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ABSTRACT

The Oued Srou watershed located in the Middle Atlas Mountain of Morocco has been
a subject of serious soil erosion problems due to the combination of natural factors and
anthropic activities. Therefore, soil erosion hazard assessment and mapping can be handy to
initiate remedial measures in the area. In this study, the improved Erosion Potential Model
(EPM) integrated with GIS and remote sensing techniques is employed to map and assess the
vulnerability of the Oued Srou watershed to the water erosion phenomenon and its impact on
the silting of the Ahmed EI Hansali dam. The results of the EPM model showed that the
maximum annual soil loss rates were in the range of 5-652 m3/km?/year, with an average of
49 md¥/km?year. The delivery coefficient ratio showed that about 34433 t/year of the
sediments reach the outlet of the watershed. The correlation analysis between all erosion
factors revealed the following order of their importance in the water erosion control: soil
sensitivity to erosion, soil protection, slope, erosive state, temperature, and rainfall. The
magnetic susceptibility provided results on the evolution of soils; it showed that the most
degraded soils had a high erosion rate. Generally, the stable soils not eroded showed an
upward increase of magnetic susceptibility values in soil profiles; the evolution of magnetic
susceptibility of degraded soils is disturbed. The magnetic susceptibility has also made it
possible to highlight the source zones of sediments that reach the outlet of the watershed.

Keywords: Soil erosion, Erosion potential method, Magnetic susceptibility, GIS, Srou
River

INTRODUCTION

Soil erosion is a great environmental concern in the world because it negatively affects
natural resources and threatens the sustainable development of human society (Lal, 2003;
Rozos et al., 2013). Soil erosion, the first major form of soil degradation, is exacerbated by
the dynamic activity of erosive agents like water and wind and human activities such as
agricultural activities. It can occur as different types of erosion, including interrill, sheet, rill,
gully, and stream erosions (Martin-Moreno et al., 2016). Besides this problem of land
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degradation, the redistribution of soil particles by water has other off-site problems related to
the reduction of crop productivity, such as corn loss (Lal et al., 1999; Duan et al., 2016;
Novara et al., 2018; Plambeck, 2020), deterioration of water quality (Sthiannopkao et al.,
2007; Issaka & Ashraf, 2017; Hou et al., 2020), and silting of lakes (Radoane &Radoane,
2005; Wang et al., 2014; Borrelli et al., 2020). So, assessing soil erosion and its risk is
essential for planning and implementing soil conservation measures. Hence, assessing soil
erosion and its risk is necessary for further watershed management planning and operation of
soil and water protection actions. Therefore, soil erosion studies have been increasing during
the past few decades (El Jazouli et al., 2019b; Panagos & Katsoyiannis, 2019; Fang & Fan,
2020; Luetzenburg et al., 2020) due to the great extent of soil erosion.

Furthermore, many techniques and models have been developed to assess the hydric soil
loss in terms of rate and frequency (de Jong et al., 1998; Walling & He, 1999; Kinnell, 2017;
Batista et al. 2019; Ketema and Dwarakish 2019; Mohammed et al. 2020; Mosavi et al. 2020;
Senanayake et al., 2020). Besides the expensive field survey methods, numerous
mathematical models have been developed worldwide to assess soil erosion. This diversity in
models is linked to the complexity of factors (precipitation, topography, soil properties, land
use/land cover (LULC) dynamics) controlling soil erosion and their variability in time and
space. These models developed for estimating the sediment yield from watersheds are
generally classified as empirical, conceptual, and physically-based models, each of which
has its advantages and disadvantages (Devatha et al., 2015). The models differ in inputs
required, complexity, data requirement for soil erosion modeling, relationship between input
and output, and validation procedures (Merritt et al., 2003; Anejionu et al., 2013).

Empirical models are constructed on experimental observations. The frequently employed
empirical-related models are Modified Universal Soil Loss Equation (MUSLE) (Willams,
1975), the universal soil loss equation (USLE) (Wischmeier & Smith, 1978), the revised
universal soil loss equation (RUSLE) (Renard, 1997), and the Erosion Potential Model
(EPM) (Gavrilovi¢, 1962; Gavrilovic, 1972; Gavrilovic, 1988). Conceptual models that
combine empirical and physically-based models incorporate detailed catchment information
in terms of the sediment-producing factors such as rainfall, runoff, and sediment yield
(Chandramohan et al., 2015). A typical example of conceptual models is LArge Scale
CAtchment Model (LASCAM) (Viney & Sivapalan, 1999). Physically-based models
describe processes contributing to the entrainment, transport, and deposition of sediment
using mathematical equations of momentum, mass, and energy conservation (Morgan et al.,
1992; Visser et al., 2005). The Water Erosion Prediction Project (WEPP) is one of the most
commonly used physical models (Laflen et al., 1991).

