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Abstract: Terraced farming play several roles, from improving ecosystem services to enhancing
associated population livelihoods. In this study, we were interested in evaluating the roles of
mountain terraces in controlling floods and erosion risks, in particular in the Ourika watershed,
located in the High Atlas mountains of Morocco. Rainfall simulation tests were conducted to measure
infiltration, runoff and initial abstraction, while the Cesium-137 isotope technique was used to
quantify soil loss. The results highlighted high infiltration for dense forests (78.00 ± 2.65 mm/h)
and low for rangelands (27.12 ± 2.82 mm/h). For terraces, infiltration was found to be about
70.36 ± 0.56 mm/h, confirming the role of terraces in promoting infiltration. The runoff coefficient
obtained was lowest for dense forests, followed by cultivated terraces, and highest for rangelands
(62.71 ± 3.51). Thus, outside dense forests, infiltration and runoff were significantly very high
and low, respectively, for agricultural terraces compared to other land use. The assessment of soil
erosion rates showed a significant soil loss for rangelands compared to the agricultural terraces,
further underlining the role of terraces in soil conservation. Terraces in the Ourika watershed, by
increasing water infiltration, reduce the rate of surface runoff, and consequently, flood risks and soil
degradation.
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1. Introduction

Terraced agriculture is a phenomenon that has existed for a long time throughout the
world. From the ancient times to date, this system has represented an agro-technical system
for planting in different locations and under various climatic and topographic conditions
around the world [1–3]. Terraces are a common component of the landscape in regions
with the most rugged and steep topography [4,5]. They provide numerous ecosystem
services including food production, water and soil retention, biodiversity conservation, and
microclimate regulation [6–9]. This is translated by their role in mitigating the detrimental
impacts of soil erosion by limiting the rate of surface runoff and facilitating the infiltration
of water into the soil [5,10]. Effectively, they act as sediment traps by storing leached soil
materials on steep slopes, with the sediment accumulating behind the dry stonewalls,
creating land suitable for agriculture. Terraced landscapes represent one of the oldest and
most effective forms of human adaptation to cultivate in harsh environments [11,12], while
representing one of the best ways to prevent land degradation in hilly and mountainous
landscapes.

Although terraces provide multiple ecosystem services, several negative environ-
mental impacts associated with them have been documented in the literature. They are
generally caused by factors such as inappropriate design, inadequate management or
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complete abandonment of terraces. Indeed, problems such as disruption of water flow,
increased runoff and erosion due to poorly designed terraces [13–16], degradation of soil
quality [17] especially on newly constructed terraces have been noted. Thus, although
terraces are a recommended and effective measure for soil and water conservation, their
potential threat to the stability of natural ecosystems calls into question their overall impact.
Indeed, Wei et al. [4] highlighted the potentially damaging environment and ecosystem
impacts of poorly designed terracing systems even compared to systems without terracing.

Terracing is a common form of agriculture in arid and semi-arid areas of the Mediter-
ranean region [2,18]. Due to the scarcity of fertile agricultural land in the valleys of the
Atlas Mountains in Morocco, the local population has been forced to build terraces and indi-
vidual terraced beds on the arid mountain slopes to better manage the limited agricultural
land [19]. Notwithstanding their role in reducing erosion and surface runoff, and increasing
infiltration, the historical and aesthetic nature of the terraced systems has boosted tourism
in the region. Consequently, this has led to improved infrastructure and overall livelihoods
through increased opportunities. It is therefore essential to encourage the local population
to continue to maintain the terrace systems considering the importance of the ecosystem
services provided. Recent studies have shown that climate change continues, altering
Mediterranean rainfall patterns [20,21]. This, together with land abandonment, could lead
to increased risk of soil degradation [22,23], especially since Mediterranean soils are already
considered as a fragile part of the regions’ ecosystem [24]. Indeed, a reduction in vegetation
cover and increased soil compaction have been observed, linked to the abandonment of
terraces in the Anti-Atlas region, with reduction of infiltration up to 301.8 mm/h along
with an increase of risk of runoff [25].

Water erosion is a major concern in the High Atlas region, particularly in the Ourika
watershed. The decline of the rural population has resulted in the abandonment of the
terraces, further accelerating the progressive degradation of the landscape. Flooding
is another major concern to which the Ourika watershed is exposed; historically, it has
resulted in significant loss of life and damage to infrastructure. To combat these phenomena,
it is imperative to preserve forests upstream in the watershed and to encourage farmers
to maintain agricultural terraces, as they contribute significantly to reducing runoff and
the risk of flooding and erosion. Thus, quantifying runoff, infiltration and erosion in the
terraced areas of the region is essential, as it would help define management strategies.
The objective of this study is to assess the role of agricultural terraces in reducing the risks
of runoff, flooding and water erosion in the Ourika watershed. Specifically, it involves
assessing the effects of different land uses, particularly terrace systems in the region, on
infiltration, runoff and subsequent erosion and flooding.

2. Materials and Methods
2.1. Study Area

The Ourika watershed (Figure 1), spanning an area of about 576 km2, is located be-
tween latitudes 31◦ N and 31◦20′ N and longitudes 7◦30′ W and 7◦60′ W in the Moroccan
region of Marrakech-Safi. It has an altitude ranging from 852 m to about 3994 m at the
highest peaks. Almost 75% of the watershed area is located between 1600 and 3200 m, with
an average altitude of about 2400 m. Precipitation is distributed along an altitudinal gradi-
ent, ranging from 400 mm/year at low altitudes to 700 mm/year at high altitudes. Located
at the top of the High Atlas, the watershed is characterized by an impermeable bedrock,
composed of magmatic rocks in its upstream part and sedimentary rocks downstream.
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Figure 1. Location of the study area in the High Atlas region of Morocco. 

