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Abstract

Soil erosion and high sediment flow are of eminent environmental concern in
Wadi Alarab catchment, northern Jordan. The objective of this research is to
conduct a prioritization scheme using RS, GIS, and multi-criteria analysis
approach based on morphometric analysis, land use/land cover (LULC)
change analysis, and soil loss modeling based on RUSLE model factors.
ASTER GDEM and Arc GIS were utilized to delineate watersheds and extract
the drainage networks using the Arc Hydro tool. Five basic morphometric
parameters, five linear and five shape parameters, six LULC classes, and five
soil erosion risk classes are applied to prioritize 13 sub-watersheds connected
to W. Alarab basin. LANDSAT images were subjected to supervised classifi-
cation (the Maximum Likelihood Method) to determine land use/cover
changes and to establish the LULC map/layer. Soil erosion risk classes were
estimated using the RULSE model. RULSE factors (R, K, L, S, G, and P) were
calculated in a GIS environment, then multiplied together so as to estimate
soil loss (ton-ha™'.yr™") and to establish a soil erosion risk map for the entire
watershed and the thirteen sub-watersheds. A GIS-based integration of the
three layers compiled for each criterion reveals that six sub-watersheds (1, 5,
8,9, 10, and 11) are categorized under low priority. Further, three sub-basins
(4, 12, and 13) are fall under moderate priority, and four sub-basins (2, 3, 6,
and 7) are designated as of high priority. It is obvious that 53.8% of these
sub-basins must be prioritized immediately for soil and conservation meas-
ures. The validity of the achieved priority classes was tested statistically using
Discriminant Analysis (DA), and the results showed that morphometric pa-
rameters, LULC analysis, and soil loss are accepted criteria for prioritization.
These results are intended to help decision-makers to prepare reliable soil
erosion management plans.
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1. Introduction

Land degradation in Jordan has become an environmental concern for soil and
water conservation planners, watershed managers, and land resource developers.
Land degradation in the rainfed highlands is attributed largely to soil erosion by
water, destruction of vegetation cover over the last 3000 years, land use abuse,
agricultural intensification, and improper utilization of catchment resources [1]
[2]. The presence of historical contour stone terraces, indicates that the rainfed
agricultural region has experienced severe soil erosion at least since the Naba-
tean period, 3000 years ago [3].

At present, a prominent deficiency of soil and conservation measures and in-
creased derelict land serve to accelerate soil erosion loss. It has been verified in
the recent past that the predicted annual average of soil loss over the Wadi Ku-
franja catchment (northern Jordan) was “5 < ASL < 50 ton-ha™'.yr™"” [4] (where
ASL = Annual Average Soil Loss), and the average annual soil loss over Wadi
Kerak was 64 ton-ha™'-yr™". Further, 54.5% of the watershed is prone to high and
extremely high soil erosion loss greater than 25 ton-ha™'-yr™' [1]. Such figures
greatly exceed the acceptable soil loss tolerance level (from 2.5 to 12 ton-ha™".yr™)
[5] [6]. It is also argued that any loss of soil greater than 1 ton-ha™'.yr™' is
deemed as irreversible in a lapse of time between 50 and 100 years [7]. The ex-
pansion of rainfed “mixed” farming (i.e., cereals cultivation) since the 1950s over
the northern and southern highlands has induced a substantial increase in soil
erosion, and a decline in soil fertility [8]. Consequently, cultivated lands with
poor conservation measures experience high rates of soil erosion loss, which ex-
ceeds the acceptable tolerance level of soil loss.

Exceptional heavy rainstorms, associated with extreme daily rainfall intensity,
varying from 2.1 to 6.66 mm-hr™', are recurrent events in Jordan [9] [10].
Therefore, high soil erosion loss, landslide events, and flooding are predictable
in the rainfed region of the highlands. Various qualitative and quantitative sur-
veys/studies were conducted since the 1960’s and focused on soil erosion and
conservation. The earliest surveys were carried out in the northern, central, and
southern high lands of Jordan [11] [12] [13]. The predicted average annual se-
diment yield was computed for the Zarqa River using the AGNPS model [14],
and for the Wadi Mujib watershed [15] and the Wadi Wala catchment [16] us-
ing the SWAT model. The rate of siltation in Wadi Alarab reservoir was esti-
mated at 0.4002 x 10° m’. Accordingly, it is expected that the reservoir will be
filled with sediment in a period of 38 years maximum [17].

1In situ field measurements of soil erosion using different techniques were em-
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ployed on soils of sub-humid [18] [19], semi-arid [20] [21] and arid climatic
zones of Jordan [22]. Recently, an estimation of soil erosion loss rates was car-
ried out for the Wadi Kufranja, northern Jordan [4] and Wadi Kerak, southern
Jordan [1] using the RUSLE model, which denotes a continuous decline in soil
fertility and productivity. The prioritization of a watershed has been prescribed
as the procedure which led to recognizing high erosion-prone areas, which is
deemed, of high potential for implementing conservation activity so as to pro-
vide proper conservation measures. It is often difficult to carry out conservation
activities over the entire watershed. For that reason, it is pragmatic to recognize
the critical areas of the watershed to prioritize them in terms of soil erosion po-
tential. Such procedures are essential to improve soil conservation and wa-
tershed management plans [23] [24]. Sustainable agriculture can be achieved
through reducing the erosivity effect on soil loss while increasing infiltration
rates and water availability in the soil profile. The adoption of soil and water
conservation measures “priority-wise” is aimed at helping decision makers in
their planning for efficient soil and water conservation programs to reduce soil
erosion and sediment yield over a watershed [25] [26].

