 206.06 6.08 227.55 4.99 186.7 5.59 209.3
50–100 High 2.43 91.08 5.94 222.39 4.47 167.27 2.81 105.06 3.58 134.14
100–200 Very High 0.8 30.04 4.97 186.01 2.56 95.83 1.04 39.06 1.55 58.01
>200 Extremely High 0.12 4.62 5.35 200.2 1.35 50.36 0.18 6.61 0.39 14.67
Total – 100 3743.46 100 3743.46 100 3743.46 100 3743.46 100 3743.46
Min – 0 0 0 0 0
Max – 467.19 3797.66 1810.83 631.72 932.53
Average – 100.64 138.27 110.98 103.5 104.16

Fig. 9. Correlation between: (a) Rainfall vs NDVI, (b) Rainfall vs C-factor, (c) Rainfall, Variation of erodibility (R), and factor (A) during the study period and (d) 
Correlation between R-factor vs A-factor.

Table 8 
Estimation of SDR.

Model name Model equation A (km2) SDR

Zhao and Shi (2002) SDR = 0.735*
(
A− 0.151) 3743.46 0.212189108

N.B.: The bulk density of the area is estimated at 1300 kg/m3.

Table 9 
The sediment yield estimated by RUSLE/SDR for the Loukkos watershed for the period 1999–2040.

Name Area (A) 
ha− 1

Mean loss 
t.ha− 1

.year− 1

Erosion rate 
t.year− 1

SY SY 
(t.year− 1r)

SY 
(Mm3)

Joukkos Basin 374,345.84 111.51 41,743,736.61 SY = SDR× A 8,849,672.16 6.81
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on Land), and SDG 6 (Clean Water and Sanitation). By forecasting soil 
erosion and sediment yield under changing climatic conditions, the 
study offers crucial information for climate adaptation strategies, help
ing policymakers take proactive measures to mitigate land degradation 
and preserve soil health (SDG 15). The identification of priority areas for 
erosion control supports ecosystem protection, ensuring sustainable 
land management and combating desertification. Furthermore, the 
findings are critical for maintaining water quality in reservoirs and 
rivers by reducing sedimentation, which aligns with SDG 6 by promoting 
better water resource management. Ultimately, this study exemplifies 
how integrated geospatial techniques and predictive models can aid in 
achieving long-term environmental sustainability, resilience, and 
improved natural resource management in vulnerable regions.

5. Conclusions

This study introduces a method to forecast and estimate the average 
annual soil loss rate and average sediment yield (SY) in the Loukkos 
watershed in Morocco for the period 1999–2040, aiming to assess 
climate change impacts on soil degradation. The approach combines the 
RUSLE/SDR model with forecasting models. Future precipitation pro
jections until 2040 were simulated using a LME based on daily precip
itation data from 1999 to 2019. Additionally, the CA-Markov model 
predicted the NDVI for 2029 and 2040 based on 1999, 2009, and 2019 
data. The accuracy of the precipitation forecast simulation was 
confirmed by a “p-value” <0.05 and low standard deviation values for 
both fixed and random effects, aligning well with adjusted values. NDVI 
forecast simulation was validated by kappa index values indicating 
strong consistency between simulated and actual NDVI maps.

The results showed erosion rates in the Loukkos basin varied from 
0 to 3797.66 t.ha− 1

.year− 1 with an SDR of 21.2 % and an average loss of 
111.51 t.ha− 1

.year− 1. The highest average soil loss was in 2009, and the 
lowest was in 1999. Soil loss significantly increased by 37.39 % from 
1999 to 2009, then decreased by 19.74 % from 2009 to 2019, and is 
expected to decrease by 6.75 % from 2019 to 2029, with a slight increase 
of 0.64 % from 2029 to 2040. A strong positive correlation exists be
tween erosivity and soil loss (R2 = 0.99). Precipitation changes pri
marily affect the soil cover factor (C) and erosivity (R), leading to soil 
loss mainly in the eastern region of the basin, characterized by fragile 
soils, rugged terrain, and lack of vegetation. Erosivity remains the main 
determinant of soil loss in the Loukkos watershed. The sediment yield 
estimated by RUSLE/SDR matches the measured value at the El 
Makhazine dam reservoir.

