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Abstract

Over the last decades, estimation of soil erosion using empirical models has
long been an active research topic, especially because they are useful to estab-
lish watershed management plans. Nevertheless, their application over large
areas in a data-scarce Mediterranean region is still a challenge given the fur-
rowed and steep nature of landscapes as well as the aggressiveness of the
semi-arid climate. The main purpose of this research was to identify the spa-
tial patterns of erosion and deposition in Nekor river basin (Northern Mo-
rocco) using two models: the Revised Universal Soil Loss Equation for Com-
plex Terrain (RUSLE3D) and the Unit Stream Power-based Erosion Deposi-
tion (USPED). The two models were evaluated using existing annual soil loss
rate measurements. As a result of the RUSLE3D application, about the 73% of
the Nekor basin ranges between moderate and extreme risks of erosion, while
according to USPED estimation, only 50% of the basin ranges between mod-
erate and extreme risks of erosion. The analysis shows that the mean annual
soil erosion rate for both models ranges between 60 and 65 t-ha™".year™" while
the mean annual deposition rate is 38 t-ha '.year™". The current results con-
firmed those coming from previous soil erosion studies, which estimated an-
nual soil loss rates in Nekor river basin between 50 and 70 t-ha™"-year™". This
study also provided valuable guidance on where to implement soil protection

measures.
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1. Introduction

In Morocco, soil erosion hampers the development of sustainable agriculture.
According to the National Development Plan of watersheds [1] erosion affects a
large part of the territory: a total area of large basins (about 20 million ha), the
risk of erosion surfaces represents 75%. The most affected area by water erosion
is the northern part of Morocco, especially the Rif which covers only 6% of the
total area of the country, while 60% of soil losses are from this area [2] due to
anthropogenic pressure and the intrinsic vulnerability of the environment.

Modelling soil erosion can provide a quantitative and consistent estimation of
the phenomenon under various conditions. A wide range of models exists for
use in simulating soil erosion. The assessment of soil erosion over large areas
typically involves the use of empirical models such as the USLE [3], the MUSLE
[4], the RUSLE [5], the RUSLE3D [6], the USPED [7] [8] [9] or more process-based
models such as the PESERA or STREAM [10] a physically-based models de-
signed to predict hill slope erosion and transport of sediment at a range of small
catchment to national scale with land cover, soil, topography, and climate data
[11]. They also could be used to investigate the impact of climate change on the
effectiveness of conservation measures. However, these models differ greatly in
terms of complexity, processes considered and data required for model calibra-
tion and model use [12].

In Morocco, the lack of reliable and valid field measurements, e.g. the doubt-
ful quality of sediment flow measurements (increases the improper validation
issue), poor disposal of soil data (soil maps unavailability or limitation) and cli-
matic data (measurement stations with several non-functioning periods and no
spatially and temporarily enough detailed data), beside complications regarding
their acquirement, causes significant limitations to the application of most com-
prehensive models. This frequently leads to selecting empirical models that es-
sentially meet the criterion of low data requirements (along with computational
speed, ease of use, low implementation cost, etc.), providing moreover a good
basis in terms of a preliminary approximation.

The choice lies under the conjecture that such models will probably perform
better than the comprehensive ones, as the use/calibration of all of the factors
involved unavoidably induces errors that may not be less than those of a simple
and lumped approach.

Considering the above, the aim of this study was to quantify the soil erosion
rates in order to identify priority areas for soil protection in the Nekor river ba-
sin, a highly erosion prone watershed in North Morocco (Figure 1). This study
presents the soil erosion and deposition rates derived from RUSLE3D and USPED
models. The reliability and predictive ability of these two models in quantifying
soil erosion and deposition rates at watershed scale were assessed using existing

measurements proposed by Amil and Lahlou in the nineties [13] [14].

2. Study Area

The Nekor watershed is located in the mountains of the central Mediterranean
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Figure 1. Map showing the elevation of the Nekor watershed.

Rif in northern Morocco. It is a watershed of 780 km? upstream of the Mohamed
Ben Abdelkrim Al Khatabi (MBAK) reservoir built in 1981 with an initial sto-
rage capacity of 43.3 million m’ to supply several irrigated perimeters as well as
the city of Al Hoceima with drinking water. The climate is Mediterranean
semi-arid to arid; cold and wet in winter and hot and dry in summer. Average
monthly temperatures range from 7°C (in January) to 28°C (in August), but can
drop as low as 0°C in mountain peaks. Precipitation (340 mm/year near Al Ho-
ceima) consists of stormy precipitation concentrated between October and May,
and sometimes in summer under the influence of the relief.