Morphometric parameters of drainage basins and LULC analysis are substantial
factors to understand the geomorphic and anthropogenic control of the soil ero-
sion process. LULC parameters exercise a considerable impact on drainage net-
work patterns, and significantly affect erosion susceptibility of the sub-watersheds
[27]. Furthermore, soil loss rates depend on several geo-environmental factors;
thus, the detection of areas with high susceptibility to erosion is feasible using
morphometric parameters, LULC change, and soil loss modeling data [28]. Pri-
oritization studies have recently demonstrated the significance of RS, GIS, analy-
sis of morphometric parameters, land use/land cover analysis and soil loss mod-
eling, in ranking different sub-basins according to the order in which they have
to be taken for conservation measures. Adoption of conservation programs in
concordance with a priority method will minimize soil erosion rates, thus in-
creasing moisture on the farm, and in turn reducing the impact of drought and
the probability of flooding [29]-[35]. Wadi Alarab is mainly a rainfed farming
watershed. In the recent past, irrigated cultivation was practiced by local farmers
along scattered patches of narrow accessible Wadi bottoms (<15 m in width).
Intensive vegetable farming is practiced at present in the Ghor area following the
construction of the Wadi Alarab dam in the mid 1986. Although the kinetic
energy of rainfall events in northern Jordan using the RUSLE [36] was estimated
at between 200 and 400 MJ mm-ha "h™".yr™' [37], such figures are low compared
to humid areas. Nevertheless, other factors such as the deterioration of vegeta-
tion cover and soil layer reduce the retention potential in the catchment and
lead, together with high-intensity rainfall events, to flash flooding. These
short-term peak discharges are characteristic of the rift catchments and result in
a high erosive impact on slopes including Wadi beds [38]. In light of repetitive

flash flooding and the immense erosion potential, high soil erosion rates and se-
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diment yield loads exhibit potential areas to promote conservation activity in-
stantly in order to support agricultural sustainability.

The present study is intended to achieve the following:

1) Prioritize 13 sub-watersheds connected to the W. Alarab catchment, based
on and GIS, and the analysis of morphometric parameters, LULC change analy-
sis, and soil loss modeling.

2) Generate three separated priority maps based on the three criteria using
GIS tools.

3) Integration of the three layers to perform the final map which shows the
priority classes of low, moderate, and high.

4) Test the validity of the final priority classes by means of Discriminant
Analysis (DA).

W. Alarab is considered a vital rural support catchment in northern Jordan, thus,
the findings of the present analysis are significant for future soil and water conser-

vation planning and water resources management in the northern region of Jordan.

2. Study Area

The Wadi Alarab watershed is part of the northern Jordanian highlands, drain-
ing to the Jordan River. The catchment is located between 32°28' to 32°40'N la-
titude, and 35°38' to 35°53'E longitude (Figure 1). It attains a maximum eleva-
tion of 852 m (a. s. 1) in the south east of the catchment, to —152 m (b. s. 1) in the
northwest close to the Wadi Alarab reservoir (Figure 2(a)). The watershed cov-
ers an area of 262.5 km”. The middle and upper catchment consists of maturely
dissected topography, with relatively narrow Wadi bottoms and broad inter-
fluves characterized by gentle (0° - 5°) and moderate (5° - 10°) slope categories.
The gentle broad interfluves represent remnants of the Miocene-Pliocene ero-
sion surface [39]. The major lower courses are deeply incised gorges, with

prominent morphological breaks appearing on the valley cross-sections and
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Figure 1. The study area.
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Figure 2. (a) The DEM of W. Alara; (b) Slope categories of W. Alarab.

longitudinal profiles, due to lithological variation and rejuvenation [40]. The
main Wadi courses are of the V-Shape type associated with steep valley-side
slopes. Slope categories of 20° - 30° and 30° - 40°and more dominate the lower
catchment (Figure 2(b)). Wadi Alarab is at the youth age stage of geomorphic
development, with a convex upward hypsometric curve, and the hypsometric
integral (HI) value is 63% [41]. Thus, high soil erosion rates and sediment yield
are expected to be high over the rejuvenated belt which characterizes the dis-
sected denudational highlands and fault scarp overlooking the Rift (Ghor).

From the early Miocene to Pleistocene, progressive subsidence and lowering
of the Dead Sea level caused rejuvenation of the drainage basins draining to the

rift, including W. Alarab; consequently, incised drainage systems characterize
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the lower Wadi courses. The oldest rock units are exposed south east, 7.e., Amman
silicified limestone, Muwaqqar chalk marl, and Umm Rijam chert-limestone of
Upper Cretaceous age, whereas the youngest rocks are exposed north west, ie,
Waqgqas conglomerate of the Pliocene age, and basalt of 5.1 Ma [42]. A “Dry Me-
diterranean” climate (Csa) dominates the upper part of the watershed, while semi
arid (Bs), and arid (BW) climates characterize the lower part. Mean annual rainfall
ranges from 585 mm in Irbid city to 390 mm at the summits of the
faulted-erosional escarpment east of the reservoir. Potential evapotranspiration
varies from 1313 mm-year™' SE of the watershed, to 1425.5 mm-year™' in the NW
[38]. On the top of the valley side slopes, the broad remnants of erosion surfaces
are covered with Calcaric Cambisols and Chromic, and Vertic Cambisols, with
basaltic parent materials [43]. Wadi deposits are classified as Regosols, and the
old terraces soil is Fluvisols. The dominant major land use/cover classes are: bare
rocks (34%), olive plantations (27%), bush vegetation of low Maquis (11%),
agricultural fields (14%), built-up area/rural settlements (14%), and forest and
water bodies (0.4%) [38]. The city of Irbid extends over a broad level/ undulating
planation surface at the eastern water divide area between the upper Wadi Shal-
lala (a tributary of the Yarmouk River) and Wadi Alarab, at an elevation of 580
m (a. s. 1). The built-up area of the city occupies three shallow sub-basins, hence
they are excluded from the present study. The population of the city is estimated
at some 400,000 inhabitants, while the total population of the Irbid Qasabah
District approaches 460,000 inhabitants [44]. The Irbid agglomeration, along
with the rural settlements which are scattered over the watershed, represents se-

rious population pressure on land and water resources of the catchment.

