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Soil erosion is the most important factor in land degradation and influences desert-
ification in semi-arid areas. A comprehensive methodology that integrates revised
universal soil loss equation (RUSLE) model and GIS was adopted to determine
the soil erosion risk (SER) in semi-arid Aseer region, Saudi Arabia. Geoenviron-
mental factors viz. rainfall (R), soil erodibility (K), slope (LS), cover management
and practice factors were computed to determine their effects on average annual
soil loss. The high potential soil erosion, resulting from high denuded slope,
devoid of vegetation cover and high intensity rainfall, is located towards the north
western part of the study area. The analysis is investigated that the SER over the
vegetation cover including dense vegetation, sparse vegetation and bushes increases
with the higher altitude and higher slope angle. The erosion maps generated with
RUSLE integrated with GIS can serve as effective inputs in deriving strategies for
land planning/management in the environmentally sensitive mountainous areas.

Keywords: soil erosion; semi-arid watershed; RUSLE model; geospatial techniques

1. Introduction

Soil erosion is the most important factor in land degradation and influences environ-
mental problem worldwide (Fernandez & Nunez 2011). In mountainous environments
soil erosion often constrains local development and exacerbates poverty by undermin-
ing the productive capacity of highland farming and livestock raising (Zimmerer 1993;
Lal 2001; Alewell et al. 2008). Field studies for prediction and assessment of soil ero-
sion are neither cost effective nor time effective. Despite the fact that providing detailed
understanding of the soil erosion processes, field studies have limitations because of
geographical complexity of interactions and the difficulty of generalizing from the
results (Saha & Pande 1993). Soil erosion models integrated with GIS can simulate ero-
sion processes in the watershed altogether of the complex interactions that affect rates
of erosion.

Soil erosion dynamic is influenced by spatial heterogeneity such as elevation, vege-
tation cover, soil properties and land use/land cover (LULC), etc. Soil erosion estima-
tion and prediction is relevant at a wide range of spatial scales, from the large scale to
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the catchment scale, from the regional scale up to the continental and global scales
(Vrieling 2006). Soil erosion at different scales and various processes tends to become
dominant, so in this case the effective focus of the models also changes. Soil erosion at
the larger scales, topography, soil properties and vegetation covers becomes more
important (Bonilla et al. 2010). This is where remote sensing (RS) and GIS become
more valuable and useful tools.

The advantages of linking soil erosion models with a RS and GIS are the possibility
of rapidly producing input data to simulate different soil erosion scenarios, ability to use
very large catchments area ( De Roo 1996), areas can be simulated at a user-defined res-
olution (Xia & Clarke 1997; Qinke et al. 2002; Renschler & Flanagan 2002) and visuali-
zation can be used to display and animate a sequence of model output across time and
space. Various studies have shown the potential use of RS and GIS in soil erosion map-
ping in combination with soil, rainfall, vegetation cover and topography information
(Narayana & Babu 1983; Dwivedi et al. 1997; Hill & Schiitt 2000; Fu et al. 2005;
Metternicht & Gonzalez 2005; Dabral et al. 2008; Kouli et al. 2009; Bonilla et al. 2010;
Hasan et al. 2013).

Ayed and Adam (2010) investigated the effects of different vegetation types on run-
off generation and soil erosion. In this it was concluded that the run-off and soil ero-
sion were found to be more reduced based on the type of vegetative cover rather than
the per cent of vegetative cover. Fattet et al. (2011) suggested that combination of dif-
ferent plant functional types would improve soil conservation on slopes, by reducing
both surface water erosion and shallow substrate mass movement.

Since the 1930s’, soil erosion assessment and prediction has been a challenge to
researchers (Lal 2001). Numerous soil erosion models have been developed, viz. the
Water Erosion Prediction Project (WEPP) model (Nearing et al. 1989), the Chemical,
Runoff, and Erosion for Agricultural Management System (Knisel 1980), the European
Soil Erosion Model (Morgan et al. 1990), etc. Among these models, revised universal
soil loss equation (RUSLE) is one of the most widely used model (Wischmeier &
Smith 1978; Renard et al. 1997; Lee & Lee 2006; Yuksel et al. 2008; Adediji et al.
2010; Prasannakumar et al. 2012), and has been applied in areas of different spatial
scales and environmental conditions (Angima et al. 2003; Cohen et al. 2005; Prasan-
nakumar et al. 2012). The RUSLE model is very efficient, robust and simple, although
it suffers from a number of drawbacks concerning extrapolation, spatial scale effects
and the complexity of the entire soil erosion process (Li et al. 2011).

A thorough literature survey shows that no significant research has been conducted
for the potential soil erosion risk (SER) and its impact on sustainability in semi-arid
mountainous watershed of Abha. With the above background, this study evaluates the
annual SER and developed a potential soil erosion map for a semi-arid watershed using
RUSLE model integrated with GIS. The resultant map can be used as scalable model
for various watersheds in similar semi-arid settings and the variation of erosion with
reference to different LULC practices.