Among these types of soil erosion models, empirical models are considered a good
solution for soil erosion modeling when data and parameter inputs are poor. The models
often rely upon large amounts of input data, varying spatially and temporally (Merritt et al.,
2003). However most of them integrated geospatial technologies because they allow the
acquisition, analysis, and interpretation of spatial and temporal data on variables required to
estimate soil erosion (El Jazouli et al., 2017; Ahmadi et al., 2019; Gianinetto et al., 2019). To
support land sustainable management and soil conservation, geographic information system
(GIS) and remote sensing (RS) techniques are combined with various soil erosion models to
evaluate soil loss rates and map soil loss risk (Smith, 1999; Taheri et al., 2013; Barbosa et al.,
2019; El Jazouli et al., 2019b). Furthermore, these mathematical models integrated with
geospatial methods have inherent limitations and require relatively detailed calibration data.
Thus, the field survey methods by identifying and measuring soil erosion indicators are
crucial in soil erosion assessment, though they remain costly, laborious, and
time-consuming.
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Recently, many direct methods have been developed to provide relatively precise soil
erosion data for validating erosion models (Barbosa et al., 2019). More effective erosion
monitoring methods are tracer methods (i.e. $3'Cs, 2°Ph, and °Be) (Gaspar et al., 2013; Porto
et al., 2014; Yuan et al., 2020), RTK-GPS instruments (Wu & Cheng, 2005; Cheng et al.,
2007; Zhang et al., 2011; Castillo et al., 2014), LiDAR and photogrammetry by Drone (Hout
etal., 2020; Tak et al., 2020), and 3D laser scanners (Haubrock et al., 2009). In this context,
pedometric such as magnetic susceptibility (MS) methods emerged to predict specific soil
properties such as soil organic carbon using mass-specific susceptibility at low frequency
(Jaksik et al., 2016). Based on rapid measurements of magnetic parameters, the MS
technique provides an easy and economical method to assess the soil redistribution caused by
erosion and deposition. In past years, a number of research work worldwide have employed
the MS method in environmental studies and proved the MS performance and effectiveness
in characterizing soil erosion on watershed and sloping land (Menshov et al., 2018; Barbosa
etal., 2019; Liu et al., 2019; Yue et al., 2019; Ayoubi & Dehaghani, 2020; Mosavi et al.,
2020).

In Morocco, the arid and semiarid climate marked by high annual temperatures, low
precipitation, and flash floods makes the country most vulnerable to soil erosion. The soil is
also mainly shallow and protected poorly by vegetation cover. According to the International
Atomic Energy Agency (IAEA) Office of Public Information and Communication (IAEA,
2016), soil erosion affects over 40 % of Morocco's total land area. It is further compounded
by deforestation, overgrazing, and lack of planning strategies. Besides the soil quality and
productivity, the huge soil losses in Morocco, with an average annual of over 100 million
tonnes that partially reach the dam reservoirs, reduce their water storage capacity. Thus, soil
erosion assessment is imperative to identify erosion-prone areas. Most of the studies have
been conducted at many Moroccan watersheds in attempting to evaluate the soil erosion rate
and risks using various methods (Benmansour et al., 2013; Chaaouan et al., 2013; Bachaoui
et al., 2014; Simonneaux et al., 2015; Elaloui et al., 2017; Ahmed et al., 2019; Jazouli et al.,
2019; Markhi et al., 2019; Bou-imajjane et al., 2020). These examples of previous studies,
among others, employed various methods to estimate the rate of erosion and to map highly
vulnerable areas. Field survey, empirical models (USLE, RUSLE, EPM, SWAT...), and
radionuclide techniques (**'Cs, 2*°Pbex) combined with a GIS environment are the common
approaches used to provide more detailed and reliable data on potential soil loss and sediment
yield at a catchment scale.