3. Materials and Methods

Topographic maps of a scale 1:50.000 were purchased from the Royal Jordanian
National Geographic Center (R/NGC), Amman. The topo-sheets were scanned,
geo-referenced, and transformed to a zone 36 N projection system using Arc GIS
10.1. The Wadi Alarab watershed and the 13 sub-watersheds were delineated
using topographic sheets. The ASTER DEM (30 m resolution) was employed to
extract the drainage networks using the Arc Hydro extension. A threshold greater
than 300 was adopted to extract the drainage network. The Wadi Alarab catch-
ment is classified as a fifth-order basin, whereas the delineated 13 sub-watersheds
are of third-order. Stream order was designated using the stream ordering sys-
tem elaborated by [45] and [46]. Slope classes (degrees) and elevation (m) maps
were prepared using ASTER GDEM.

Fifteen morphometric parameters (basic, linear, and shape parameters) were
calculated to illustrate the morphometric characteristics of Wadi Alarab catch-
ment and the 13 sub-watersheds (Table 1) using DEM, GIS 10.1 software, and
the mathematical equations developed in previous studies elsewhere [30] [45]
[47]. The basic parameters include: Area (A), Basin length (Lb), Perimeter (/P),
Stream order (u), and Stream Length (Zu). Whereas five linear morphometric
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parameters, and five shape parameters were considered in prioritization of the
13 sub-basins based on morphometric approach. The linear and shape parame-
ters are designated as “erosion risk parameters” [29] [30]. The linear parameters
employed in prioritization include: Bifurcation ratio (Rb), Drainage density
(Dd), Stream frequency (Fs), Texture ratio (77), and Length of overland flow
(Lo). Likewise, the utilized shape parameters consists of: Shape factor (Bs), Form
factor (Rf), Circularity ratio (Rc), Elongation ratio (Re), and compactness coeffi-
cient (Cc). Morphometric parameters perform a crucial role in understanding
lithological composition, soil characteristics, hydrological behavior, and erosion
status over a drainage basin [48]. Figure 3 displays the methodology employed
in the present study.

3.1. Extraction of Morphometric “Erosion Risk Parameters”

The bifurcation ratio (Rb) refers to the ratio of streams number of a given
order to the number of the streams of the next higher order [45], and it is com-
puted by:

Rb = Nu/Nu+1 (1)

where:

«

Nu = total number of stream segments of order “u/

Nu + 1 = number of segments of the next higher order

Prioritization of W. Alarab sub - basins:
a multi-criteria analysis

I Soil loss modeling (RUSLE) approach | | LULC change |

I S S :

Morphometric analysis |

Basic parameters: 3 - 4 Built-up area,
Area (Kpmz) P(Km) Satellite ASTER Soil data Rainfall p ‘
U,Lb (Km),and LLf 1 Images DEM data Forest area Rainfed

Rangeland
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Linear parameters Rb, LULC | LS. Fact | | o | I o | /BareLland
Dd, Fs, TrandLo | | N acl or -factor i alctor L
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Prioritization of
Shape Parameters RI, | | C-Fact P-Fact
Bs, Re, Cc and, Re. | -ractor I | -Factor sub-watershed based
‘ on LULC analysis
Prioritization of sub-watershed ‘
based on five linear and five \ 4 -
shape Parameters A factor: annual average soil
loss
A
Prioritization of sub-watersheds
based on each single criteria
Prioritization of sub-watersheds based on the integration of the three
criteria and generation of priority classes map
| Validation of Priority |
Figure 3. Methodology adopted in the present study.
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Table 1. Morphometric characteristics of the 13 sub-Watersheds and Wadi Alarab basin.

Sub-basin

10
11
12

13

Wadi Alarab
Catchment

Basic Parameters Linear Parameters Shape parameters

A (km?) P(km) U Lb(km) Lu (km) Rb Dd Fs Tr Lo Rf Bs Re Cc Rc
12.1 34.2 3 8.4 19.3 4.5 1.6 1.4 0.5 08 02 5.8 05 28 0.1
237 334 3 9.2 36.6 5.0 1.5 12 09 08 03 36 06 19 03
11.8 219 3 6.3 19.1 4.0 1.6 16 09 08 03 34 06 18 03
3.7 11.8 3 3.5 5.0 2.5 1.4 2.4 0.8 0.7 03 33 06 17 03
3.7 9.5 3 2.6 4.3 2.5 1.2 2.4 09 06 05 1.8 0.8 14 05
3.4 11.1 3 2.2 4.6 2.8 1.4 29 09 07 07 14 09 17 03
6.0 18.4 3 5.1 9.1 3.5 1.5 22 07 08 02 43 05 21 02
8.2 22.6 3 6.5 13.1 3.5 1.6 1.6 0.6 08 02 5.2 05 22 02
11.4 24.8 3 6.8 20.4 3.7 1.8 15 07 09 02 41 06 21 02
18.4 43.0 3 13.5 232 3.5 1.3 09 04 06 01 99 04 28 0.1
16.3 28.3 3 8.4 18.3 3.8 1.1 0.9 05 06 02 43 05 20 03
13.0 38.7 3 11.9 19.2 3.3 1.5 0.9 03 0.7 0.1 11 03 3.0 0.1
15.2 30.0 3 11.2 20.6 3.5 1.4 .1 05 07 01 83 04 22 02
262.5 74.6 6 25.9 404 428 154 223 78 08 04 25 07 1.3 06

The bifurcation ratio has been developed as an index of relief and dissection.
Rb values of drainage basins vary from 2 for flat-undulating or rolling terrain, to
6 for heavily distorted drainage network by geological structure [45] [46]. High
Rb values indicate high overland flow and an early hydrograph peak with a high
potential of susceptibility to flash flooding during exceptional heavy rainfall [49].
As a result, soil erosion rates and sediment discharge increased in the main
channel.

Drainage density (Dd) represents the total length of streams in a drainage
basin per unit area [45] [50] [51], or

Dd = Lu/A )

where:

A = the basin area

Lu = the total stream length

Ddis a measure of topographic dissection and runoff potential of the drainage
basin. High Dd value indicates high runoff, a rapid stream response, and in turn,
a low infiltration rate. Whereas low drainage density of a watershed denotes low
runoff and high infiltration [52].