The watershed is famed for its distinctive cultivation method based on the principle 
of terraced farming (Figure 2). These terraces are mainly cultivated with fruit trees, vege-
tables and cereals crops, and are an extremely important basis for agriculture in the region. 
Erosion is an important feature of the watershed, with average potential soil loss esti-
mated through RUSLE model at nearly 380 t/ha/year [26]. 
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Figure 1. Location of the study area in the High Atlas region of Morocco.

The watershed is famed for its distinctive cultivation method based on the principle of
terraced farming (Figure 2). These terraces are mainly cultivated with fruit trees, vegetables
and cereals crops, and are an extremely important basis for agriculture in the region.
Erosion is an important feature of the watershed, with average potential soil loss estimated
through RUSLE model at nearly 380 t/ha/year [26].
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Figure 2. (a,b) Examples of cultivated terraced landscapes upstream of the Ourika watershed; (c) Flooding at a tourist spot 
downstream of the Ourika watershed; (d) Riverbed downstream of the Ourika watershed following a flood event (all 
photos by GIREPSE project). 
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Among the methods used to study soil hydrodynamics, rainfall simulation offers an 
effective alternative [27]. The rain simulator used is a portable irrigator developed by 
Roose [27]. Prior to the actual simulation test, the location of the experimental plot was 
selected within each LULC, taking into account the homogeneity of the soil surface and 
the degree and direction of the slope. In each selected plot, the setup consisted of placing 
two 1.66 m long metal angles in the direction of the slope. These angles were driven into 
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Figure 2. (a,b) Examples of cultivated terraced landscapes upstream of the Ourika watershed; (c) Flooding at a tourist spot
downstream of the Ourika watershed; (d) Riverbed downstream of the Ourika watershed following a flood event (all photos
by GIREPSE project).

2.2. Evaluating Infiltration Using Rainfall Simulations Technique

In general, in the Ourika watershed, rangelands are often transformed into agricultural
terraces. Thus, they were taken as a reference to study the effect of terraces on runoff and
erosion processes. Terraces and rangelands on the two main bedrocks (magmatic and
sedimentary) that characterize the watershed were studied. On the terraces, slopes were
gentle, ranging from 0 to 2%, while on the rangelands they were much steeper. Accordingly,
at these sites, rainfall simulation tests were conducted on the gentle slopes ranging from 5
to 10%. In order to investigate the role of land use in reducing runoff and thus flooding
and water erosion risk, rainfall simulation tests were conducted. The rainfall simulation
tests were conducted under the different land uses listed in Table 1.

Table 1. Sampling units for the corresponding land use/land cover (LULC) types.

LULC Geology Sampling Units Code Number of Samples

Agriculture (AGR)
Arboriculture Magmatic rock ARB_MR 3

Cereal farming Magmatic rock CER_MR 3
Cereal farming Sedimentary rock CER_SR 3

Forest (FOR)
Dense forest Magmatic rock DFO_MR 5
Dense forest Sedimentary rock DFO_SR 5

Fallow (FAL)
Fallow Magmatic rock FAL_MR 3
Fallow Sedimentary rock FAL_SR 3

Forest (FOR)
Moderately dense forest Magmatic rock MDF_MR 5
Moderately dense forest Sedimentary rock MDF_SR 5

Rangeland (RAN) Rangeland Magmatic rock RAN_MR 3
Rangeland Sedimentary rock RAN_SR 6

Reforestation (REF) Reforestation Sedimentary rock REF_SR 3

Rangeland (RAN) Spiny high-mountain
xerophytes Magmatic rock SPS_MR 3

Forest (FOR)
Wood land Magmatic rock WLA_MR 3
Wood land Sedimentary rock WLA_SR 6

Among the methods used to study soil hydrodynamics, rainfall simulation offers
an effective alternative [27]. The rain simulator used is a portable irrigator developed by
Roose [27]. Prior to the actual simulation test, the location of the experimental plot was
selected within each LULC, taking into account the homogeneity of the soil surface and
the degree and direction of the slope. In each selected plot, the setup consisted of placing
two 1.66 m long metal angles in the direction of the slope. These angles were driven into
the soil to a depth of about 5 cm to avoid lateral water loss. In addition, the use of a
double decameter was necessary to keep the two sidebars of the frame parallel to measure
the 0.60 m width. As a result, the simulation field measured 1.66 m × 0.60 m (~1 m2).
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Subsequently, a triangular metal platform was placed downstream of the two angle bars
after fixing it in the ground with a hammer. It is through this platform that runoff and
sediment are directed to a collection container.

The simulation device consisted of a 50 cm wide watering ramp, connected by a
flexible hose to a tank filled with up to 60 L of water located a few meters (1–2 m) above
the upstream part of the plot. The intensity of the simulated rainfall (on average 80 mm/h)
was then adjusted by a valve at the tank outlet. This intensity is difficult to obtain and
requires several trials to stabilize it.

The simulator allows to project drops of relatively low energy on a surface of 1 m2. In
this study, the watering process was initiated at a height of 50 cm above the surface and
the movement of the operator done in the most regular way possible to adequately spread
the water while avoiding watering outside the surface. Water flow values were recorded
every 5 min until either the flow rate stabilized or for 1 h, which was the duration of the
experiment.

Using these simulation tests, final infiltration (If, mm/h) was determined, which
corresponds to the permanent infiltration following the decrease with time of the infiltration
capacity of the soil during a rainfall event. It should be noted that it tends progressively
towards a constant regime. Indeed, final infiltration corresponds to the average of the last
two permanent infiltration values. Initial abstraction (Pi in mm), which corresponds to the
height of water infiltrated before the start of runoff, was also determined. It is measured
based on the soil reaction time (Tr) and the simulated rainfall intensity Ii (mm/h), which is
the time that elapses before the runoff starts. Initial abstraction is calculated as follows:

Pi = (Ii × Tr)/60 (1)

As for the runoff coefficient Kr (%), it is calculated based on the following formula:

Kr = (LR/LP) × 100 (2)

where:

LR: Total runoff (mm) = ∑ LRi;
LRi: Runoff layer at each time step (mm) = (Ri/60) × ∆t;
Ri: Runoff intensity at each time step (mm);
∆t: Time step (mn);
LP: Total precipitated water (mm) = LR + LI;
LI: Total infiltrated water blade (mm) = ∑ LIi;
LIi: Infiltrated water blade at each time step (mm) = (Ii/60) × ∆t.