2. Study area and material used
2.1. Study area

The semi-arid Abha mountainous watershed is situated in Aseer province of kingdom of
Saudi Arabia (Figure 1). It covers an area of 370 km?. The boundary of the study area lies
between the latitude 18°10'12.39”"N and 18°23'33.05""N and longitude 42°21'41.58"E
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and 42°39'36.09"E. The topography of the area is undulating and the elevation ranges
from 1951 to 2991 m mean sea level. The average annual rainfall of 355 mm with the
bulk of the precipitation is occurring between June and October and average minimum
and maximum temperatures of 19.3° and 29.70 °C, respectively. The study area embraces
one of the richest and the most variable floristic regions of Aseer Mountains, south-west
of Saudi Arabia. Jabal Al-Sooda, located in the north western part of the watershed area,
2991 m high, has also a rich flora. The variation in climate and topography in the study
area (Aseer Province) has led to the formation of diverse plant community (Abulfatih
1981). As per the geological setting (Faulkender 1984) of the study area, analysis of
topography (Digital Elevation Model, DEM) and rainfall pattern for the last decade, it is
concluded that the area has severe problem of soil erosion thus affecting the productivity
of agriculture and forestlands.

2.2. Materials

The data-set used in the study is given in Table 1. All data have been converted into
raster at 15 m cell size, so that spatial analysis can be done in the same cell size and
map projection. Garmin-38s GPS navigator has been used for field survey to collect the
GCPs.

3. Methodology

General approach of this study is to ascertain the SER. A general approach for the
methodology is described in Figure 2.

3.1. Reconnaissance survey and laboratory analysis

Reconnaissance survey was carried out during March—April month of 2013 to collect
soil samples for texture analysis. A total of 75 soil samples, approximately 1 kg, (at the
depth of 0-30 cm) were collected from the study area for aggregate stability . The soil
sampling was done using stratified composite approach, i.e. the region is subdivided
into areas of similar topography, soil moisture and LULC. Thereafter, this area is then

Table 1. Data-sets.

Subject area Data basis Source

Basic data Administrative boundaries flowing MOMRA, KSA
wadies, village and its boundary

Precipitation data Monthly precipitation data from 4  Presidency meteorological
rainfall stations from 2001 to 2010  environment (PME) KSA

Soil data General soil class; Soil Ministry of agricultural, ABHA,
characteristics (% silt, sand and KSA; Extensive field survey/
clay) and organic contents Laboratory analysis

Satellite data used for ASTER (15 Nov. 2010) Path/Row  TERRE/ASTER NASA
LULC and =167/47-48
vegetation cover
Topographical data Contour line, spot height, DEM, MOMRA, KSA
Mean slope; mean slope exposure
Geological map Geological unit Saudi geological survey, KSA
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Figure 2. Flow chart risk assessment of soil erosion using RUSLE coupled with geoinformation
technology.

sampled separately and at each survey location, two replicates, 2—3 m apart were col-
lected. Individual samples were weighed and carefully sieved through a 2 mm screen
and later analysed in laboratory for their soil grain properties, namely soil texture and
organic matter, using standard procedure described by Carter (1993).

3.2.  Hydrometer method for soil texture

The hydrometer method is based on the change of density of a soil and water suspen-
sion upon the settling of the soil particles. For the soil dispersion sodium hexameta-
phosphate, (NaPO3)s was used. Stokes’ Law is used to predict the settling times for
various sized particles. Stokes’ law states that the rate which particles fall in a viscous
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medium (water) is governed by the radius of the particles and the force due to gravity.
A special hydrometer, calibrated in terms of the grams of soil suspended, is used to
measure density. The hydrometer is gently placed into the cylinder containing the sus-
pension after predetermined periods of time and a reading is taken by determining
where the meniscus of the suspension strikes the hydrometer.

3.3. Soil properties: interpolation

The soil texture and organic matter content of topsoil were used to calculate the K fac-
tor at 15 m pixel size. A data-set of soil properties was created with their georeferenced
position in the field. Different digital maps of the soil properties are created to under-
stand the variation of the erodibility factors, using geostatistics tools. Figure 2 shows
all the factors needed to estimate SER and underline the aim of this study, the soil
erodibility factor and properties needed according RUSLE. Before creating surface
diagrams, the distribution of the different soil properties is analysed using geostatistical
tool to better understand the trends, influences directional and obvious errors.
Transformation and trend removal was performed. Ordinary kriging was used and
semi-variograms, which expresses the spatial dependence between neighbouring
observations, were produced for each soil factor. Kriging cross-validation was used to
estimate that the semi-variogram models could give the most accurate predictions of
the unknown values of the field. The closer the mean error was to zero and the closer
the root-mean-square standardized error was to 1 signify that the prediction values were
close to measured values. The models which presented similar values for mean error
and root-mean-square error, the lowest values of root-mean-square error and average
standard error were taken into consideration. Thereafter, all maps of soil properties,
which resulted from the interpolation techniques, were reclassified.