The dominant relief is mountainous. The altitudes range from 100 m in the
MBAK reservoir to 2009 meters at Mount “Jbel Azrou Akechou”, with an aver-
age altitude of about 1500 m. The slopes are of variable exposures, and a high
proportion of watershed area has slope gradients greater than 60%. The overall
slope index is 20.7 m/km throughout the watershed. This index is higher in the
banks of the left bank than for those of the right bank.

The Nékor basin is characterized by sedimentary geological formations of the
schist and marno-schist type, tender, fractured, without consistency. The domi-
nant soils are unmature soils and minerals soils constituted by debris of wea-

thering of the substrates. They are shallow and very poor in organic matter
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(<19%). The textures are clayey to clayey-silty with a few small cases of sandy-clayey.
These soils are very sensitive to water erosion.

Overall, the watershed has very little vegetation. Previous generations cleared
natural vegetation to cultivate the land (cereals). Much of this land was aban-
doned in the 1970s for extensive pasture because of the emigration of men to
Europe. Currently, we note the dominance of degraded rangelands and bare
soils. The scrub and forest plantations (pines, Eucalyptus) occupy the upstream
and central part of the basin. However, farmers maintain subsistence farming
based on cereal crops (wheat), fodder crops (corn, alfalfa) and fruit trees (olive
trees) on irrigable alluvial terraces.

The hydrographic network is very dense, consisting essentially of dynamic
torrents. The Nekor bed is typical of semiarid zones, a large major bed furrowed
by a deep and unstable minor bed. Narrow alluvial terraces run along the wadis
beds in very deep valleys.

Despite the low rainfall, the basin is subject to significant floods due to stor-
my, intense and irregular rains and very favorable environment to runoff (bare
soil dominance, rugged relief, and degraded plant cover). The flow discharge of
the Nekor wadi is very intermittent. The average annual number of floods is 3 to
4 and does not exceed 10 per year.

Specific degradation rates of more than 7000 t-km.year' have been recorded
[13]. The silting up of the MBAK reservoir is spectacular since 73.9% of its sto-
rage capacity was lost in 33 years, between 1981 (43.3 million m’®) and 2013 (11.3
million m®). As a result of this siltation, there is a significant risk of water scarci-

ty, which threatens the sustainability of human activity in this sector.

3. Method and Materials

The general methodology adopted as shown in Figure 2 was based on selecting
two different prediction models to simulate soil erosion and sediment yield: the
Revised Universal Soil Loss Equation for Complex Terrain (RUSLE3D) and the
Unit Stream Power-based Erosion Deposition (USPED). These two models used
similar input datasets within GIS: a digital terrain model, products derived from
satellite remote sensing, lithologic maps and rainfall data.

In general words, RUSLE3D is a detachment capacity model while USPED is a
transport capacity model and it has the ability to identify the spatial distribution
of both erosion and deposition rates for a constant state of overland flow with
uniform rainfall-excess conditions.

The Universal Soil Loss Equation is an empirical equation designed for the
computation of long-term average soil loss in agricultural fields [3]. This equa-
tion was developed for detachment capacity limited erosion in fields with neg-
ligible curvature and no deposition [3] [15].

The RUSLE3D uses the same factorial approach employed by the USLE and
RUSLE empirical equation but the LS topographical factor evaluation was mod-

ified for complex topographic conditions. Indeed, the RUSLE3D incorporates

DOI: 10.4236/0jss.2020.1012031

634 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2020.1012031

N. Arrebei et al.

P-Factor
(Assumed 1.0)

Figure 2. GIS-based methodology used in soil erosion assessment.
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the impact of flow convergence taking into account the upslope contributing
area in the LS factor evaluation. It also differs by evaluating the erosion as the
change in sediment transport capacity. The RUSLE3D model includes irregular
hillsides integrating a wide spectrum of hillside convexities and concavities and
it incorporates the upstream contribution area for the determination of the LS
factor.

The RUSLE3D Equation (1) calculates potential average soil loss (A) as fol-

lows:

A(r)=R#K*LS(r)*C*P (1)

where: A(r) (t-ha™-y™") is the average soil loss per year of a grid cell, ie, at a
point r (geographic location of grid cell), R (mt-ha-cm™) is the rainfall intensity
factor, K (t-ha™ per unit R) is the soil erodibility factor, LS(r) (dimensionless) is
the topographic (length-slope) factor at a grid cell (1), C (dimensionless) is the
land cover factor and P (dimensionless) is the soil conservation or prevention
practices factor.

The LS factor is calculated as the product of slope length and slope steepness
factors. The slope length was replaced by the up-slope contributing area per unit
width of cell spacing A(r) (m*m™") in RUSLE-3D [8]. The modified LS factor of

a grid cell or at a point r= (x; y) is calculated as in (2):
LS(r):(m+1)[A(r)/22.13]msin[ﬂ(r)/0.0g]n (2)

where A(r) is the land surface slope in degrees, m and n are constants equal to
0.6 and 1.3.