2.3. Quantifying Water Erosion Based on Cesium-137 Technique

Some fallout radionuclides, notably cesium-137 (137Cs), are found in trace amounts
in the atmosphere. They are often deposited on the earth’s surface by rain. On the ground,
they are present in the topsoil. When part of this layer is removed by erosion, their
concentration decreases and therefore this can indicate how much soil has been removed
from a given area [28].

To study the role of terraces in controlling erosion risks, three types of land use
including agriculture, forestry, and rangeland on magmatic and sedimentary rocks were
considered (Table 2). Transects were selected within each land use, and soil samples were
collected along the slope gradient. The distance between sampling points varied from 10 to
15 m between terraces (only one sampling point was selected per terrace), while a distance
of 20 m was used in the forest and rangeland.
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Table 2. Soil samples collected from the different land uses in the Ourika watershed.

LULC Geology Sampling Units Code Number of Samples

Agriculture (AGR) Magmatic rock AGR_MR 6
Sedimentary rock AGR_SR 6

Forest (FOR)
Magmatic rock FOR_MR 7

Sedimentary rock FOR_SR 5

Rangeland (RAN) Magmatic rock RAN_MR 6
Sedimentary rock RAN_SR 6

As described by Meliho et al. [28], cores were extracted using a core motor consisting
of a 9 cm wide and 1 m long cylindrical tube. Samples were taken at a depth of 30
cm. Two reference sites were selected adjacent to the study sites. The first reference site
was abandoned for over 100 years (cemetery), undisturbed, in close proximity to the
sample sites, and consisted of Pistacia lentiscus. This site was selected for use in calculating
soil erosion for the selected transects over sedimentary rock. The second reference site
was selected for the calculation of erosion rates for the selected transects over magmatic
rock. It consisted of a mountaintop plateau with sparse Quercus rotundifolia and Cistus sp.
vegetation. Both reference sites were flat, with a slope gradient ranging from 0 to 1%. At
each reference site, 12 samples were collected at a depth of 30 cm using a grid approach.
To determine the depth distribution of 137Cs at the reference sites, a soil core from each
reference site was sampled at 4 cm intervals [28].

The physical preparation of the samples was performed in the laboratory and the
mass activity and inventory of cesium-137 determined by gamma spectrometry [28].

For agricultural terraces, the Mass Balance Model II (MBMII) was used to estimate
long-term (50-year) rates of water-induced soil erosion for cultivated sites. This model
accounts for both time-varying 137Cs deposition inputs and the fate of freshly deposited
137Cs deposition prior to incorporation into the tillage layer by the crop [29,30]. For
uncultivated sites, the profile distribution model (PDM) was used because the depth
distribution of 137Cs in an uncultivated soil profile is significantly different from that in
cultivated soils where 137Cs is mixed with the tillage or crop layer.

2.4. Statistical Analysis

The effect of land uses on the different parameters studied including infiltration,
initial abstraction, runoff coefficient, and net erosion rate was statistically tested using the
ANOVA test. The assumption of normality was tested using the Shapiro–Wilk’s test, and
to test the assumption of homogeneity of variance, Levene’s test was used. Furthermore,
the Tukey post hoc test was used in the analysis to compare the different land uses, with
a significance level of p < 0.05 adopted. In this study, descriptive statistical analyses and
ANOVA tests were performed with R.

3. Results
3.1. Desciptive Statistics

The descriptive statistics illustrating the effects of land use types on initial abstraction,
final infiltration, runoff coefficient and erosion rate are presented in Tables 3–6 and on
Figures A1–A3 (in Appendix A).

Table 3. Descriptive statistics of initial abstraction (mm) under different LULC.

Sampling Units Code n Min Max Median Interquartile Range Mean SD

ARB_MR 3 2.48 4.96 3.72 1.24 3.72 1.24
CER_MR 3 4.80 6.00 5.80 0.60 5.53 0.64
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Table 3. Cont.

Sampling Units Code n Min Max Median Interquartile Range Mean SD

CER_SR 3 3.60 8.82 8.16 2.61 6.86 2.84
DFO_MR 5 75.00 80.00 79.00 2.50 78.00 2.65
DFO_SR 5 75.00 80.00 79.00 2.50 78.00 2.65
FAL_MR 3 6.80 9.52 8.16 1.36 8.16 1.36
FAL_SR 3 2.40 9.52 8.16 3.56 6.69 3.78

MDF_MR 5 3.78 6.25 5.04 1.24 5.02 1.24
MDF_SR 5 6.25 7.50 6.30 0.63 6.68 0.71
RAN_MR 6 1.25 2.54 1.90 1.24 1.89 0.68
RAN_SR 3 1.30 2.60 1.50 0.65 1.80 0.70
REF_SR 3 2.52 6.70 4.02 2.09 4.41 2.12
SPS_MR 3 1.25 2.60 2.54 0.68 2.13 0.76

WLA_MR 3 3.78 5.04 4.02 0.63 4.28 0.67
WLA_SR 6 1.20 2.60 2.52 0.97 2.11 0.68

Table 4. Descriptive statistics of final infiltration (mm/h) under different LULC.