In this work, we attempt to model the potential rate of soil erosion in the Srou watershed
located in the Moroccan Middle by applying Gavrilovic’s EPM model integrated with GIS
and MS measurements. The EPM model considers lithology (sensibility of soil to erosion),
topography, soil protection (vegetation cover), and climatic factors of the catchment, which
seem to be the main factors controlling the soil erosion in our mountainous area. The
magnetic measurements in a laboratory allow acquiring information about soil properties in
top- and subsoil to ensure erosion EPM model validation.

MATERIALS AND METHODS

Study area

The Srou River watershed lies in Khénifra Province in the Middle Atlas Mountain of
Morocco (Fig. 1). It is located between 32°34'N - 33°07°N and 5°10'W - 5°50'W
(X: 459570 m / 521906 m and Y: 218727 m / 279759 m). It is bordered to the north by the
Khénifra city, to the east by Itzer commune, to the south-east by the plain of the upper
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Moulouya, and to the west by the Ahmed EI Hansali dam. The watershed that extends about
1473 km? is drained by the Srou river and its tributaries flowing into the Oum Er Bia River
(Fig. 1). The study area is mainly mountainous and highly folded following the early alpine
orogeny present topographic variations with elevations ranging from 260 m to 360 m a.s.l.
The area geology includes Cretaceous sub-tabular limestone formations, Liasic dolomitic
limestones, Triassic doleritic basalts, quartzites, and red clays. The soils derived from these
rock outcrops are of different types, including vertisols, calcimagnesic, isohumic, and
fersialitic soils (table 1).

Fig. 1: Presentation of study area
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Table 1: Y-factor classes used in this study
Y-factor Classes Classe names Area (km?)  Area (%)
1 0.01-0.10  Soil very resistant to erosion 703 47.75
(Vertisols)
9 0.10-0.20 Soil less resistant to erosion 99 6.72
(Calcimagnesic soils)
3 0.20-0.37 Soil very sensitive to erosion 670 45.51

(Isohumic and Fersialitic soils)

The climatic conditions reflect a warm Mediterranean climate with dry summer, the mean
annual temperature is 20.6 °C, and the annual precipitation is 666 mm with peaks in the
winter (El Jazouli et al., 2019a). More than 90 % of the rainfall occurs between December to
April, with an erosivity of 1444.48 MJ.mm/(ha.h.yr). Agriculture and livestock, especially
sheep and goats, are the dominant activities in the region, which control the LULC dynamic.
Therefore, these activities linked to population growth increase (1.7 %) lead to the expansion
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of agricultural and grazing lands at the expense of the forest in that catchment. The
motivation of the present study is to evaluate the combined impact of land use change,
geomorphological characteristics, and climate in the Srou watershed (Middle Atlas,
Morocco) on soil erosion.

Data collection and processing

The Srou watershed is one of the Moroccan mountainous basins that suffers from soil
erosion concerns accentuated by climate changes, landscape, deforestation, pastures, tillage,
and lack of land conservation programs. The impact of LULC change on soil erosion is rather
limited in the study area. (El Jazouli et al., 2019b) modeled soil erosion with changing LULC
influences by employing CA-Markov and RUSLE equation. The results obtained are
promising, even if the RUSLE model only applies to sheet erosion in areas with a slope not
exceeding 20° (Chaaouan et al., 2013), which is not the case of the Srou watershed.
Therefore, the novelty of the current study is the combination of EPM empirical model with
MS measurements in a laboratory. EPM has the potential to estimate erosion and sediment
transport in the study watershed because it is suitable for areas with various types of erosion
(erosion in sheets, rills, gully erosion, and bank walls). The data related to the climate,
topography, soil type, and land use are required for the EPM model to estimate the annual
potential soil erosion.

The average annual soil loss (W) is calculated in m®km-2 year? using Eq. (1) (Gavrilovic,
1988):

W =T.H.aZ3 (1)

where T is the temperature coefficient, H is the average annual rainfall (mm), = = 3.14, and
Z is the erosion intensity.

The T coefficient is obtained based on Eq. (2) (Gavrilovic, 1988). However, land
temperature influences the availability of water in soil and plants and the soil
physicochemical properties like structure, texture, and aggregate stability (Arocena & Opio,
2003; Terefe et al., 2008; Allison et al., 2010; Inbar et al., 2014). The spatial annual land
temperature was obtained using Landsat 8 OLI images from 2018 and 2019 because the local
Weather stations lack temperature data.