With USPED, the erosion/deposition rate is estimated as the change in sedi-
ment flow rate expressed by the divergence in sediment flow [7] [8]. It assumes,
as in (3), that the sediment flow rate gs(r) corresponds to the sediment transport

capacity 7d(r):
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gs(r)=Te(r)=Kt(r)q(r)msinb(r)n (3)

where: b(r) (deg) is slope, g(1) is water flow rate (m*m™"s™"), K«(r) is transporta-
bility coefficient, which is dependent on soil and cover; m, n are constants that
vary according to type of flow and soil properties. For overland flow the con-
stants are usually set to m= 1.6, n= 1.3 [16].

Equation (4) as stated by Mitasova [17], assumes water flow can be expresses
as a function of the upslope contributing area per unit contour width As(r)
(m*>m™") and the uniform rainfall intensity 7 (m-s™') (note: approximation by up-

slope area neglects the change in flow velocity due to cover):
q(r)=A(r)i (4)

No experimental work was performed to derive parameters needed for USPED,
therefore we use the USLE or RUSLE parameters to incorporate the approximate
impact of soil and cover and obtain at least a relative estimate of net erosion and
deposition. The USPED model assumes, as in (5), that we can estimate sediment

flow at sediment transport capacity as:

T =R*K*C*PxAm(sinb)n (5)

where R=im, K* C* P= Ktand LS= Am(sinb)n, and m = n =1 for prevailing
sheet erosion.

Then ED the net erosion/deposition is estimated as in (6):

ED=d(T cosa)/dx+d(Tsina)/dy (6)

where a (deg) is aspect of the terrain surface.

Foster [18] emphasized that caution should be used when interpreting the re-
sults because the USLE parameters were developed for simple plane fields and
detachment limited erosion therefore to obtain accurate quantitative predictions
for complex terrain conditions they need to be re-calibrated. Nevertheless, this
model has been used in various studies [7] [19] [20] which found out that
USPED-predicted erosion-deposition patterns correspond well with actual field
observations.

The datasets used for the implementation of the two soil erosion models are
summarized in Table 1.

In purpose of models calibration and since the last bathymetrical campaign of
the M.B.A.K. dam reservoir was conducted by 2014, all the extracted temporal

data variables were similarly limited to 2014.

Table 1. Dataset collected and used in this study.

Datasets Description
DTM Raster format with 30 m spatial resolution (USGS data).
Landsat 7 ETM+ One scene acquired on 13/07/2014, with 30 m spatial resolution (USGS data).

Daily rainfall data between 2008 and 2014 from Swat Global Weather data

Rainfall dat
aintall data (extrapolated point data with 1 km resolution).

Lithologic map  Vector format [13].
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The soil use and management factor (C) was determined by using a Landsat
satellite image (7 ETM+), from USGS data. The image was georeferenced with
ground control points, and the NDVI was determined. The NDVI was then used
to obtain a new image of a rescaled C factor (1), as per the following Equation
(7), [21]:

C(r)=[(-NDV1+1/2)] )

Considering the nonexistence of conservation practices in the watershed, the
unit value of 1.0 was attributed to the Pfactor.

The resulting specific degradation values of both models were compared with
the erosion rates results obtained by a previous study done by Amil [14]. This
earlier study was based on solid inputs quantification through a sedimentologi-

cal sampling throughout the Nekor watershed.

4., Results and Discussion

The average annual soil loss in the Nekor watershed was computed with both the
RUSLE3D and USPED by overlaying in ArcGIS the five factor grids with a uni-
form spatial resolution of 30 m. The average annual soil erosion rates (RUSLE3D)
and the average annual soil erosion/deposition rates (USPED) were estimated on

a pixel basis, and then the relative maps were derived (Figure 3; Figure 4).
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Figure 3. Spatial distribution of soil erosion and deposition rates within the Nekor wa-

tershed, computed with USPED and derived from ancillary data and remote sensing
products with GIS application.
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Figure 4. Spatial distribution of soil erosion rates within the Nekor watershed, computed
with RUSLE3D and derived from ancillary data and remote sensing products with GIS
application application.

According to the final results, the mean annual soil loss computed with the
RUSLE3D is 60.77 tha™'-year”!, while the mean annual net soil erosion rate
computed with the USPED is 65.68 t-ha'-year”'. The mean annual deposition
rate computed with USPED is 38 t-ha™".year™".

The application of the two models confirmed the results coming from pre-
vious soil erosion studies accomplished by Amil [14] based on sediment flow
rate measurements and Lahlou [13], which estimate annual sediment yield in
Nekor basin between 50 and 70 t-ha™'-year™.

Our research pointed out the important impact of each factor into the soil loss
process. Actually, the application of both models on our study area showed the
preponderant importance of topography and the vegetation cover on the abla-
tion rates.