Stream frequency (Fs) is the ratio of the total number of streams (NVu) of all
orders in a drainage basin to the catchment area (A4) [45]. It is displayed by the
following equation:

Fs=Nu/A 3)
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Fs values are positively correlated with Dd values of a watershed. Low Fs val-
ues imply a relatively low infiltration rate of surface water, and thus a low
ground water potential [53]. High stream frequency denotes more infiltration,
and in turn high groundwater potential.

Texture ratio (7r) Trrefers to the ratio of the total number of streams of the
first order (N1) to the perimeter of the drainage basin. It is considered to be a
significant parameter in drainage basin morphometric assessment. 7r parameter
counts on slope deposits and lithology, infiltration capacity and topographic
conditions [27]. Texture ratio is computed by:

Tr = Nu/P (4)

where:
Nu = the total number of streams of all orders
P = perimeter (km)
Length of overland flow (ZLo) is determined by the equation:
Lo=H/Lb (5)

where:

H = basin relief (Bh) m

Lb = basin length (km)

Lo s the length of water over the ground before it is concentrated into definite
stream channels [45]. Lo variable is one of the most significant independent va-
riables influencing both hydrographic and hydrologic development of drainage
basins. This parameter is related inversely to the average slope of the channel
and is equivalent to a large extent to the length of sheet flow.

Form factor (Rf): According to [45], Rfis computed using the following eq-

uation:

Rf = A/Lb2 )

Rfis determined by the ratio of the drainage basin area, to the square of the
basin length [46]. Higher values of Rfimply a more circular shape of a drainage
basin, while smaller Rfvalues (<0.45) denote that the basin is elongated in shape.

Shape factor (Bs) represents the ratio of the square of the basin length to the
area of the basin, or

Bs = Lb2/A (7)

Shape factor provides a conception regarding the circular character of the
catchment. The greater the circular character, the greater, or fast response of
watersheds following an intense rainstorm [54].

Elongation ratio (Re) is elaborated by Schumm [1956] according to the fol-

lowing equation:
Re=1.128,/A/Lb 8)
Low values of Re indicate that the catchment is more elongated. Where the Re

value approaches 1.0, the shape of the drainage basin becomes a circular shape.
Compactness coefficient (Cc) is developed by [55], and defined as the ratio
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of perimeter of a watershed to circumference of the circle area, which is equal to

the area of the watershed. Ccis computed according to the following equation:

Cc =0.28(P/V/A) 9)

where:

P = perimeter of the basin (km)

A = area of the basin (km?)

When Ccvalue is 1, it implies that the watershed is a perfect circle. If the Cc
value is 1.28, the basin is more square-shaped. The catchment is considered
highly elongated when the Ccvalue > 3.0 [56].

The circularity ratio (Rc) of a drainage basin is computed according to:
Rc =4nx A/P2 (10)

where:
(A) is the basin area, and (P) is the perimeter [57]. If Rcvalue is close to 1, the
shape of a basin is circular. Low, medium, and high values of Rcindicate young,

mature, and old stages of geomorphic development of the catchment respective-

ly.
3.2. Land USE/Land Cover (LULC) Change Analysis

Land use/land cover change analysis was performed using ENVI (V.4.5-2015)
software. LANDSAT 5 (7M), May 1989, and LANDSAT 8 (OLI), May 2017 were
downloaded from the website http://earthexplorer.usgs.gov, having a ground

resolution of 30 m x 30 m for blue, green, red, and NIR bands. Subsequently,
supervised classification using the Maximum Likelihood Method was employed
to classify land use/land cover based on the classification system developed ear-
lier [58]. Two Land use/cover maps were generated to represent LULC classes
exist in 1989 and 2017 along with LULC changes that took place during this pe-
riod. NDVIvalues were generated and mapped from a LANDSAT image to de-
termine the C factor so as to verify Land use/cover information with a limited
field check. C-factor and P-factor layers were also prepared. LULC change (in-
crease or decrease was shown in area (km?) and percentage (of the total area)
under each LULC class for 1987 and 2017. The recognized LULC classes in Wadi
Alarab watershed strongly affect soil erosion.

Prioritization ranking of sub-basins was designed on the basis of the percen-
tage areas under each LULC category. The highest percentages of classes that di-
rectly induce soil erosion, such as bare land, were considered the maximizing
criteria; whereas the highest percentages of classes that restrain erosion, such as
forest, were considered the minimizing criteria. The higher the value of land
cover category showing positive change, the lower the rank assigned to it. Whe-
reas the higher the value of LULC category showing negative change, the higher
the rank assigned to it [27] [34] [59]. Based on the above assumption, ranking of
the LULC class for each sub-watershed was ascribed. The average of ranks per-

taining to LULC categories exist in each sub-basin, representing the compound
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value (Cp). Thus, sub-basins were prioritized based on the surpassing ranking
method, as low (>7.5), moderate (6.1 - 7.4) and high (<6.0) priority.

3.3. Soil Loss Prediction: The RUSLE Approach

The RUSLE is an empirical soil erosion model employed to estimate the average
annual soil loss with reference to cropping systems, land management condi-
tions, and erosion control practices [60]. Specifically, the model was developed
to guide soil conservation plans to control soil erosion [61] [62]. The most
widely used model describes how climate (rainfall erosivity), morphology (slope
length and slope steepness), soil attributes (soil erodibility), vegetation and land
use/land cover (cover management practice) affect rill and sheet erosion induced
by raindrop impact and surface runoff [36]. The average annual soil loss of (A)
in tons per hectare per year was quantified using RUSLE, according to the fol-
lowing equation:

A=RxKxLxSxCxP

where:

A denotes the average annual soil loss due to rill and sheet erosion
(ton-ha™-yr™);

Rrefers to the rainfall-runoff erosivity factor (A/mm-ha™"hr™".yr™');

K represents the soil erodibility factor (soil loss per erosion index unit for a
specified soil measured on a standard plot, 22.1 m long, with uniform slope 2.13,
in continuous tilled fallow) [ton"-ha "hr "ha'- M/ -mm™];

LS'is the slope/length and slope steepness factor (dimensionless);

Cis the cover management practice factor (values range from 0.0 to 1.5) (di-
mensionless);

Pindicates the support practice factor, or erosion control practices factor (ra-
tio of soil loss with a support practice (e, contour tillage, strip-cropping, and
terracing) to soil loss with row tillage parallel to the slope (values vary from 0.0
to 1.0) (dimensionless).