T=|(%+01) (2)

where t° is the mean annual temperature (°C)
The coefficient of erosion intensity (Z) representing the quantitative erosion intensity
(Staut, 2004) is calculated using Eq. (3) :

Z=XaY.P.S )

where Xa is the soil protection coefficient, Y is the rock and soil sensibility to erosion, ¥ is
the erosive state coefficient of the watershed, and S is the coefficient of the slope. According
to the Z values, the areas where the high degrees of influence coincide correspond to the areas
most vulnerable to erosion and vice versa.

The land cover is considered one of the most important biophysical key factors of soil loss
(Rawat & Singh, 2018). Vegetation cover conditions the degree of soil protection represented
by the Xa coefficient. Therefore, the land-cover classification was derived using a Landsat 8
OLI image from 24/02/2019 using Normalized Different Vegetation Index (NDVI)
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thresholds. NDVI is an indicator widely used to measure plant greenness within satellite data
given as Eq. (4) (Tucker, 1979).

NDVI = NIR — RED

NIR + RED (4)

where, NIR is the reflectance of the near-infrared band (0.85-0.88 um), and RED is the
reflectance of the red band (0.64-0.67 um).

After the classification based on NDVI values, the XaNDV!I value was calculated using the
methodology proposed by Chaaouan et al. (2013). The obtained XaNDVI value is used to
calculate the Xa factor values according to Eq. (5).

Xa = (XaNDVI — 0.61) * (—1.25) (5)

Soil granulometry and OM commonly affect the soil water content and, consequently, the
amount of runoff (Saxton & Rawls, 2006). EC with high values favor soil erosion by piping
processes (Faulkner et al., 2004). By the lack of a soil map of Srou river watershed, the Y
factor was evaluated from data of (El Jazouli et al., 2020) and soil analyses conducted in the
present study. Furthermore, the empirical Eq. (6) adapted in the Moroccan case (Merzouk,
1985) was employed to calculate Y factor:

Y = 311.63 — 4.48(56% + S%) + 613.4 + 6.45 EC (6)

where, SG is the coarse sand content (%), S is the sand content (%), and EC is the electrical
conductivity (ms/cm).

The erosive state coefficient (W-factor) of the watershed that provides information on the
state of soil erosion was calculated by using the method based on the Landsat red band
(OLI4) as proposed by Zorn & Komac (2009) Eq.(7). This method was used in a semi-arid
Moroccan context to draw up the map of the erosive state (Ahmed et al. 2019).

OLI4
q’ =

Qmax (7)
where, OLI represents the radiance in the red region (0,636 — 0,673 um), and Qmax is the
maximum spectral radiance of OLI4.
The average annual soil loss (W) calculated was then used to estimate the amount of
sediment reaching the watershed outlet (G) following Eq. (8):

G =W.p.SDR )

where p is the density of the sediment and SDR is the delivery coefficient employing the
USDA Soil Conservation Service 1972 method (USDA 1972), Eq. (9):

SDR = 0.4724 x A~0125 9)

where, A is the area of the watershed in km?2.

To determine the MS vertical evolution in the Srou watershed, 116 samples covering the
whole study area were collected along the horizontal transects and from the vertical profiles
(at 10cm, 20cm, 30cm and 40cm) while considering the slope for substrate and land use
types. For comparison, sampling was carried out along a profile through protected land
where the slope is shallow, and the vegetation is dense. At the Srou basin outlet, samples
were taken along a vertical profile. This sampling method would allow us to assess the
variation of erosion according to these factors. It was also adopted to validate the results of
Gavrilovic’s "EPM”’ model and determine the source areas of the sediments reaching the
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basin outlet. For this reason, a quantity of about 14 g of the sample is compressed in a 10 ml
volume vial made for these measurements to avoid particle movement. The vial is placed in
a Bartington susceptibility meter with an MS2B probe which creates a magnetic field at two
frequencies: low frequency (If) and high frequency (hf), leading, respectively, to low (XIf)
and high frequency (Xhf) magnetic susceptibilities by applying Eq. (10):

x=% (10)

where, y is the mass-specific magnetic susceptibility in m3kg, and M is the reversible
magnetisation per unit mass of the sample placed in the magnetic field H.