The output data allowed us to assess the basin surface percentage for each
class of soil erosion with both models (Table 2). As a result of the RUSLE3D ap-
plication, about the 73% of the Nekor basin ranges between moderate and ex-
treme risks of erosion, while the 27% results at low risk of erosion. According to
the USPED estimation, about the 50% of the basin ranges between moderate and
extreme risks of erosion, while the remaining 50% ranges between low erosion

and various degrees of soil deposition.
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Table 2. Percentage of basin surface for each class of soil erosion for both models.

Basin surface

Classes (t-ha '-year™)

RUSLE3D USPED

Extreme erosion (<—200) 4 6%
High erosion (=50 - —200) 38 9%
Moderate erosion (—10 - —=50) 31 35
Low erosion (0 - —10) 27 27
Low deposition (0 - 10) 6
Moderate deposition (10 - 50) 8
High deposition (50 - 200) 2
Extreme deposition (>200) 6

Total 100 100

Both models similarly show high erosive activity in the western and south-
western shores of the Nekor Basin where the slopes are the steepest. Moreover,
on the eastern shore (average slopes) while RUSLE 3D maintains the same high
erosion trend, USPED rather shows moderate erosion activity accompanied by
moderate sediment deposition areas.

This result suggests that the anti-erosive management structures should be
primarily more concentrated and oriented towards the left Nekor sub-basins, in
order to limit siltation phenomenon of the downstream MBAK dam.

The difference observed between RUSLE3D and USPED results of soil loss
percentages distribution may be due to the fact that RUSLE3D is a detachment
capacity limited model and represents soil loss without considering soil deposi-
tion. Conversely, USPED is a transport capacity limited model and it has the
ability to identify the spatial distribution of both erosion and deposition rates for
a constant state of overland flow with uniform rainfall-excess conditions. It
would seem that USPED is able to better distinguish between the areas characte-
rized by erosion and the areas where deposition can occur. Thus, according to
[22], as long as any of the factors in the RUSLE3D equation is greater than zero,
some erosion rate will be predicted even if the actual erosion is null.

It is almost hard in such a study (ie. at a large scale watershed as Nekor river
basin) to attain the spatial validation of soil erosion rates due to the deficiency of
direct measurements. The most applied method is founded on sediment catch-
ments in closed systems, such as lakes and artificial reservoirs (e.g. dams) [23]
[24] [25] [26]. The validation of soil erosion estimation at a large reservoir scale
using catchment silting values allows testing the reliability and the predictive
capacity of such estimations, although some possible sources of uncertainty
should be considered in reservoir silting data (e.g. potential error coming from
reservoir grain size sediments variation, bathymetric surveys and raw data in-
terpolation, catching efficiency) [27]. Though, these uncertainties lead to minor

errors on the global silting data [28].
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Table 3. Comparison between the RUSLE3D and USPED computed amounts of soil ero-
sion over the Nekor river basin and M.B.A.K. dam silting value.

Measured silting data Rusle3D Usped®
Nekor basin 1.13 x 10° (t-year™) 4.8 X 10° (t-year™) 5.1 x 10° (t-year™)
Sediment Delivery Ratio - 23 (%) 22 (%)

*Only erosion values were accounted.

Thus, the RUSLE3D and USPED supposed estimations were compared with
the M.B.A K. dam silting value, supplied by a regional authority responsible for
its management (Regional Directorate of Water Management) (Table 3). The
comparison suggests that over 22% of sediments eroded in the Nekor watershed
are transported until the outlet’s basin. With the USPED slightly closer to the
measured silting data than the RUSLE3D, the approximate match of those values
(ie 22% and 23%) indicates that the RUSLE3D and USPED can be considered
reliable in quantifying the amount of soil erosion at the watershed scale.

The output of both models confirms previous studies results conducted by
Lahlou [13] and Amil [14] and calls the attention to the importance of lithology
and topography, as they represent the leading drivers of soil erosion in mostly
western areas (Ze. higher slopes) of the basin. In gentle areas, vegetation covers

were more relevant factors.

5. Conclusions

The application of both RUSLE3D and USPED models suggests priority to the
left Nekor sub-basins for erosion control structures implementation.

Both models showed their feasibility to estimate the spatial distribution of soil
loss at the watershed scale. The results pointed out the influence of lithology and
topography factors as they represent the primary drivers of soil erosion in most-
ly western areas with higher slopes of the basin. Vegetation cover was more re-
levant factor in flat areas.

The analysis and quantification of this phenomenon contribute to an under-
standing of applicability of those empirical models over large areas, which calls
for a well-distributed and adequate monitoring network to achieve a proper va-

lidation of the spatial patterns of erosion and deposition.
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