RUSLE factors were mapped in a GIS raster format using Arc GIS spatial ana-
lyst since soil erosion varies spatially. Thus, the estimated annual average soil
loss was realized on a cell-by-cell bases [61] with 30 x 30 m grid cell size, so that
spatial variation of soil erosion can be considered in order to recognize the spa-
tial patterns of soil loss. The process of deriving RUSLE factors from satellite
data, DEM, soil and rainfall data are discussed elsewhere [1] [4]. The rank was
assigned on the basis of areas percentages under each soil loss category. The
higher the percentage of soil loss category in a particular sub-watershed was as-
signed the highest priority/rank designated to it, and the lower value was given
low priority rank and so on [34]. In this way the, ranking of soil loss category for
each sub-watershed was determined. The rankings of soil loss category for each
sub-watershed were averaged in order to achieve the compound value (Cp)
based on rankings. The highest and lowest soil loss rates by area percentages

pertaining to the 13 sub-basins are calculated and provided. The sub-watersheds
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were classified into five priority classes as low (>8), moderate (6.4 - 7.9), high
(4.6 - 6.3), very high (2.8 - 4.5), and severe (<2.7).

The set of tools provided by the GIS software were used to integrate multiple
criteria based on the derived overlays which represent priority obtained using
morphometric analysis, land use/cover change, and priority performed based on
soil loss modeling. Using a geo-processing tool, it was possible to overlay the
three raster layers/data deduced, multiplying each of them by a given appro-
priate weight, and then summing up together the scores to generate the final
multi-criteria priority map based on the aforementioned approaches for the

sub-watersheds under consideration.

3.4. Validation of Multi-Criteria Analysis Results

Discriminant Analysis (DA) was utilized to test statistically the validity of prior-
ity groups of sub-basins generated based on the integration of multi criteria
analysis, and to decide if they are significantly different from each other, and al-
so to help in explaining regional spatial difference among the third-order
sub-watersheds in term of prioritization. The results are intended to verify that
soil erosion risk and geomorphic conditions are found entirely different from
one priority class to another. Through DA, each sub-watershed can be related to
a set of discriminant functions by calculating its “scores” on those functions. The
mean value of these scores, on each discriminant function, can be computed for
each priority class [63] [64] [65]. The mean values are then utilized to test if the
priority classes are significantly different from each other, or if the resultant

priority classes are accepted or not.

4. Results and Discussion
4.1. Morphometry of Wadi Alarab and the Sub-Watersheds

The area of a drainage basin (A) is considered a major parameter in hydrological
processes. The maximum discharge of flood per unit area is inversely related to
the size of the catchment [66]. The total area of Wadi Alarab is 262.5 km?, and
for the 13 sub-watersheds, it ranges from 3.4 km”* to 23.7 km? (Table 1). The ba-
sin length (Zb) of the catchment is 25.9 km, while the length of the sub-basins va-
ries from 2.2 km to 13.5 km. The perimeter (P) of Wadi Alarab is 74.6 km, and the
perimeters of the sub-watersheds range from 9.5 km to 43.0 km. Sub-watershed
no. 6 (2.2 km) represents the shortest in length (Zb), and sub-basin no. 10 (13.5
km) refers to the longest, with the highest perimeter and the largest area (18.4
k*), whereas sub-basin no. 6 is the smallest (3.4 k?). The longest and the largest
sub-basins have developed on a fault within the Amman silicified limestone/Al
Hisa phosphorite geological unit. By contrast, the shortest sub-basin in length,
and the smallest in area is located at the northwestern border of the main wa-
tershed on steep dissected slopes (30° - 40°). The watershed has a drainage den-
sity (Dd) value of 1.54, which denotes high permeability of the sub-surface ma-

terials. Likewise, the drainage density for the sub-basins varies from 1.1 to 1.8.

DOI: 10.4236/jwarp.2019.118059

1006 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2019.118059

Y. Farhan, S. Nawaieh

Low values of stream frequency (Fs) were achieved for both the entire watershed
(Fs = 2.23), and the sub-watersheds (Fs values range from 0.9 to 2.9). The value
of drainage texture (77) for the Wadi Alarab catchment is 7.8, and the values for
the sub-watersheds range from 0.3 to 0.9, which indicate coarse drainage and
high runoff (Table 1). The entire catchment shape (Bs) value is 2.5, and for the
13 sub-watersheds values vary from 1.4 to 11.0. These figures denote that
sub-watersheds are elongated and more elongated, with relative high peak
flooding. Low circularity ratio (Rc) (0.1 - 0.5) suggests that these sub-basins are
elongated. The computed elongation ratio (Re) ranged from 0.3 to 0.9 which in-
dicates that the sub basins areas are characterized by high runoff capacity along
the stream flow path, a phenomenon associated with high relief and steep slopes
[47]. The values of form factor (Rf) vary from 0.10 to 0.70. This implies that the
basins have more elongated shape in nature with a prominent flatter peak flow
for a long duration. Thus, elongated basins are more highly vulnerable to flood
flows than circular-shaped basin areas. Similarly, basin relief (84) (1004 m) and
relief ratio (Rr) (38.7) values testify to the intensity of the erosion process oper-
ating on steep slopes characterized by low infiltration and high runoff conditions
[67].