Fig. 2: Flow chart of the methodology adopted in this study
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Implementing the EPM model required the GIS application to produce soil erosion
intensity maps in the study area. To prepare thematic maps for each EPM parameter, the
database taken into consideration are: (1) Landsat 8 OLI images (24-02-2019) with a spatial
resolution of 30 m obtained from the U.S. Geological Survey (USGS)
(https://glovis.usgs.gov/) for LULC map, normalized difference vegetation index (NDVI),
surface temperature, and erosive state coefficient of the watershed, (2) ASTER digital
elevation model (DEM) with a spatial resolution of 30 m was used to extract topographic
functions (for developing maps of slope), (3) geologic map of Rabat at a scale of 1:500,000
and soil analysis such as the texture and electrical conductivity of the soil (for estimating the
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erodibility factor) and precipitation data from ABHOER (for mapping the average annual
rainfall). The databases were processed using ArcGis 10.3 and ENVI 5.3 software. The
validity of the model was checked about the field data and MS measurement results.
Therefore, the field visits were done to verify the nature of soil erosion and collect soil
samples for electrical conductivity, texture, iron content, and MS measurements. The EPM
model coupled with the GIS software and the MS method were used to conduct the present
investigation. A flowchart presented in Fig. 2 depicted the methodology adopted in the
present study.

RESULTS AND DISCUSSION

The Gavrilovic’s EPM model necessitated the mapping and combining of the different
factors required for its operation in a platform of GIS to perform the cell-by-cell calculation
of the average annual rate of soil loss (m3/km?/year) and to identify the source zones of the
sediments responsible for the siltation of the Ahmed El Hansali dam using the magnetic
susceptibility technique. The EPM model parameters derived from different data sources
were developed and discussed.

Temperature (T-factor)

Water erosion is primarily controlled by climate, and temperature and solar radiation are
parameters that influence the state of soils on a large scale. The T-coefficient map was
created in a GIS environment by applying Eq. (2), showing that the T-coefficient varied
between 0.31 and 2.07 °C (Fig. 3, a). Generally, the highest values of the factor (T) are
located in the western part of the basin, where vegetation is weak, the slope is low, and soil
erodibility increases. It is also noted that this factor is concentrated at the level of
watercourses.

Rainfall (H-factor)

Generally, rainfall is the leading cause of soil destruction and degradation and the transport
of sediments by runoff (Chaaouan et al., 2013). The H-factor refers to the average annual
rainfall that is one of the driving forces behind soil erosion. Several annual rainfall data (1968
to 2016) of the surrounding meteorological stations of EI Hansali, Lahri and Tamchachat
were used to compute the long-term annual rainfall of the study watershed (varying between
500 and 700 mm) and to map the H-factor using the Kriging techniques within the ArcGIS
environment (Fig. 3b). A clear increase in average rainfall as a function of altitude and from
downstream to upstream from the watershed was observed.
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Fig. 3: (a), T-factor (T) map of the study area; (b), H-factor (H) map of the study area;
(c), Xa -factor map of the study area; (d), Map of the soil sensitivity factor to erosion in
the study area; (e), ¥-factor map of the study area; (f), Map of the slope factor of the
study area.
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Soil protection factor (Xa-factor)

As shown in Fig. 3c and Table 2, four major land cover types have been distinguished.
Class 1, ranging between 0.02 and 0.35 and representing areas with very dense vegetation,
concerned 6.13 % of the total catchment area. Class 2, with values between 0.35 and 0.45,
corresponded to areas covered by sparse vegetation. Class 3, having values varying between
0.45 and 0.55, represented damaged cultivated land over an area of around 39.48 %. Class 4
between 0.55 and 1, corresponded to land without vegetation.

Table 2: Xa-factor classes used in this study

Xa-factor Classes Classe names Area (km?) Area (%)

1 0.00-0.35 Areas where the 90.26 6.13
vegetation is very dense.

2 0.35-0.45 Areas covered by spaced 401.02 27.24
plants.

3 0.45-0.55 Damaged pasture and 581.08 39.48
cultivated land.

B 0.55-1 Areas without vegetal 399.40 27.13

cover.