3.4. Topographical data

Topography is one of the prime inputs to any soil erosion and hydrological modelling,
since it defines the effect of gravity on the movement and flow of water and sediments.
LS (length and slope) factor can be estimated from a DEM (Hickey 2000; Boggs et al.
2001; Gertner et al. 2002; Wang et al. 2003; Remortel et al. 2001; Hasan et al. 2013).
The process of DEM creation begins with the scanned, georeferenced Topographic
Map or raster image (1:50,000). Contour Lines with 25 m interval, spot elevations,
from the raster image are extracted, converted to digital vectors and given elevation
(height) values from topographic sheets. The Grid-based DEM was generated from the
extracted digital contour vector data. The DEM was produced with the ‘Topo to Raster’
interpolation techniques in 3D Analyst tool of ArcGIS 10.1. ‘Topo to Raster’ is an
interpolation techniques specially designed for the creation of hydrologically corrected
DEM (Hutchinson 1989; Hutchinson & Dowling 1991). The range of elevation of the
watershed is found to be from 1951 to 2991 m. The maximum height shows towards
the western part of watershed whereas it gradually decreases towards the eastern part
the watershed.

3.5. Digital image classification

Land cover data assist in improving the representation of physical land processes and
supervised classification was used as a technique to categorize the image into different
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LULC categories. Supervised classification can be used to cluster pixels in satellite
data-set into classes corresponding to user-defined training classes. This classification
type requires selecting training areas for use as the basis for classification. The most
common supervised classification technique is the maximum likelihood classifier for
parametric input data and parallelpiped classifier for non-parametric data (Lillisand &
Keifer 2000). Accordingly, representative points expected to represent the various land
cover classes were marked using GPS during the field visit for the accessible places.
These points were used to sample representative signatures for the various land cover
types identified during the field visit. Following this, supervised LULC classification
has been carried out using ILWIS software (open source). Considering the objectives of
the present study, Anderson et al. (1976), LULC classification scheme have been
adopted as follows: built-up land, dense vegetation (forest), sparse vegetation (including
parks), water bodies, fallow land, waste land/bare soil, agricultural cropland, exposed
rocks and scrubland and bushes.

The Figure 3 shows the LULC of 2010, the most dominant class in 2010 was the
rock exposed land (51.50%) followed by bushes and scrubland 10.97%, sparse vegeta-
tion (10.46%) and agricultural cropland 4.31% (Table 3). The built-up area is mainly in
the central, south eastern part of the study area. This transformation may be connected
to the change in the economic base of the city from agriculture to secondary activities.
The overall accuracy of LULC map of 2010 was 88.35 and Kappa coefficient was
0.866. The user’s accuracy in some of the class’s viz., built up and agricultural crop-
land classes, etc. is found relatively low. This is attributed to intermixing in the classes
in different altitudinal zones, uncertainty in spectral reflectance in features class. Some
of the class’s viz. waterbodies, fallow land and rock exposed showed a very good
agreement.

3.6. Vegetation fraction cover

Vegetation cover is the second most important factor that controls SER. The vegeta-
tion-related parameters, which account for the protection given by the canopy cover
and ground cover. Accurate information about the spatial distribution of the fraction
vegetation cover types is hence of utmost importance. In the RUSLE, the effects of
vegetation cover are incorporated in the cover management factor (C Factor). It is
defined as the ratio of soil loss from land cropped under specific conditions to the
corresponding loss from clean-tilled, continuous fallow (Wischmeier & Smith 1978).
The value of C mainly depends on the vegetation’s cover percentage and growth stage.
In the present study, an attempt has been made by taking the proportion of vegetation
cover per pixel. The proportions of vegetation cover for each pixel through satellite
data is calculated using (Equation (1)), the following relation (Valor & Caselles 1996;
Mallick et al. 2008):

(1- ’/ig)

YU k)

(1)

where
i, =NDVI value of pure soil pixel
i,=NDVI value of pure vegetation pixel

k= (p2 — P1v)/(P2g — P1g)-
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where p,, and p;, are reflectance in the NIR and red region for pure vegetation
pixels; p, . and p; ., are the reflectance in the NIR and red region for pure soil pixels
respectively; and ‘i’ is the NDVI value of mixed pixels. The application of the model
has two parts. For the first part, the vegetation and bare soil proportions are obtained
from the NDVI of pure pixels.