4.2. Mophometric Analysis and Sub-Watersheds Priority

The linear and shape parameters were employed to prioritize the 13 sub-watersheds
related to Wadi Alarab. It has been reported earlier that linear parameters con-
firm a direct relationship with erodibility. The higher the linear variables, the
greater the erodibility is. The highest value of the linear parameter was ranked 1,
the second highest value ranked 2 and so on. Alternatively, shape parameters
maintain an inverse relationship with erodibility. Therefore, the lower their val-
ues, the greater the erodibility is. The lowest value of shape parameter was rated
as rank 1 and the second lowest as rank 2 and so on [26] [29] [30] [32] [68]. The
Compound parameter (Cp) score was calculated by summing up all the ranks of
linear parameters as well as shape parameters, and then dividing by the numbers
of all parameters (Ze, 10 in the present study). Further, the sub-watershed hav-
ing the lowest compound parameter (Cp) score, was assigned the highest priori-
ty, the next higher value was designated as second priority and so on [26]. High-
est priority denotes the greater the degree of soil erosion in that particular
sub-watershed; therefore, it is considered a potential area for applying soil con-
servation measures [69]. Based on present morphometric analysis and the final
ranking of Cp values (Table 2), the sub-watersheds of Wadi Alarab were then
classified into four priority groups:

1) Low priority (>5.0)

2) Moderate priority (4.3 - 4.9)

3) High priority (3.6 - 4.2)

4) Very high priority (3.0 - 3.5)

Consequently, on the basis of morphometric analysis, sub-watersheds nos. 10,
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and 12 are classified as of low priority; nos. 11 and 13 fall under moderate prior-
ity, sub-basins nos. 1, 5, 7, and 8 are ranked as high priority, and sub-basins nos. 2,
3,4, 6, and 9 are categorized under very high priority (Figure 4). Sub-watersheds
categorized as falling under the rank of high and very high priority (69% of the
total) are part of the rejuvenated belt which occupied the center and lower parts

of the catchment, where high soil erosion rates are common.
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Figure 4. Priority of sub-watersheds based on morphometric analysis.

Table 2. Calculation of compound factor and prioritized ranks for the sub-basins in Wadi Alarab based on morphometric

analysis.
Sub-basin  Rb Dd Fs Tr Lo Rf Bs Re Cc Rc Compound  Prioritized Priority
factor rank

1 2 2 6 5 2 2 9 3 8 1 4 7 High
2 1 3 7 1 2 3 5 4 4 3 33 2 Very high
3 3 2 4 1 2 3 4 4 3 3 2.9 1 Very high
4 9 4 2 2 3 3 3 4 2 3 3.5 4 Very high
5 9 6 2 1 4 4 2 5 1 4 3.8 6 High
6 8 4 1 1 3 5 1 6 2 3 3.4 3 Very high
7 6 3 3 3 2 2 7 3 6 2 3.7 5 High
8 6 2 4 4 2 2 8 3 7 2 4 7 High
9 5 1 5 3 1 2 6 4 6 2 3.5 4 Very high
10 6 5 9 6 4 1 11 2 8 1 53 10 Low
11 4 7 9 5 4 2 7 3 5 3 4.9 9 Moderate
12 7 3 9 7 3 1 12 1 9 1 5.3 10 Low
13 6 4 8 5 3 1 10 2 7 2 4.8 8 Moderate

DOI: 10.4236/jwarp.2019.118059 1008 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2019.118059

Y. Farhan, S. Nawaieh

4.3. Soil Loss Modeling and Sub-Watersheds Priority

A soil loss rates layer was computed through full integration of the RUSLE mod-
el factors in a GIS environment to generate the soil erosion risk classes map
(Figure 5). Soil erosion for the entire watershed was classified into five soil ero-
sion risk categories of: slight (0 - 5 ton-ha™.yr™"), moderate (5 - 15 ton-ha™".yr™"),
high (15 - 25 ton-ha™"-yr™"), very high (25 - 50 ton-ha™"-yr™'), and extreme (> 50
ton-ha™.yr™"). The spatial distribution of soil erosion risk classes showed that
74.63% of the watershed has slight soil erosion loss, 1.78% has moderate loss, 0.
58% has high loss, 17.83% has very high, and 5.18% area is under an extreme soil
erosion risk class (Table 3).

In light of the high annual soil loss rates (0 - 85 ton-ha™-yr™'), and the mean
annual value (32.5 ton-ha™"-yr™') for the entire watershed, the average annual soil
loss of the 13 sub-watersheds was computed at 27.95 ton-ha™'.yr' (Table 4),

Table 3. Area and proportion of each soil erosion risk classes.

Slight 0-5 196.64 74.63
Moderate 5-15 4.70 1.78
High 15-25 1.33 0.58
Very High 25-50 46.98 17.83
Extreme > 50 13.65 5.18

Table 4. Average annual soil loss (ton-ha™l-yr™!) for the 13 sub- watersheds of Wadi Alarab
catchment.

Soil ion 1
Sub-basin ot erosi?n _(l)ss Prioritized rank Priority
(ton-ha™yr)

1 18.69 6 High

2 26.92 10 Very High
3 30.23 11 Very High
4 26.94 10 Very High
5 2628 9 Very High
6 79.01 13 Severe

7 36.24 12 Very High
8 26.18 8 Very High
9 17.69 4 High
10 15.48 2 High
11 17.79 5 High
12 24.47 7 High
13 17.45 3 High

*The average annual soil erosion loss for the 13 sub-basins is 27.95 ton-ha™"-yr™.
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Figure 5. Soil risk classes of W. Alarab.