Soil sensitivity to erosion factor (Y-factor)

The Y-factor reflects the proportion of soil particles detached and carried by
rainfall-runoff, and it expresses the resistance degree of soil to the erosive force of rainfall.
Among the soil properties that affect soil erodibility, the soil texture, OM content, and EC
largely contribute to the control of vulnerability to erosion and capability of sediment
production.

The Y value of soils in the study watershed classified into three classes varied from 0.01
(low erodibility) and 0.37 (strong erodibility). The first class represents 47.75 %, the second
class represents 6.72 %, and the last class concerns 45.51 % of the total surface of the
watershed (Table. 1; Fig. 3, d).

Erosive state factor (W-factor)

The W-factor of the study area is classified into four categories (Table. 3; Fig. 3, €). It
generally ranged from 0.18 to 0.66, indicating erosion principally in waterways on 20-50 %
of the catchment area and secondary in rivers, gullies, alluvial deposits, and karst.

Table 3: W-factor classes used according to the classification of Gavrilovic 1988

W-factor Classes Classe names Area (km2) Area (%)
1 0.10-0.20 Little erosion on watershed 574.02 38.94
Erosion in waterways on 20-50%
2 0.30-0.40  of the catchment area 111.41 7.55
Erosion in rivers, gullies and
3 0.40-0.50  gjyvial deposits, karstic erosion 781.46 53.02
4 0.50-0.70 °0-80% of catchment area affected 6.08 0.41

by surface erosion and landslides
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Slope of the watershed (S-factor)

The landform shape is a major factor influencing soil erosion because it controls soil and
vegetation development and surface runoff. Its effect on soil erosion in the EPM model is
performed by S-factor, the product of slope steepness, derived in this study from a DEM with
a resolution of 30 m of the Srou watershed through Raster Surface tools in ArcGIS.

According to Gavrilovic (1988), the slope map of the study watershed is classified into
seven classes, each of which corresponds to a specific the S-factor (Table. 4). The majority
(about 86.38 %) of the slope percentage is <30 % in the western part of the study area,
generally coinciding with areas of low altitude, whereas about 14 % of the slope is over 30 %
and is scattered throughout the study area (Fig. 3, f).

Table 4: S-factor classes used according to the classification of Gavrilovic 1988

Slope factor (S) Classes Slope (%) Area (km?)  Area (%)
1 0-0.02 0-5 351.96 23.89
2 0.02-0.07 5-10 404.29 27.44
3 0.07-0.15 10-20 306.26 20.79
4 0.15-0.25 20-30 210.10 14.26
5 0.25-0.35 30-40 126.30 8.57
6 0.35-0.45 40-50 58.56 3.97
7 0.45-0.60 >50 15.46 1.04

Potential erosion coefficient (Z)

The potential erosion parameter (Z) makes it possible to hierarchize the surface of
a watershed into units distinguished according to the vulnerability to erosion. It is based on
a thematic mapping of erosion factors such as soil protection factor, soil sensibility to erosion
factor, erosive state factor, and slope. The superposition of these maps results in a potential
erosion map in which the areas where the high degrees correspond to the area most
vulnerable to erosion (Fig. 4a).

Fig. 4: (a), Potential erosion coefficient (Z) map; (b), Annual average soil loss map of
Oued Srou watershed by EPM.
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Annual soil erosion estimation (W)

The erosion risks assessment in the Srou watershed was performed by multiplying the
input EPM factor maps using a GIS environment. The risk map of water erosion of soils in
the Srou watershed is classified into five classes according to the classification proposed by
Al Karkouri (2003): very low (< 5 m3/km?/year), low erosion (5-15 m3/km?/year), moderate
erosion (15-30 m3/km?/year), high erosion, and very high erosion (>45 m3km?/year)
affecting 35.46 %, 15.57 %, 6.85 %, 4.67 %, and 36.61 % of the total catchment area,
respectively (Table 5). As shown in the soil erosion map (Fig. 4b), the highest values of
estimated soil erosion occurred in the mainstream due to their high Y-factor values. The
minimum soil losses with values less than 5 m3/km?/year are generally in highly protected
areas with dense vegetation. However, the total annual soil losses in the whole catchment
area are about 194288 t/year, means that a large part of these sediments reaches the Ahmed
El Hansali dam. Our results are quite similar to those of other previous works on the Oued
Srou watershed (Elbouqdaoui et al., 2005), showing that the very high and extremely high
risk of erosion concerned 35.5 % of the total watershed areas. Jihad (2010) reported that the
specific soil degradation in the Srou River could reach 3000 t’/km?/year on clay soils.
(Mohamed, 2021) showed, based on the EPM model at the level of the Tagueleft watershed
in the Central High Atlas, that the rate of soil loss due to water erosion varied at the basin
scale between 0.71 m¥km?/year, as the minimum rate in areas very resistant and well
protected by forest cover, and a higher rate (17000 m%km?/year) corresponding to the linear
and concentrated and spreading erosion affecting areas with steep slopes and no vegetation.
Gavrilovic’s EPM model remains the most reliable model for estimating soil loss by water
erosion in rugged mountain environments.