Sampling Units Code n Min Max Median Interquartile Range Mean SD

ARB_MR 3 69.75 70.85 70.50 0.55 70.36 0.56
CER_MR 3 64.82 65.27 64.95 0.23 65.01 0.23
CER_SR 3 61.88 64.20 62.49 1.16 62.86 1.20

DFO_MR 5 75.00 80.00 79.00 2.50 78.00 2.65
DFO_SR 5 75.00 80.00 79.00 2.50 78.00 2.65
FAL_MR 3 60.27 61.39 60.86 0.56 60.84 0.56
FAL_SR 3 55.49 59.47 58.46 1.99 57.81 2.07

MDF_MR 5 71.77 73.69 73.08 0.96 72.85 0.98
MDF_SR 5 71.47 72.68 71.68 0.61 71.94 0.65
RAN_MR 6 33.79 43.90 40.50 5.74 39.11 4.11
RAN_SR 3 24.78 30.25 26.33 2.74 27.12 2.82
REF_SR 3 54.45 55.10 55.03 0.33 54.86 0.36
SPS_MR 3 44.23 44.65 44.43 0.22 44.44 0.22

WLA_MR 3 50.38 54.06 51.79 1.84 52.08 1.86
WLA_SR 6 45.24 49.69 47.12 1.09 47.23 1.49

Initial abstraction (Pi) corresponds to the soil-wetting phase, during which the infil-
tration volume is greater than the rainfall and no runoff is observed. Mean Pi rate was
the highest under dense forests (DFO) at 78.00 ± 2.65 mm/h, while rangelands (RAN)
recorded the lowest rates at 1.89 ± 0.68 mm/h and 1.80 ± 0.70 mm/h on magmatic and
sedimentary bedrocks, respectively (Table 3, Figure A1). Interestingly, cultivated terraces
(ARB, CER) had lower mean Pi rates than abandoned terraces (FAL). Indeed, terraced
fields with fruit trees, with cereals on magmatic and sedimentary rocks had mean Pi rates
of 3.72 ± 1.24 mm/h, 5.53 ± 0.64 mm/h and 6.86 ± 2.84 mm/h, respectively, compared to
8.16 ± 1.36 mm/h and 6.69± 3.78 mm/h recorded under abandoned terraces on magmatic
and sedimentary bedrocks, respectively. Moreover, abandoned terraces had higher mean
Pi rates than moderately dense forests and woodlands.

Final infiltration (If) is the difference between the volume of runoff and the volume
of rainwater in a given time. Similar to Pi, average If rates were highest under dense
forests with 78.00 ± 2.65 mm/h on both rock types and lowest under rangeland, with
values of 39.11 ± 4.11 mm/h and 27.12 ± 2.82 mm/h on magmatic and sedimentary rocks,
respectively (Table 4, Figure A2). The role of terrace systems becomes apparent, with these
distinct land features being the third and fourth highest performing land uses after dense
and moderately dense forests. Indeed, If under cultivated terraces with fruit trees (ARB),
cereals on magmatic rocks (CER_MR) and sedimentary rocks (CER_SR) was recorded at
70.36 ± 0.56 mm/h, 65.01 ± 0.23 mm/h and 62.86 ± 1.20 mm/h, respectively. Under
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abandoned terraces, mean If was recorded at 60.84 ± 0.56 mm/h and 57.81 ± 2.07 mm/h
on magmatic and sedimentary bedrocks, respectively

Runoff coefficient (Kr) relates the amount of runoff to the amount of precipitation
received. Accordingly, it is higher for areas with low infiltration and high runoff. As
expected, Kr was highest under rangelands, with the highest mean Kr values of 62.71 ± 3.51
and 47.07 ± 5.12 under magmatic and sedimentary bedrocks, respectively, while being
lowest under dense forests at 1.00 ± 1.00 followed by moderately dense forests (MDF)
at 3.21 ± 0.88 and 4.70 ± 0.33 under magmatic and sedimentary bedrocks, respectively
(Table 5, Figure A3). Among the non-forested land uses, cultivated terraces had the lowest
mean Kr values followed by abandoned terrace.

Table 5. Descriptive statistics for runoff coefficient (%) under different LULC.

Sampling Units Code n Min Max Median Interquartile Range Mean SD

ARB_MR 3 7.74 8.83 8.59 0.54 8.39 0.57
CER_MR 3 7.88 8.27 8.21 0.20 8.12 0.21
CER_SR 3 10.70 20.48 14.26 4.89 15.15 4.95

DFO_MR 5 0.00 2.00 1.00 1.00 1.00 1.00
DFO_SR 5 0.00 2.00 1.00 1.00 1.00 1.00
FAL_MR 3 21.26 22.71 21.82 0.73 21.93 0.73
FAL_SR 3 17.64 23.98 23.08 3.17 21.57 3.43

MDF_MR 5 2.51 4.20 2.92 0.85 3.21 0.88
MDF_SR 5 4.44 5.06 4.59 0.31 4.70 0.33
RAN_MR 6 40.09 54.11 46.05 5.89 47.07 5.12
RAN_SR 3 58.88 65.76 63.50 3.44 62.71 3.51
REF_SR 3 24.65 29.61 28.47 2.48 27.57 2.60
SPS_MR 3 35.92 41.93 41.71 3.01 39.85 3.41

WLA_MR 3 29.47 30.65 30.58 0.59 30.23 0.67
WLA_SR 6 31.54 41.23 35.20 4.77 35.70 3.67

Table 6. Descriptive statistics soil erosion rate (t/ha/year) under different LULC.