3.7. Soil erosion model structure

Considering the available data, the size of the watershed and the purpose of the study,
the RUSLE model (Renard et al. 1997) was chosen to assess the erosion risk. It is
designed to predict the long-term average annual soil loss using RUSLE by the
following Equation (2):

A(i7j) = R(i7j) X LS(’?J) X K(iaj) X C(lvj) X P(iaj) )

where 4 is the estimated average annual soil loss per unit area per year (t ha 'y ).
Data preparation required to run above-mentioned algorithm is given below:

e Estimation of rainfall erosivity factor (R) (MJmm ha ' h™'y™') of a grid located
at (i, j).

e Estimation of LS, the slope length and steepness factor, is the average topograph-
ical parameter of a grid located at (i, j).

e Estimation of K is the average soil erodibility factor (t hah ha ' MJ™' mm™") of
a grid located at (i, j).

e Estimation of C is the cover management factor of a grid located at (7, j).

e Estimation of P is the conservation management practice factor of a grid located

at (i, j).

3.7.1. Rainfall erosivity (R) factor

The rainfall erosivity factor, an index unit, is a measure of the erosive force of a spe-
cific rainfall. This is determined as a function of the volume, intensity and duration of
rainfall and can be computed from a single event, or a series of events to include
cumulative erosivity from any time period. Raindrop erosion is the dominant type of
soil erosion in barren soil surfaces. For computing this factor, it needs the rainfall inten-
sity observations in the study area. It estimates the R factor with sufficient long-term
observations of the rainfall intensity in the area. In the present study, rainfall data of
10 years (2001-2010) collected from Presidency of Meteorological Environment KSA
were used for calculating R-factor using the Equation (3) developed by Wischmeier
and Smith (1978) and modified by Arnoldus (1980):

R i 1.735X10(1A510g10 (i) —008188) 3

i=1

where

R is the rainfall erosivity factor (MJmm ha ' h™"' y™")

P; is the monthly rainfall (mm) and

P is the annual rainfall (mm).

For the present study, R-factor was computed from four available meteorological
stations data (namely Abha, Khamish Mushayet, Al-Sooda and Bisha), for rainfall
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intensity. IDW interpolation technique (Lu & Wong 2008) was used along with rainfall
data from stations for assessing the spatial variability in the rainfall and rainfall erosiv-
ity in the study area. In order to make the R-factor value most reliable, the spatial dis-
tribution of R was calculated from the available rainfall data by considering that the
area experiences relatively uniform rainfall, both in intensity and duration across the
study area and the average R value was used for further calculation (Table 2). During
20012010, the rainfall erosivity was found to be in the range of 133.74-549.68 MJ
mm haha ' h™' y~'. The average R-factor was observed to be 234.14 MJmm ha ' h™'
y~'. The highest value (684.53 MJmm ha'h™' y™') of R-factor was observed in 2004
and the lowest value (56.47 MJmm ha ' h™" y~') was in 2009. Figure 4 shows the spa-
tial distribution of rainfall erosivity of 2001-2010.

3.7.2.  Slope length and steepness: LS factor

The effect of topography on soil erosion in RUSLE is accounted for by the LS factor.
It contains two subcomponents: the length factor (L) and the steepness factor (S)
(Renard et al. 1997; Lu et al. 2004). The slope length and steepness derived from the
DEM depend on the spatial resolution. Hence, for accurate estimates of slope length
and angle, a high-resolution DEM is a prerequisite.

The effect of topography on soil erosion in RUSLE has two components, the length
factor (L) and the steepness factor (S). Mitasova et al. (1996, p. 630) computed the LS-
factor as proposed by Wischmeier and Smith (1978) as in Equation (4).

S = (ﬁ) % (65.4sin> f + 4.56 sin f + 0.0654) “)

where:

A=the slope length (m), it is defined as the horizontal distance from the original of
overland flow to the point where deposition begins or where run-off flows into a
defined channel.

m=the length exponent dependent on the value of the slope,

S =The slope angle (/)

So, slope length 4 is calculated (Desmet & Govers 1996) using Equation (5)

(A(i,j) + D*)" " — A(i, j)""!

Lii i) = 5
(8.7) X x D2 x (22.13)" ®)
where m value calculated from Equation (6)
F sin /0.0896
Mm=1TF 3(sin B)7F 0 (©)

Slope angle S is taken to be the mean angle of all subgrids in the steepest direction,
(McCool et al. 1989) Equation (7)

. { 10.8 sin B(i, ;) +0.03,tanﬁ(i,j)<o.o9}
S(i.j) =

7
16.8 sin f§(i,/) — 0.50, tan (i) > 0.09 2

Figure 4 shows the spatial distribution of LS factor. The LS factor value in the study
area varies from 0.03 to 31.528, with mean and standard deviation of 15.78 and 9.09,
respectively.
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3.7.3. Soil erodibility factor (K)

K factor is soil erodibility factor, which represents both susceptibility of soil to erosion
and the rate of run-off. Specifically, the £ factor is a function of grain size, drainage
potential, soil structural integrity, organic content, cohesiveness structure and permeabil-
ity (Renard et al. 1997; Prasannkumar et al. 2012). In this study area, Equation (8) was
used to calculate K value recommended by Wischmeier and Smith (1978).