Table 5: Soil loss in the Srou basin according to the classification proposed by
Alkarkouri (2003)

Annual soilloss  Classes Classe names Area (km?)  Area (%)
(W)
1 <5 Very low erosion 526.28 35.46
2 5-15 Low erosion 231.07 15.57
3 15-30 Moderate erosion 101.71 6.85
4 30-45 High erosion 69.31 4.67
5 > 45 Very high erosion 528.58 36.61

Delivery coefficient

The EPM model and spatial analysis techniques show that about 73000 m3/year of the
sediments have been mobilized by water erosion, which would allow us to say that a quantity
of these sediments reaches the Ahmed El Hansali Dam. The delivery coefficient showed that
about 34433 t/year of sediment reached the watershed outlet. Therefore, it is urgent to reduce
the quantities of material lost through erosion that end up in the watercourses and the Ahmed
El Hansali dam by developing and revegetating the Oued Srou watershed.
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Correlation

The matrix correlation based on the Pearson coefficient (R2) was computed to examine the
mutual relationships between the input parameters and determine their importance degree in
the Srou watershed. The correlation results (Table 6) revealed that soil sensibility to erosion
is similarly the most decisive factor in erosive dynamics with R? of about 0.58, followed by
the soil protection factor with R? of 0.37, the slope factor with R? of 0.19, the erosive state
with R? of 0.17, the T-factor with a correlation coefficient of 0.16. Finally, the precipitation
factor correlates weakly with soil losses at 0.04. The sensibility of soil to erosion is even
more related to the temperature factor with R? of about 0.30.

Table 6: Correlation matrix between the input factors of the EPM model

Input factors w Y Xa S Phi H T
Soil loss (W) 1 0.58 0.37 0.19 0.17 0.04 0.16
Y-factor 0.58 1 0.002 0.01 0.07 -0.05 0.30
Xa-factor 0.37 0.002 1 0.02 0.25 0.07 0.04
S-factor 0.19 0.01 0.02 1 -0.13 0.24 -0.23
Y-factor 0.17 0.07 0.25 -0.13 1 -0.24 0.41
H-factor 0.04 -0.05 0.07 0.24 -0.24 1 -0.43
T-factor 0.16 0.30 0.04 -0.23 0.41 -0.43 1
Validation

We used the magnetic susceptibility technique to evaluate the results of the empirical EPM
model by assessing the response of samples collected at low frequency. It was established in
the late 1970s that soil particle magnetic susceptibility might be used for environmental
applications such as predicting sediment supply locations (Thompson et al., 1975). Le
Borgne (1955) was the first to observe the phenomenon of increasing magnetic susceptibility
of soil particles from the parental material to the surface of developed soil. The locations of
all transects (P1 = upslope & P4 = downslope) were defined according to the major factors
controlling erosion, namely slope, substrate type, and land use. Table 7 shows the lithological
and land use characteristics and the average MS of samples from all transects.

The response of low-frequency MS along soil transects provided essential information on
the state of soil degradation. It highlighted several fundamental points on soil stability in the
Srou watershed: the substrate influenced the soil ferromagnetic mineral content, and the plant
cover allows better soil protection. Uneroded soils showed a normal increasing MS trend
from the bedrock to the surface. The MS vertical evolution from the bedrock to the surface is
disturbed for eroded soils.
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Table 7: Substrate types, land cover and magnetic susceptibility of transects