which significantly exceeds the acceptable soil loss tolerance (2.5 to 12 ton-ha™"yr™)
[5] [6]. Eleven sub-watersheds (84.6%) exhibit an average soil loss less than the
average annual soil loss of the Wadi Alarab watershed. Whereas two sub-basins
(15.4%) show an average annual soil loss greater than the average for Wadi Ala-
rab. The transformation of forest and rangeland in the northern highlands of
Jordan; to rainfed cultivation is continuous, thus, accelerating soil erosion. The
presence of considerable bare land, steep slopes, and population pressure at
present contributed largely to the high soil erosion rates. Based on the present
soil loss rates and the final ranking of Cp values (Table 5 and Figure 6), the 13
sub-basins were classified into five priority categories: low priority, moderate
priority, high, very high, and severe. Sub-watersheds nos. 1, 10, and 11 (23% of
the total) are categorized under low priority, while two sub-basins nos. 9 and 13
(15.4% of the total) are ranked under moderate priority. Four sub-watersheds
nos. 2, 5, 8 and 12 (30.8% of the total) are classified under high priority, whereas
two sub-basins nos. 3 and 4 (15.4% of the total) are ranked under very high
priority. Two sub-watersheds nos. 6 and 7 (15.4% of the total) are categorized
under severe priority. It is obvious that 61.5% of the sub-watersheds connected
to Wadi Alarab are ranked under high, very high, and severe priority. Conse-
quently, a management plan to conserve soil and water should be arranged and
implemented immediately for these sub-watersheds.

4.4. Land Use/Land Cover and Sub-Watersheds Priority

A supervised classification using the Maximum Likelihood Method was carried
out on LANDSAT 5 TM, 1987, and LANDSAT 8 OLI 2017, to identify LULC
changes over the Wadi Alarab catchment between 1987 and 2017. The classified
images have categorized into the built-up land, forest area, rainfed farming, irri-
gated agriculture, rangeland, bare land, and water body. Figure 7 and Figure 8
illustrate land use/cover maps for the Wadi Alarab catchment deduced from
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Table 5. Ranks and priorities classes of sub-basins in Wadi Alarab based on soil risk classes (RUSLE model).

Soil risk classes

Sub-basin
Low (%) Moderate (%) High (%) Very high (%) Severe (%) CpValue rank Priority

1 91 (8] 0.3 (8] 0 8.6 (8] 0.1 [9] 8.3 11 Low

2 80.8 [5] 0.6 (5] 0.1 2] 17.5 [5] 0.9 (6] 46 5 High

3 75.4 [3] 0.8 [4] 0 23 [3] 0.8 [7] 4.3 4 Very high
4 80.1 [4] 1.4 [3] 0 18.5 [4] 0 3.7 3 Very high
5 82.1 [6] 0.3 [8] 0 16.3 [6] 1.4 [4] 6.0 7 High

6 11.7 [1] 28.9 [1] 0 34.2 [1] 25.2 [1] 1.0 1 Severe

7 69.5 [2] 1.9 [2] 0 25.2 [2] 3.5 [2] 2.0 2 Severe

8 82.3 [7] 0.3 (8] 0.1 [2] 16.3 (6] 1 (5] 5.6 6 High

9 925 [10] 0.5 (6] 0.1 2] 6.8 [10] 0.1 [9] 7.4 9 Moderate
10 95.3 [11] 0.4 [7] 0 4.3 [11] 0 9.7 12 Low

11 92.2 [9] 0.5 (6] 0 7 [9] 0.3 (8] 8.0 10 Low

12 85.3 [7] 0.2 [9] 0.2 [1] 12.4 [7] 1.9 [3] 54 6 High
13 92.2 [9] 0.8 [4] 0 7 [9] 0 7.3 8 Moderate

LANDSAT data of 1987 and 2017 respectively. Area/percentage wise statistics of
1987 and 2017 (Table 6 and Table 7) and priority classes for LULC data; show
that land resources were degraded due to continuous human interference
whether for cultivation, deforestation, grazing or any other form of land use.
Table 6 reveals an overall expansion in the built-up area (km?) in the 13
sub-watersheds. Sub-basins 1, 12, and 13 are ranked the highest in terms of ur-
ban development, where the built-up areas reach 6 km? 3.1 km? and 2.5 km?
respectively. The forest areas have been deteriorated in sub-basins 13 (from 5.5
km? in 1987 to 1.06 km? in 2017), 1 (from 4.5 km? to 1.06 km?), and sub-basin 9
(from 5.83 km® to 1.24 km?). However, the forest area has been expanded in five
sub-basins (2, 3, 4, 5, and 7), but on a limited scale (Table 6). Furthermore,
rainfed cultivation has been increased by area in sub-basins 1, 5, 7, and 9, and
decreased in the rest of the sub-basins. By contrast, the irrigated farming ex-
panded rapidly over 11 sub-watersheds (1, 2, 3, 4, 7, 8, 9, 10, 11, 12, and 13) fol-
lowing the construction of the Wadi Alarab dam in 1986. Rangeland increased
by area in sub-basins 1-7, and 9, but it decreased over the rest of the sub-basins.
By contrast, the bare land by area has increased across the 13 sub-watersheds of
Wadi Alarab (Table 6). The expansion of rural settlements was carried out
mainly in central and lower parts of the catchment. Rural settlements are often
located on the narrow interfluves or on middle slopes with accessibility to irri-
gated areas, rainfed farming and grazing areas, Moreover, the city of Irbid has
notably expanded to cover almost three shallow 3rd-order sub-basins. Popula-
tion pressure, and agricultural intensification (Ze., vegetable farming, tree orc-
hards [olives and almonds], rainfed mixed farming (cereals cultivation) are

prominent; consequently, susceptibility of soils to erosion is expected to in-
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crease. Cultivated land with poor conservation measures in the northern high-
land catchments generally experiences severe soil erosion and decline in crop
productivity, and farmers suffer [1]. On the basis of LULC change (%) analysis,
and the final compound values (Cp), the priority of the 13 sub-watersheds was
then classified into three classes (Table 7): high priority (<6.5), moderate prior-
ity (6.1 - 7.4) and low priority (>7.5). Consequently, sub-watersheds nos. 3, 4, 5,
7, 8, and 9 (46% of the total) are classified as low priority category, and
sub-basins nos. 1, 2, and 6 (23% of the total) are categorized under moderate
priority category, whereas sub-watersheds nos. 10, 11, 12, and 13 (31% of the to-
tal) are ranked under high priority category (Figure 9).
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Figure 9. Priority of sub-watersheds based on land use/ land cover analysis.