Sampling Units Code n Min Max Median Interquartile Range Mean SD

AGR_MR 6 −18.36 −0.06 −5.07 6.54 −6.61 6.67
AGR_SR 6 −11.48 2.27 −5.13 9.20 −4.50 5.77
FOR_MR 7 −8.46 0.36 −1.40 4.83 −3.07 3.36
FOR_SR 5 −11.46 2.52 −7.22 7.26 −5.27 5.68

RAN_MR 6 −8.08 −1.14 −5.66 2.56 −5.04 2.47
RAN_SR 6 −25.15 −11.49 −17.07 4.55 −17.28 4.76

Erosion rate (Er) indicates the total quantity of soil loss over a given period of time.
Erosion was lowest under dense forests (FOR_MR) on magmatic bedrock, with an average
soil loss of 3.07 ± 1.27 t/ha/yr, while it was highest under rangeland on sedimentary
bedrock (RAN_SR) with an average loss of 17.28 ± 1.95 t/ha/yr (Table 6, Figure A4).
Terraces cultivated on sedimentary rocks (AGR_SR) had the second lowest erosion rates,
with an average loss of 4.50 ± 5.77 t/ha/yr, while terraces on magmatic rocks (AGR_MR)
surprisingly had the second highest soil losses, with an average loss of 6.61 ± 6.67 t/ha/yr.
The lower soil erosion rate observed under rangeland on magmatic rock (RAN_MR) could
be attributed to the substrate being highly rocky, with little erodible soil. Nevertheless, the
runoff rate was very high.
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3.2. Effect of Land Use Types on Initial Abstraction, Final Infiltration, Runoff and Soil
Erosion Rate

The Shapiro–Wilk normality test was performed and the results are presented in
Tables A1 and A2, effectively verifying that the distribution was normal (p < 0.05). As
for the test of homogeneity of variance, the Levene test was performed. The results are
presented in Table A3. The test of the homogeneity of the variance was verified (p < 0.05).

Table 7 presents the results of the ANOVA test of the effect of LULC on the different
parameters (Pi, If, Kr, Er), at a probability threshold of 5%. The ANOVA table reveals that
LULC had a very highly significant effect on Pi, If, Kr and Er (p < 0.001). The lithology
factor did not have a significant effect on Pi, If, Kr and Er. Similarly, the interaction between
LULC and lithology had no significant effect on the studied variables.

Table 7. ANOVA table.

Variable DFn DFd F p-Value

Pi 14 44 738.461 7.02 × 10−40

If 14 44 169.282 1.75 × 10−28

Kr 14 44 126.553 2.91 × 10−26

Er 5 30 6.733 0.000258

Tables A4–A7 present a comparison of the different land use types and their impact
on the different parameters (Pi, If, Kr, Er) based on the Tukey test at p < 0.05.

There was a generally non-significant (p < 0.05) difference between land uses in their
effects on Pi (Table A4). However, the influence of dense forests on Pi was the most
notable. Indeed, very highly significant differences (p < 0.001) were observed between
dense forests (DFO) and cultivated terraces (ARB, CER). The role of terraces in improving
surface conditions is highlighted by the fact that Pi was significantly lower (p < 0.05) on
cultivated terraces on sedimentary bedrock (CER_SR) than on woodlands (WLA_SR) and
rangelands (RAN).

Table A5 presents a comparison between the different land use types in their role
in influencing infiltration. Generally, land use types had a major influence on If, with
very highly significant differences (p < 0.001) between them observed. Highly significant
differences (p < 0.01) were recorded between dense forests and terraces with fruit trees on
magmatic bedrock (ARB_MR), with highest If values observed under the forests. The role
of forests is further underlined in their comparison with terraces with cereal crops (CER),
with very highly significant differences (p < 0.001) observed between dense forests and
CER. Additionally, moderately dense forests on magmatic (MDF_MR) and sedimentary
(MDF_SR) bedrocks very significantly (p < 0.01) and significantly (p < 0.05) favor infiltration,
respectively, compared to CER. The role of cultivated terraces is well illustrated here.
Indeed, except for dense and moderately dense forests, If was for the most part highly
to very highly superior on agricultural terraces compared to other land uses. This is
expected, as the infiltration capacity of soils, particularly in arid zones, has been shown
to be influenced by state of the soil surface [31]. Indeed, forest cover, including their
accompanying undergrowth, provide conditions that reduce runoff and erosion while
favoring infiltration. This is also observed under agricultural terraces, with crops through
their root systems facilitating soil and water conservation.

A comparison between the different land use types with respect to their effects on
runoff coefficient (Kr) is presented in Table A6. Rangeland, woodland, reforested land,
and land dominated by upland thorny xerophytes were all characterized by significantly
very high Kr (p < 0.001) compared to agricultural terraces. This was anticipated, as these
land use types are generally poor in vegetative cover, as well as being characterized by
compact soils, particularly in the case of rangelands. This provides favorable conditions
for runoff while reducing infiltration. Surprisingly, there was no significant difference
(p < 0.05) in Kr between dense forests and terraces with fruit trees and cereals on magmatic
bedrock. This shows that terraces can serve a similarly important role in curbing runoff. In
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addition, farmers in the region, including the high altitude valleys of the High Atlas (Ourika,
Nfis, Rerhaya), are turning to techniques such as deep manual subsoiling, partitioned
ridging and mulching. These techniques have proven to be an important factor in limiting
runoff while promoting infiltration and subsequent water storage and soil productivity
in cultivated terraces compared to abandoned terraces that have been converted into
rangelands (RAN), fallows (FAL) and other barren non-forested areas. The pairwise
comparison between land uses with respect to their effect on soil loss (Table A7) showed
that there was a generally non-significant difference (p < 0.05). Nevertheless, there was a
highly significant difference (p < 0.01) in Er between terraced cropland and rangeland on
sedimentary bedrock (RAN_SR), highlighting the role of terraces in reducing soil loss in
the watershed. Soil erosion rate was low in rangeland on magmatic bedrock (RAN_MR)
because the soil was very rocky and there were very few small soil particles to be carried
by runoff, which was very high. Rangelands are generally characterized by very little
vegetative cover and very compacted and crusted soil, which promotes conditions that
lead to soil loss. Interestingly, there was a non-significant difference between soil erosion
rates under forests compared to cultivated terraces. This reveals the important role played
by agricultural terraces in reducing water erosion in the Ourika watershed, compared to
forests and rangelands.