oM om\?
+0.24D%) exp{—0.00Zl(/ >—0.00037</ ) —4.02figay + 1.72 ﬁay} (8)
clay

clay

K =0.0293(0.65 — Dg

where

The geometric mean of particle size, and K is in (t hah ha ' MJ 'mm™"), OM is
percentage of organic contents, finq is the fraction of sand (particle size of 0.05 — 2.0
mm), fg is the fraction of silt (particle size 0.002 — 0.05 mm) and f,y is the fraction
of clay (particle size less than 0.002 mm). D was calculated from Equation (9)

DG = —3.5fctay — 2.0fctay — 0.5f5and 9

Figure 5 shows the sand, silt, clay and organic contents. Figure 4 shows the spatial dis-
tribution of K factor. The K factor value in the study area varies from 0.000 to 0.0627 t
hah ha ' MJ ! mm™!, with mean and standard deviation of 0.043 and 0.0147, respec-
tively. Figure 4 shows the spatial distribution of the K factor and it is inferred from the
map that the highest values are located towards the north western part of the study
area.

3.7.4. Cover management factor (C)

The cover management factor (C) was calculated from fraction vegetation cover data
using the Equation (10), recommended by Renard et al. (1997) for the data-sets of
2010.

CC =1—F° x exp(—0.03045 x H) (10)

where CC is the canopy cover sub factor range from 0 to 1, F. is fraction of land sur-
face covered by canopy and H (m) is distance that raindrops fall after striking the can-
opy. For the former, we used the average weighted tree height 5.8 m (an extensive field
survey has been conducted to estimate the average height of acacia species that is pre-
valent in the region), (Handbook of Arabian medicinal herbs, 2009) and for the latter,
the estimated shrub and grass height 0.5 m was used. Figure 4 shows the C factor
map, value ranges from 0.125 to 1.00 with the mean and standard deviation of 0.949
and 0.076, respectively.

3.7.5. Conservation management practice factor (P)

The P values range from 0 to 1, O represents a very good manmade erosion resistance
facility, and value 1 represents no manmade resistance erosion facility. The P factors
indicate the effect of land use, agricultural and erosion conservation practices on the
annual soil loss from the watershed. RUSLE uses the P factor for support practices
(Renard et al. 1997). The values of P factor are related to the land use identified by
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Table 3. P factors for different land cover types.

Surfaces 2010

SI. No. LULC classes Area in km % P factor
1 Build-up land 35.57 9.61 1.0
2 Water bodies 0.12 0.03 0.0
3 Agricultural cropland 15.94 431 0.5
4 Dense vegetation 2.04 0.55 1.0
5 Sparse vegetation 38.69 10.46 1.0
6 Fallow land 31.76 8.58 0.5
7 Bare soil/wasteland 14.76 3.99 1.0
8 Bushes and scrubland 40.60 10.97 0.8
9 Rock exposed 190.55 51.50 1.0
Total 370 100.00

land cover types. Table 1 below shows the average values for P for each land cover
type taken from Wischmeier and Smith (1965).The P factor in RUSLE is the ratio of
soil erosion with a specific support practice to the corresponding soil loss with straight-
row upslope and down slope tillage. The P factor accounts for control practices that
reduce the erosion potential of the run-off by their influence on drainage patterns,
run-off concentration, run-off velocity and hydraulic forces exerted by run-off on soil
(Renard et al. 1997). Human knowledge on soil erosion control is important to include
in the P factor, but there is no reliable reference available for the study area. Hence, a
P factor is calculated on the basis of LULC and assigned the weight as per the USDA
(Table 3). Figure 4 shows the P factor map of the study area.

4. Results and discussion

RUSLE is an empirical-based model that has the ability to predict long-term average
annual soil erosion rate using rainfall pattern, soil properties, topography, vegetation
proportion cover and management practices. In the present research, annual soil ero-
sion rate map was generated for Abha watershed, a mountainous area, which repre-
sents most of the terrain characteristics of Aseer region, Saudi Arabia. Several data
sources were used for the generation of RUSLE model inputs (R, K, LS, C and P)
factors and stored as raster layers in the ArcGIS software. Potential soil erosion is
estimated using RUSLE model, which represents geoenvironmental scenario of the
study area.

4.1. Average annual soil erosion rate

Figure 4 shows the average soil erosion rate map of 2010, estimated for the Abha
watershed, which ranges from 0 to 278.65 t h™' y~! with standard deviation of
3491t h™' y~'. The results were compared with the studies carried out in areas hav-
ing similar (Matsuura 2000; Bacchi et al. 2000; Mati 2000; Shiono et al. 2002; Ang-
ima et al. 2003; Lee & Lee 2006; Yuksel et al. 2008; Adediji et al. 2010;
Prasannakumar et al. 2012) geoenvironmental and rainfall characteristics and were
found to be comparable with an annual average soil erosion rate of 16.10 t h™' y ™.
The figure shows pattern of the potential soil risk area. The high soil erosion is
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located towards the north western part of the study area. This is due to high slope
and sparse vegetation and bushes/scrublands, whereas low SER areas were over the
high vegetative and lowland area.