Transects T1 T2 T3 T4 T5 T6 T7 PR P-Outlet
Lithology  Silty Clay Basalt Limestone  Clay and Limestone Limestone Clay and River terrace
clays and clay  and clay sandstones  and clay and clay limestone
Plant cover Spaced Forest  Trees, Ploughed  Grass wheat No Dense No
plants wheat wheat and vegetation  forest vegetation
and grass  fallow land cover cover
Xpr mean  53.80 113.00 565.00 351.00 10.40 29.60 120.00 236.00 91.80
(10 m3/kg)
Xpp min 6.92 7.99 157.02 10.55 5.85 16.74 7.80 139.55 81.48
(10 m3/kg)
xipmax 27836 33694 83699 73879  25.62 4131 286.10 35356  109.29
(104 m¥/kg)

The analyses of results of low-frequency MS would allow us to conclude the following

pomts (Figs. 5 and 6):

Transect 1 (silty clays & sparse vegetation): the four profiles show two trends in the MS
evolution. Profile 1 shows low MS values for depths greater than 20 cm with a sharp
increase towards the surface, characterizing an evolved soil. A very weak evolution of
the magnetic susceptibility from the bedrock to the surface is observed for the other
profiles. This indicates an intense erosion with a colluviation towards profile 2,
showing an MS increase towards the 10 cm of the surface.

- Transect 2 (clay & forest): shows a clear change in MS compared to the first transect.
The first profile (upslope) showed a normal evolution of the susceptibility except for the
sample 10 cm; this would allow us to say that part of the sediments is eroded followed
by a deposition towards the last low slope profile marked by an increase in magnetic
susceptibility.

- Transect 3 (Basalt & clay & vegetation cover): the low-frequency MS measured on
basalts shows high values compared to clay soil. This increase in susceptibility is
mainly due to the magnetic minerals making up basalt. The second profile is also
characterized by high MS due mainly to a deposit of the eroded sediments on the
basaltic substrate, of which the magnetic susceptibility is increased.

- Transect 4 (limestone & clay & crop): this transect shows an irregular evolution of the
magnetic susceptibility values at low frequency. There is a net MS change for the first
profile compared to the other profiles. Therefore, the ploughing has probably mixed the
soil and its magnetic minerals over the 30 upper cm of the profiles. It suggests that high
MS values mark a quantity of the sediments deposited towards the last three profiles.

- Transect 5 (sandstone & clay & grass): This transect shows very low MS values
compared to the other transects. These values are either related to the type of substrate
depleted in ferromagnetic minerals or related to intense erosion. The first three profiles
indicate that this area is undergoing significant erosion marked by low evolution of
magnetic susceptibility values.

- Transect 6 (limestone & clay & wheat) and 7 (limestone & clay & bare soil): For these
transects with the same type of substrate, the magnetic susceptibility is almost equal for
all profiles except for profile T7_P4. The progressive MS evolution suggests that this
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zone is undergoing erosion marked by low values and irregular evolution of the
magnetic susceptibility. The MS in the fourth profile is due to upstream colluviation

followed by downstream deposition.

Fig. 5:Vertical evolution of the MS of the transects T1, T2, T3 and T4 in the Srou

watershed
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The comparison of MS values at 40 cm depth of the profile at the basin outlet provided
information on the sediment origin. The low-frequency MS responses of the outlet profile
(OP) are similar to those of transect 2 taken from the Middle Lias clay, suggesting that some
of these sediments are reaching the outlet of the basin. The analysis of the normal evolution
of the low-frequency MS of the reference site (RP) allowed us to assume that the reference
site is located in an area that is not undergoing erosion.

CONCLUSION

The present study aimed to assess soil erosion and sediment yield in the Srou River basin
using the empirical EPM model integrated with GIS techniques and MS method. The results
showed that the very low, low, medium, high, and very high risks covered about 35, 15, 6, 4,
and 36 % of the Srou basin, respectively. The quantity of sediment reaching the river outlet
estimated based on the delivery coefficient was about ~34433 t/year. Our analysis also
revealed that the causal factors controlling water erosion in the Srou basin followed the
descending order in terms of importance: sensibility of soil to erosion, soil protection, slope,
erosive state, temperature, and rainfall. Magnetic susceptibility has allowed us to highlight
the source areas of the sediments that reach the Ahmed El Hansali dam. The sediments from
the dam came from the area of transect 2 was sampled, as their magnetic susceptibilities are
almost similar. From the overall results, the proposed techniques can play a crucial role in
controlling soil erosion.
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