The study demonstrates that prediction models effectively simulate 
and forecast scenarios of the adopted factors. Integrating the RUSLE- 
SDR model with remote sensing and GIS for estimating soil loss and 
sediment yield provides a flexible spatial analysis and data processing 
environment, assisting decision-makers in assessing soil losses and 
identifying priority areas for erosion protection and control at a low 
cost.
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aménagement agricole dans la plaine de la Bekaa ( Liban ). M@ppemonde 117.

El Jazouli, A., Barakat, A., Khellouk, R., 2019a. GIS-multicriteria evaluation using AHP 
for landslide susceptibility mapping in Oum Er Rbia high basin (Morocco). 
Geoenviron. Disasters 6. https://doi.org/10.1186/s40677-019-0119-7.

Jazouli, A. El, Barakat, A., Khellouk, R., Rais, J., Baghdadi, M. El, 2019b. Remote sensing 
and GIS techniques for prediction of land use land cover change effects on soil 
erosion in the high basin of the Oum Er Rbia River (Morocco). Remote Sens. Appl. 
Soc. Environ. 13, 361–374. https://doi.org/10.1016/j.rsase.2018.12.004.

Eniyew, S., Teshome, M., Sisay, E., Bezabih, T., 2021. Integrating RUSLE model with 
remote sensing and GIS for evaluation soil erosion in Telkwonz watershed, 
northwestern Ethiopia. Remote Sens. Appl. Soc. Environ. 24, 100623. https://doi. 
org/10.1016/j.rsase.2021.100623.

García-Ruiz, J.M., 2010. The effects of land uses on soil erosion in Spain: a review. 
Catena 81, 1–11. https://doi.org/10.1016/j.catena.2010.01.001.

Getachew, B., Manjunatha, B.R., Bhat, G.H., 2021. Assessing current and projected soil 
loss under changing land use and climate using RUSLE with remote sensing and GIS 
in the Lake Tana Basin, upper Blue Nile River basin, Ethiopia. Egypt. J. Remote Sens. 
Sp. Sci. 24, 907–918. https://doi.org/10.1016/j.ejrs.2021.10.001.

Girmay, G., Moges, A., Muluneh, A., 2021. Assessment of current and future climate 
change impact on soil loss rate of Agewmariam watershed, northern Ethiopia. Air, 
Soil Water Res. 14. https://doi.org/10.1177/1178622121995847.

Gong, C., Tan, Q., Liu, G., Xu, M., 2022. Impacts of mixed forests on controlling soil 
erosion in China. Catena 213, 106147. https://doi.org/10.1016/j. 
catena.2022.106147.

Hrour, Y., Fovet, O., Lacombe, G., Rousseau-Gueutin, P., Sebari, K., Pichelin, P., 
Thomas, Z., 2023. A framework to assess future water-resource under climate change 
in northern Morocco using hydro-climatic modelling and water-withdrawal 
scenarios. J. Hydrol. Reg. Stud. 48. https://doi.org/10.1016/j.ejrh.2023.101465.

Jie, C., Jing-zhang, C., Man-zhi, T., Zi-tong, G., 2002. Soil degradation: a global problem 
endangering sustainable development. J. Geogr. Sci. 12, 243–252. https://doi.org/ 
10.1007/bf02837480.

Jin, F., Yang, W., Fu, J., Li, Z., 2021. Effects of vegetation and climate on the changes of 
soil erosion in the loess plateau of China. Sci. Total Environ. 773, 145514. https:// 
doi.org/10.1016/j.scitotenv.2021.145514.

Kaci, M., Habi, M., Morsli, B., 2017. Estimation de l’érosion hydrique par l’application de 
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