4. Discussion

Land degradation in the mountains of Morocco is not a simple natural phenomenon
depending exclusively on physical factors. It is also a product of human interaction
and involvement, which through their multiple actions including clear-cutting of forests,
cultivation on steep slopes, uncontrolled grazing, generates and aggravates the various
land degradation processes such as soil erosion. Terraced farming has been one of the best
methods of mitigating soil loss in mountainous landscapes because it serves to attenuate
processes such as runoff and sediment production along the slopes while promoting
infiltration.

In this study, we looked to evaluate the role of terraces in controlling processes such
as erosion, runoff and infiltration and consequently floods risks in the Ourika watershed in
the High Atlas region of Morocco. Rainfall simulation tests were conducted to study the
processes including initial abstraction, final infiltration and runoff while the Cesium-137
isotope technique was adopted to quantify soil erosion.

Our findings highlighted dense forests, followed by cultivated terraces as being the
most effective in promoting infiltration while reducing runoff, flood risks and sediment loss.
This is in agreement with several studies including those by Cammeraat et al. [32], Araya
et al. [33] and Sabir [25]. By fulfilling their soil and water conservation role, as highlighted
in this study, cultivated terraces in the Ourika watershed can improve the livelihoods of
the population. Indeed, if properly developed and maintained, they have the potential
to generate income for local population of the Atlas Mountains through the marketing of
agricultural products. In addition, terraces often serve as a tourist attraction because of
their spectacular appearance. This has been reported in China [34,35] and coincides with
the development of local infrastructure.

The results of this study also showed the importance of preserving terraced fields.
Indeed, abandoned terraces in the Ourika watershed showed a reduced infiltration ca-
pacity, while promoting runoff and erosion compared to cultivated terraces. This is in
agreement with the study conducted by Sabir [25] in the Anti-Atlas region of Morocco,
where abandonment resulted in a reduction in infiltration, with an increased risk of runoff
also noted. Similarly, Brandolini et al. [36] in a study in Italy found that the slopes of
abandoned terraces were affected by a greater amount of mobilized debris volumes than
cultivated terraces.
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Our study provided strong evidence of the value and importance of agricultural
terraces in ecosystem conservation and human well-being in the high mountains, especially
in arid and semi-arid areas. We identified approaches relevant to studying and monitoring
the evolution of soil processes that dominate the region. Nevertheless, in order to improve
the monitoring of the evolution of terraced landscapes, in-depth studies can be proposed
based on data from remote sensing techniques. These allow for easy recognition of to-
pographic features of terraces, even in areas covered by vegetation and can be useful for
mapping abandoned and vegetated terraces. This would provide a basis for management
and development work on these systems.

5. Conclusions

This study highlights the impact of agricultural terraces in mitigating phenomena such
as runoff, soil erosion and flood risks in the mountainous areas of the Ourika watershed
in Morocco. The results of this research demonstrate the ability of terraced systems to
promote processes such as initial abstraction and infiltration, thereby reducing soil erosion
and surface runoff on agricultural lands. Forests remain the ultimate barriers against land
degradation processes such as runoff and erosion while promoting infiltration, as indicated
in our findings. Nevertheless, agricultural terraces offer an intriguing alternative due to not
only their ecosystem conservation value, but also their potential to improve the livelihoods
of the local population. This was emphasized in this study, as they showed the greatest
capacity outside of forests to limit runoff and erosion. Their promotion of infiltration also
facilitates water storage in the systems, thus improving the agricultural potential of the
area.

Degradation and the subsequent abandonment of terraces has the potential to accen-
tuate problematic issues already plaguing the region. Thus, the proper maintenance of
terraced systems in the Moroccan High Atlas is of paramount importance, especially for a
region known for soil erosion and flooding. This will limit these risks while maintaining
and even improving the agricultural potential of the already limited space available to the
local population, especially in an ever-changing climate.
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Table A1. Shapiro–Wilk test for normality test for Pi, If and Kr.

Sampling
Units Code

Statistic p-Value
Pi If Kr Pi If Kr

ARB_MR 1.00 0.96 0.90 1.00 0.61 0.40
CER_MR 0.87 0.95 0.86 0.30 0.55 0.27
CER_SR 0.84 0.93 0.98 0.22 0.49 0.70

DFO_MR 0.89 0.89 1.00 0.36 0.36 1.00
DFO_SR 0.89 0.89 1.00 0.36 0.36 1.00
FAL_MR 1.00 1.00 0.98 1.00 0.94 0.75
FAL_SR 0.89 0.93 0.85 0.35 0.47 0.25

MDF_MR 1.00 0.96 0.92 0.98 0.60 0.44
MDF_SR 0.78 0.88 0.92 0.07 0.31 0.45
RAN_MR 0.71 0.88 0.96 0.01 0.29 0.82
RAN_SR 0.86 0.94 0.96 0.27 0.53 0.63
REF_SR 0.97 0.83 0.91 0.69 0.19 0.42
SPS_MR 0.78 1.00 0.78 0.08 0.97 0.06

WLA_MR 0.89 0.98 0.79 0.34 0.74 0.09
WLA_SR 0.68 0.95 0.95 0.00 0.78 0.78

Table A2. Shapiro–Wilk test for normality test for soil erosion rate.

Sampling Units Code Statistic p-Value

AGR_MR 0.91 0.42
AGR_SR 0.90 0.38
FOR_MR 0.89 0.30
FOR_SR 0.94 0.69

RAN_MR 0.96 0.82
RAN_SR 0.97 0.87

Table A3. Levene Test for homogeneity of the variance test.