4.2.  Analysis of classified average annual soil erosion

Classified average annual soil erosion map quantitatively developed using annual soil
erosion value is shown in Figure 6. In order to assess the average annual soil loss of
Abha watershed these were grouped into five classes based on the minimum and maxi-
mum values and the distribution of cell values are showed in Figure 7. The grouping
of different soil erosion severity zones was carried out by considering the field condi-
tions.

The results depicted in Table 4, shows that about 89.25% of the total area is
classified as very low and low potential SER (<50.00 t h™" y™"), located in eastern
and central part of the study area. Whereas, 4.05% classified as high to very high
(>100 t h™" y™') erosion risk levels, and it has been located in north-west and
south western part of the watershed. This is due to the denuded slopes that are
devoid of forest cover. Herein, the lack of surface cover and the high intensity rain-
fall is further compounded by the precipitous slopes that result in high soil loss
potential in these areas.

4.3. Influence of LULC characteristics on SER

The LULC and SER maps are compared with each other, in this way relationship
between the soil erosion and LULC classes may be more clearly analysed and under-
stood. Therefore, the LULC map and the SER map were compared pixel by pixel to
generate a table indicating the relationship of the LULC and SER classes, presented in
a tabular format. From the LULC of 2010, the high average SER is over the sparse
vegetation (54.17 km?) and bushes and scrublands (36.64 km?) and it is also noticed
that the high SER zone is accounted in sparse vegetation (6.78 km?) and bushes and
scrubland (3.97 km?).

With the spatial pattern and distribution, high levels of SER zones are distributed
over the sparse vegetation, and bushes/scrubland areas (Table 5), which were mostly
located in highland areas. However, in flat or almost flat areas, where agriculture is the
main land use type, the erosion risk was found to be low. To decrease the SER in
sparse forests, scrubland and bushes with limited ground cover should be improved and

Table 4. The ordinal categories of potential annual soil erosion and its area and proportion.

1

S1. No. Numeric range (Mgha™ yfl) Erosion potential Area (km) Proportion (%)

1 0.000-15.00 Very low risk 285.38 77.13
2 15.01-50.00 Low risk 44.85 12.12
3 50.01-100.00 Moderate risk 24.79 6.70
4 100.01-150.00 High risk 8.84 2.39
5 150.01-278.65 Very high risk 6.14 1.66
370 100

Total
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B Statistics
min: 0.00
max: 278.65

mean: 16.10

std. deviation: 34.91

Figure 7. Histogram of soil erosion map.

managed well. Thus, a major part of these lands may be protected from erosion. In
addition, the other land covers, such as bare rocks and construction sites, occurred in
all risk classes, but few of them had very low risk.

4.4. Geoaltitudinal analysis of SER

The area with the larger gradient and covered by high vegetation cover is on lower
level of SER. The spatial pattern of annual average SER map shows high spatial
correlation with slope map and topography, in controlling soil movement in a
watershed. Table 6 indicates that the elevation of >2550, SER is very high,
accounting 5.33 km? with mean soil erosion of 50.72-56.62 t h™' y~'. The slope
gradiant at this height is high (8.59°-8.72°). The geological unit of this zone are jt
(Jiddah Group—Basalt and Andesite—Pillow lava, flow breccia, tuff, dacite tuff, inter-

Table 5. LULC in the semi-arid watershed of Abha with soil erosion statistics.

Mean
potential
annual soil VL L M H VH

erosion (0.00- (15.01- (50.01- (100.01— (150.01- Total
LULC classes  (Ton/ha/yr) STD. 15.00) 50.00) 100.00) 150.00) 278.65)  area
Build-up land 8.93 19.049  30.69 3.58 0.96 0.24 0.10 35.57
Water bodies 0.00 0.000 0.12 0.00 0.00 0.00 0.00 0.12
Agri. Cropland 8.77 16.506  13.10 2.27 0.51 0.04 0.01 15.94
Dense veg. 13.50 31.943 1.72 0.12 0.13 0.06 0.02 2.04
Sparse veg. 54.17 57.157  12.74 9.92 9.17 3.78 3.08 38.69
Fallow land 8.80 16.297  26.15 4.48 1.03 0.09 0.02 31.76
Bare soil/WL 11.18 23.198 12.23 1.70 0.60 0.15 0.08 14.76
Bushes and SL 36.64 45.072 18.69 10.82 7.12 2.54 1.43 40.60
Rock exposed 7.58 24.513 16997 11.97 5.27 1.94 1.40 190.55

285.41 44.85 24.79 8.84 6.14 370

Total

Note: VL: very low; L: low; M: moderate; H: high; VH: very high
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bedded subordinate, often carbonaceous conglomeratic greywacke and phyllie), Oew
(Sedimentary—Wajid sandstone) and bt (Jiddah Group—Bahah group within the
Tayyah belt — Volcaniclastic greywacke, carbonaceous, shale and siltstone, subordi-
nate chert, slate, and conglomerate, minor interbedded basalt, andesite, and dacite).
Whereas, the elevation with low height ie. 1950-2150 m, SER is very low,
accounting 111.76 km®> with the mean soil erosion of 1.75 t h™' y~'. The slope
gradient at this height is very low (1.52°). The geological units of this zone are jt,
bt, grb, jbg, mg, and gb. Therefore, the areas with high LS-factor and degraded/
sparse vegetation, bushes and scrublands, bare soil/wastelands need immediate
attention in soil conservation point of view.

Since the sparse vegetation and bushes and scrubs on hill slopes and denuded hilly
areas contribute to the highest potential soil loss in the study area, it is assumed that
the rehabilitation of these lands would appreciably ameliorate the soil loss potential
from these lands.

4.5. Altitudinal Impact of LULC on SER

The high altitudinal mountainous lands are sensitive lands to SER. The topography,
with average slope angles between 6° and 12° is favouring surface run-off (USDA,
NRCS). The relationship of land use patterns with geophysical were also investigated
in this study. For this LULC pattern is arranged with the altitude, slope, rainfall ero-
sivity and geology parameters and their impacts are studied on SER. The analysis
shows that the SER over the vegetation cover including dense vegetation, sparse veg-
etation and bushes/scrubland increases with the higher altitude and higher slope angle.
Table 7 indicates that the elevation of 2550-2982 m, SER is very high over sparse
vegetation, accounting 27.07 km?® with mean soil erosion of 60.77-70.68 t h™' y .
The slope gradient at this height is high (10.71°-11.66°) and the rainfall erosivity is
426-495MImm ha™' h™' y~'. Whereas, the elevation with low height over the
sparse vegetation i.e. 1950-2150 m, SER is very low, accounting 6.15km? with the
mean soil erosion of 2.21-4.98 t h™! y~'. The slope gradient at this height is very
low (1.06°-2.55°) and low rainfall erosivity of 166-173 MJImm ha' h™' y™'. This
variations are due to slopes-like first hypsometry derivatives, which have strong effect
on soil erosion processes. Impermeable lithology, especially schists, which increase
surface run-off and allow minimal infiltration and climate plays important role in soil
erosion, especially in regard to temperatures and precipitations. Lastly, poorly
developed soils (the deepest between 20 and 30 cm), very stony due to the lithology,
with minimal organic matter content, fine structure, moderate to low permeability and
high percentages of fine sands and silts (see Figure 5) were contributed to high SER.
The ideal goal would be to achieve a soil loss rate of 6.7 t ha~' y (Muukkonen
et al. 2007; Taguas et al. 2010). This is roughly the rate at which soil can rejuvenate
itself.

With the correlation of slope over five LULC types with soil erosion, the response
of slope angle variation on soil erosion can be estimated. Spatial statistical analysis of
soil erosion with slope angle over different LULC is showed in Table 7 and Figure 8.
The statistical analysis suggested that the LULC pattern’s slope was strongly related to
soil erosion dynamics. Among the LULC pattern, sparse vegetation had higher R* val-
ues, which reflected that slope angles accelerate the soil erosion (Table 8). Lower slope
angle led to decrease in soil erosion formation and transportation. So, the contour
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Table 7. Altitudinal impact of LULC pattern on SER.
Elevation Slope in ~ Mean rainfall ~ Geological Mean soil  Area in
(metres) degree erosivity unit erosion km
Build-up 1950-2150 1.38 173.01 jt, bt, grb, jbg, 2.76 10.43
mg, gb
2151-2350 2.49 162.43 dg, jt, bt, grb, 5.41 20.48
jbg
2351-2550 6.72 276.21 dg, jt, bt 26.78 2.99
2551-2750 5.8 358.23 jt, bt 30.17 1.26
27512983 6.61 485.75 jt, Oew, bt 41.51 0.61
Agricultural 1950-2150 1.16 162.5 jt, bt, grb, jbg, 1.91 4.62
land mg, gb
2151-2350 2.62 182.8 dg, jt, bt, grb, 4.72 5.51
jbg
2351-2550 6.03 326.39 dg, jt, bt, jbg 25.58 2.32
2551-2750 7.04 383.6 jt, Oew, bt 33.31 2.13
2751-2983 8.17 477.79 jt, Oew, bt 38.58 1.36
Dense 1950-2150 0.71 163.53 jt, bt, grb, jbg, 1.23 0.88
vegetation mg, gb
2151-2350 1.92 155.17 dg, jt, bt, grb, 2.61 0.76
jbg
2351-2550 5.69 310.45 jt, bt 16.4 0.04
2551-2750 9.96 388.07 jt, bt 54.72 0.13
27512983 10.32 485.13 jt, Oew, bt 59.572 0.23
Sparse 1950-2150 1.06 165.7 jt, bt, grb, jbe, 221 3.01
vegetation mg, gb
2151-2350 2.55 172.49 dg, jt, bt, grb, 4.98 3.14
Jjbg
2351-2550 7.98 331.01 dg, jt, bt 41.3 5.47
2551-2750 10.71 426.4 jt, Oew, bt 60.77 17.25
2751-2983 11.66 495.55 jt, Oew, bt 70.68 9.82
Bare soil/ 1950-2150 1.68 163.41 jt, bt, grb, jbg, 3.97 10.13
wasteland mg, gb
2151-2350 3.26 191.09 dg, jt, bt, grb, 9.41 22
jbg
2351-2550 6.14 335.36 dg, jt, bt 34.1 1.12
2551-2750 6.61 386.88 jt, bt 31.39 0.73
2751-2983 6.28 488.2 jt, Oew, bt 32.63 0.58
Bushes and 1950-2150 1.25 166.59 jt, bt, grb, jbg, 2.28 3.13
Scrubland mg, gb
2151-2350 3.11 182.97 dg, jt, bt, grb, 5.22 4.79
jbg
2351-2550 7.74 327.02 dg, jt, bt, jbg 38.74 11.94
2551-2750 8.64 382.09 jt, Oew, bt 52.79 15.77
27512983 8.64 487.58 jt, Oew, bt 60.12 4.97
Rock outcrop  1950-2150 1.62 157.32 jt, bt, grb, jbg, 1.21 71.48
land mg, gb
2151-2350 4.06 171.89 dg, jt, bt, grb, 2.34 84.28
jbg
2351-2550 8.39 281.93 dg, jt, bt, jbg 22.1 222
2551-2750 7.45 357.02 jt, Oew, bt 45.98 9.85
2751-2983 7.49 472.78 jt, Oew, bt 54.46 2.79
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Table 8. Interaction between slope angle with soil erosion (S) of LULC patterns.