Variable df1 df2 Statistic p-Value

Pi 14 44 0.76 0.70
If 14 44 1.36 0.22
Kr 14 44 1.34 0.23
Er 5 30 1.09 0.39

Table A4. Comparison of land use types and their effect on initial abstraction.

Group1 Group2 Estimate Conf.low Conf.high p.adj p.adj.signif

ARB_MR DFO_MR 74.28 69.31 79.25 0.00 ****
ARB_MR DFO_SR 74.28 69.31 79.25 0.00 ****
ARB_MR FAL_MR 4.44 −0.53 9.41 0.12 ns
ARB_MR CER_SR 3.14 −1.83 8.11 0.60 ns
ARB_MR FAL_SR 2.97 −2.00 7.95 0.68 ns
ARB_MR MDF_SR 2.96 −2.01 7.94 0.69 ns
ARB_MR RAN_MR −1.83 −6.14 2.48 0.96 ns
ARB_MR RAN_SR −1.92 −6.89 3.05 0.98 ns
ARB_MR WLA_SR −1.62 −5.92 2.69 0.99 ns
ARB_MR CER_MR 1.81 −3.16 6.79 0.99 ns
ARB_MR SPS_MR −1.59 −6.56 3.38 1.00 ns
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Table A4. Cont.

Group1 Group2 Estimate Conf.low Conf.high p.adj p.adj.signif

ARB_MR MDF_MR 1.30 −3.67 6.28 1.00 ns
ARB_MR REF_SR 0.69 −4.28 5.67 1.00 ns
ARB_MR WLA_MR 0.56 −4.41 5.53 1.00 ns
CER_MR DFO_MR 72.47 67.49 77.44 0.00 ****
CER_MR DFO_SR 72.47 67.49 77.44 0.00 ****
CER_MR RAN_MR −3.64 −7.95 0.66 0.17 ns
CER_MR WLA_SR −3.43 −7.73 0.88 0.25 ns
CER_MR RAN_SR −3.73 −8.71 1.24 0.33 ns
CER_MR SPS_MR −3.40 −8.38 1.57 0.47 ns
CER_MR FAL_MR 2.63 −2.35 7.60 0.83 ns
CER_MR CER_SR 1.33 −3.65 6.30 1.00 ns
CER_MR FAL_SR 1.16 −3.81 6.13 1.00 ns
CER_MR MDF_MR −0.51 −5.48 4.46 1.00 ns
CER_MR MDF_SR 1.15 −3.82 6.12 1.00 ns
CER_MR REF_SR −1.12 −6.09 3.85 1.00 ns
CER_MR WLA_MR −1.25 −6.23 3.72 1.00 ns
CER_SR DFO_MR 71.14 66.17 76.11 0.00 ****
CER_SR DFO_SR 71.14 66.17 76.11 0.00 ****
CER_SR RAN_MR −4.97 −9.28 −0.66 0.01 *
CER_SR WLA_SR −4.76 −9.06 −0.45 0.02 *
CER_SR RAN_SR −5.06 −10.03 −0.09 0.04 *
CER_SR SPS_MR −4.73 −9.70 0.24 0.08 ns
CER_SR WLA_MR −2.58 −7.55 2.39 0.85 ns
CER_SR REF_SR −2.45 −7.42 2.53 0.89 ns
CER_SR MDF_MR −1.84 −6.81 3.14 0.99 ns
CER_SR FAL_MR 1.30 −3.67 6.27 1.00 ns
CER_SR FAL_SR −0.17 −5.14 4.81 1.00 ns
CER_SR MDF_SR −0.18 −5.15 4.80 1.00 ns

****: Extremely significant; *: Significant; ns: Not significant.

Table A5. Comparison of land use types and their effect on final infiltration.

Group1 Group2 Estimate Conf.low Conf.high p.adj p.adj.signif

ARB_MR RAN_MR −31.25 −36.71 −25.80 0.00 ****
ARB_MR RAN_SR −43.25 −49.55 −36.95 0.00 ****
ARB_MR SPS_MR −25.93 −32.23 −19.63 0.00 ****
ARB_MR WLA_SR −23.14 −28.60 −17.68 0.00 ****
ARB_MR WLA_MR −18.29 −24.59 −11.99 0.00 ****
ARB_MR REF_SR −15.51 −21.81 −9.21 0.00 ****
ARB_MR FAL_SR −12.56 −18.86 −6.26 0.00 ****
ARB_MR FAL_MR −9.52 −15.82 −3.22 0.00 ***
ARB_MR DFO_MR 7.64 1.34 13.94 0.01 **
ARB_MR DFO_SR 7.64 1.34 13.94 0.01 **
ARB_MR CER_SR −7.51 −13.81 −1.21 0.01 **
ARB_MR CER_MR −5.35 −11.65 0.95 0.17 ns
ARB_MR MDF_MR 2.48 −3.82 8.78 0.98 ns
ARB_MR MDF_SR 1.58 −4.72 7.88 1.00 ns
CER_MR RAN_MR −25.90 −31.36 −20.44 0.00 ****
CER_MR RAN_SR −37.89 −44.19 −31.59 0.00 ****
CER_MR SPS_MR −20.57 −26.87 −14.27 0.00 ****
CER_MR WLA_SR −17.79 −23.24 −12.33 0.00 ****
CER_MR DFO_MR 12.99 6.69 19.29 0.00 ****
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Table A5. Cont.