Land use/land cover Dependent Correlation model R?

Dense vegetation Slope §=6.0625x — 4.4272 0.8044
Sparse vegetation Slope S =8.383x — 8.2383 0.8602
Bushes and scrubland Slope S =5.4983x — 4.7548 0.6919
Bare soil/wasteland Slope S§=10.0997x + 2.5289 0.7944
Agricultural land Slope S =0.1074x + 2.4457 0.6081

farming, terracing and higher abundance and distribution of land cover proportion con-
tributed to soil erosion conservation .

5. Conclusion

Soil erosion control, on a specific location, requires a quantitative evaluation of potential
soil erosion. In the present research studies, an empirically based ‘RUSLE’ model inte-
grated with GIS method (considering rainfall, soil properties, LULC, vegetation cover
and topography) has been used to predict long-term average annual soil erosion in order
to assess the soil erosion intensity to conserve soil and vegetation and rehabilitate vege-
tation for semi-arid mountainous watershed of Aseer region of Saudi Arabia. The annual
average soil erosion rate of the studied watershed is estimated of 16.10 t h™" y™', due to
influences of LULC patterns and topographical variability. It indicates that areas with
natural vegetation cover in the head of ‘wadies (sub surface water) regions’ have mini-
mum rate of soil erosion while areas with human intervention have high rate of soil ero-
sion. The spatial pattern of annual average SER map shows high spatial correlation with
slope map and topography, in controlling soil movement in a watershed. Topographical
transformation due to anthropogenic activities along with high LS-factor, denuded slope,
weak geology (schists and impermeable lithology) and high rainfall intensity to be more
susceptible to soil erosion, located in the north-west and south western regions of the
study areas. The analysis also shows the SER over the vegetation cover (inclu. dense
vegetation, sparse vegetation and bushes/scrubland) increases with the higher altitude
and higher slope angle (8—12°). At the higher altitude, the SER is very high over sparse
vegetation, accounting 27.07 km? with mean soil erosion of 60.77-70.68 th™' y™' at the
slope angle of 10.71°-11.66°. Whereas, at the lower elevation, SER is low, accounting
6.15 km? with the mean soil erosion of 2.21-4.98 t h™' y~! at the slope angle of 1.06°—
2.55°. This is due to slopes like first hypsometry derivatives, has strong effect on soil
erosion processes i.e. with high slope angle. Impermeable lithology, especially schists,
which increase surface run-off and allow minimal infiltration and poorly developed soils
(the deepest between 20 and 30 cm), very stony due to the lithology, with minimal
organic matter content, fine structure, moderate to low permeability and high percent-
ages of fine sands and silts were contributed to high SER. The predicted amount of soil
erosion and its spatial distribution can provide a basis for comprehensive management
and sustainable land use for the semi-arid mountainous watershed of Abha. The areas
located towards the north western and south western part having high and severe SER
warrant special attention and priority for the implementation of control measures. While
the present analytical model helps mapping of vulnerability zones, micro-scale data on
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rainfall intensity, high resolution of DEM data can augment the prediction capability and
accuracy of RS and GIS-based SER analysis.
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