Group1 Group2 Estimate Conf.low Conf.high p.adj p.adj.signif

CER_MR DFO_SR 12.99 6.69 19.29 0.00 ****
CER_MR WLA_MR −12.94 −19.24 −6.64 0.00 ****
CER_MR REF_SR −10.15 −16.46 −3.85 0.00 ****
CER_MR MDF_MR 7.83 1.53 14.13 0.00 **
CER_MR FAL_SR −7.20 −13.50 −0.90 0.01 *
CER_MR MDF_SR 6.93 0.63 13.23 0.02 *
CER_MR FAL_MR −4.17 −10.47 2.13 0.53 ns
CER_MR CER_SR −2.15 −8.45 4.15 0.99 ns
CER_SR RAN_MR −23.75 −29.20 −18.29 0.00 ****
CER_SR RAN_SR −35.74 −42.04 −29.44 0.00 ****
CER_SR SPS_MR −18.42 −24.72 −12.12 0.00 ****
CER_SR WLA_SR −15.63 −21.09 −10.18 0.00 ****
CER_SR DFO_MR 15.14 8.84 21.44 0.00 ****
CER_SR DFO_SR 15.14 8.84 21.44 0.00 ****
CER_SR WLA_MR −10.78 −17.08 −4.48 0.00 ****
CER_SR MDF_MR 9.99 3.69 16.29 0.00 ***
CER_SR MDF_SR 9.08 2.78 15.38 0.00 ***
CER_SR REF_SR −8.00 −14.30 −1.70 0.00 **
CER_SR FAL_SR −5.05 −11.35 1.25 0.24 ns
CER_SR FAL_MR −2.02 −8.32 4.28 1.00 ns

****: Extremely significant; ***: Extremely significant; **: Very significant; *: Significant; ns: Not significant.

Table A6. Comparison of land use types and their effect on runoff coefficient.

Group1 Group2 Estimate Conf.low Conf.high p.adj p.adj.signif

ARB_MR CER_MR −0.27 −9.39 8.86 1.00 ns
ARB_MR CER_SR 6.76 −2.37 15.89 0.35 ns
ARB_MR DFO_MR −7.39 −16.52 1.74 0.23 ns
ARB_MR DFO_SR −7.39 −16.52 1.74 0.23 ns
ARB_MR FAL_MR 13.54 4.41 22.67 0.00 ***
ARB_MR FAL_SR 13.18 4.05 22.31 0.00 ***
ARB_MR MDF_MR −5.18 −14.31 3.95 0.75 ns
ARB_MR MDF_SR −3.69 −12.82 5.44 0.97 ns
ARB_MR RAN_MR 38.69 30.78 46.59 0.00 ****
ARB_MR RAN_SR 54.33 45.20 63.45 0.00 ****
ARB_MR REF_SR 19.19 10.06 28.31 0.00 ****
ARB_MR SPS_MR 31.46 22.34 40.59 0.00 ****
ARB_MR WLA_MR 21.85 12.72 30.97 0.00 ****
ARB_MR WLA_SR 27.31 19.41 35.22 0.00 ****
CER_MR CER_SR 7.02 −2.10 16.15 0.29 ns
CER_MR DFO_MR −7.12 −16.25 2.01 0.27 ns
CER_MR DFO_SR −7.12 −16.25 2.01 0.27 ns
CER_MR FAL_MR 13.81 4.68 22.94 0.00 ***
CER_MR FAL_SR 13.44 4.32 22.57 0.00 ***
CER_MR MDF_MR −4.91 −14.04 4.22 0.81 ns
CER_MR MDF_SR −3.43 −12.55 5.70 0.99 ns
CER_MR RAN_MR 38.95 31.05 46.86 0.00 ****
CER_MR RAN_SR 54.59 45.46 63.72 0.00 ****
CER_MR REF_SR 19.45 10.32 28.58 0.00 ****
CER_MR SPS_MR 31.73 22.60 40.86 0.00 ****
CER_MR WLA_MR 22.11 12.98 31.24 0.00 ****
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Table A6. Cont.

Group1 Group2 Estimate Conf.low Conf.high p.adj p.adj.signif

CER_MR WLA_SR 27.58 19.67 35.49 0.00 ****
CER_SR DFO_MR −14.15 −23.27 −5.02 0.00 ***
CER_SR DFO_SR −14.15 −23.27 −5.02 0.00 ***
CER_SR FAL_MR 6.78 −2.35 15.91 0.34 ns
CER_SR FAL_SR 6.42 −2.71 15.55 0.43 ns
CER_SR MDF_MR −11.94 −21.06 −2.81 0.00 **
CER_SR MDF_SR −10.45 −19.58 −1.32 0.01 *
CER_SR RAN_MR 31.93 24.02 39.83 0.00 ****
CER_SR RAN_SR 47.57 38.44 56.70 0.00 ****
CER_SR REF_SR 12.43 3.30 21.56 0.00 **
CER_SR SPS_MR 24.71 15.58 33.84 0.00 ****
CER_SR WLA_MR 15.09 5.96 24.22 0.00 ****
CER_SR WLA_SR 20.56 12.65 28.46 0.00 ****

****: Extremely significant; ***: Extremely significant; **: Very significant; *: Significant; ns: Not significant.

Table A7. Comparison of land use types and their effect on erosion rate.

Group1 Group2 Estimate Conf.low Conf.high p.adj p.adj.signif

AGR_MR RAN_SR −10.68 −19.34 −2.02 0.01 **
AGR_MR FOR_MR 3.54 −4.81 11.89 0.79 ns
AGR_MR AGR_SR 2.10 −6.56 10.76 0.98 ns
AGR_MR RAN_MR 1.57 −7.09 10.23 0.99 ns
AGR_MR FOR_SR 1.34 −7.75 10.42 1.00 ns
AGR_SR RAN_SR −12.78 −21.44 −4.12 0.00 **
AGR_SR FOR_MR 1.44 −6.91 9.78 1.00 ns
AGR_SR FOR_SR −0.76 −9.85 8.32 1.00 ns
AGR_SR RAN_MR −0.53 −9.19 8.13 1.00 ns

**: Very significant; ns: Not significant.
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