Table 6. Land use/land cover change in Wadi Alarab sub-basins by area (1987-2017).

Land use/cover i
Built-up area

Forest area Rainfed land Irrigated land Rangeland Bare land

classes (km?)
Sub-basin 1987 2017 1987 2017 1987 2017 1987 2017 1987 2017 1987 2017
1 0.05 6 4.50 1.06 3.30 4.30 0.45 1.92 0.92 4.25 0.16 0.49
2 0.03 0.80 0.85 1.71 15.75 10.96 0.93 1.32 5.28 7.66 0.08 2.00
3 0.01 0.40 0.49 1.87 6.31 3.16 0.24 0.48 4.15 5.59 0.16 0.67
4 0.02 0.39 0.20 0.53 1.79 0.96 0.10 0.11 1.12 1.85 0.06 0.20
5 0.00 0.96 0.80 0.94 1.06 0.77 0.27 0.12 0.56 1.72 0.03 0.12
6 0.05 1.24 0.78 0.17 0.08 0.60 1.11 0.37 0.15 1.75 0.05 0.47
7 0.09 2.20 0.24 0.87 0.74 1.12 0.27 0.40 2.13 2.66 0.43 0.90
8 0.02 0.59 0.45 0.30 4.22 3.79 0.33 1.09 2.39 2.28 0.23 0.73
9 0.03 1.86 5.83 1.24 2.54 3.42 0.85 3.09 0.29 3.47 0.01 0.12
10 0.01 1.15 4.83 2.09 10.80 8.75 0.87 1.29 0.75 6.04 0.01 0.21
11 0.03 1.98 2.31 1.65 10.20 8.65 0.07 1.20 1.62 4.09 0.11 0.68
12 0.22 3.19 3.81 1.26 4.02 3.72 1.08 1.39 0.85 6.05 0.08 0.39
13 0.13 2.58 5.55 1.12 5.32 4.81 1.40 2.18 0.35 6.52 0.02 0.45
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Table 7. Priority based on land use/land cover change (%) in Wadi Alarab sub-basins (1987-2017).

Land use/land cover change (%)

Sub-basia Built-up area  Forest Area  Rain fed land Irrigated land Rangeland  Bare land 3:;: 5(()(1_1‘,:;1 Rank Priority
1 5.95 [1] —4.44 [3] 2 [13] 1.47 [12] 2.33 [4] 033 [8] 6.8 6 Moderate
2 0.77 [10] -0.14 [12] -8.79 [1] 0.39 [7] 1.38 [8] 192 [1] 6.5 5 Moderate
3 0.39 [12] 0.38 [13]  -5.15 [12] 0.24 [5] 0.44 [12] 051 [3] 7.8 8 Low
4 0.37 [13] -0.67 [10] -1.83 [6] 0.01 [3] 0.73 [10] 0.14 [11] 8.8 10 Low
5 096 [9] -0.86 [9] -129 [9] -0.15 [2] .16  [9] 0.09 [13] 8.5 9 Low
6 .19 [7]  -161 [7] -048 [12] -0.74 [1] 1.6 (7] 0.42 [7] 6.8 6  Moderate
7 2.11 [4] -0.37  [11] -0.62 [11] 0.13 [4] 0.53 [11] 0.47 [5] 7.7 7 Low
8 0.57 [11]  -1.15 [8] -2.43 [5] 0.76 [10] -0.11 [13] 0.5 [4] 8.5 9 Low
9 1.83 [6] -5.59 [1] -1.12  [10] 2.24 [13] 2.18 [5] 011 [12] 7.8 8 Low
10 1.14  [8] -374 [4 -5.05 [3] 0.42 (8] 429 [2] 02 [10] 5.8 4 High
11 195 [5] -1.66 [6] —-4.55  [4] .13 [11] 188 [6] 057 [2] 5.7 3 High
12 297 [2]  -355  [5] -13 (8] 0.31 (6] 42 [3] 031 [9] 5.5 2 High
13 2.45 [3] —5.43 [2] -1.81 [7] 0.68 [9] 5.14 [1] 043 [6] 4.7 1 High

4.5. Integration of the Three Criteria and Priority Categories

The three priority overlays performed based on morphometric analysis, soil loss
modeling, and land use/cover change analysis, were integrated using the
geo-processing tool. Thus, it was possible to overlay the three derived raster lay-
ers/data, then multiplying each of them by a given appropriate weight, and
summing up together scores to generate the final multi-criteria priority map.
Based on the integration of the three criteria analysis, and the final ranking of
Cp values (Table 8), the 13 sub-watersheds were then classified into: low priority
(>7.0), moderate priority (5.1 - 6.9), and high priority (<5.0). Results showed
that sub-basins nos. 1, 5, 8, 9, 10, and 11 (46% of the total) are ranked under low
priority category (Figure 10). Moreover, three sub-watersheds nos. 4, 12, and 13
(23% of the total) are classified under moderate priority category. By contrast,
four sub-basins nos. 2, 3, 6, and 7 (31% of the total) are ranked under the cate-
gory of high priority.

The generated priority map shows critical sub-watersheds which experience
high soil erosion risk. Based on morphometric analysis, the average soil loss rate
for high priority sub-watersheds (1, 5, 7, and 8) is estimated at 26.8 ton-ha™"-yr™;
whereas for a very high category sub-watersheds (2, 3, 4, 6, and 9), the average
soil loss rate is estimated at 25.6 ton-ha™".yr™'. With reference to LULC change
analysis, the sub-watersheds assigned to high priority (10, 11, 12, and 13), yield
an average soil loss rate at 18.8 ton-ha™".yr™". High (2, 5, 8, and 12), very high (3
and 4), and severe priority sub-watersheds (6, and 7) were identified based on soil

loss modeling; they furnish an average soil loss rate estimated at 25.9, 28.6, and
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Figure 10. Priority of sub-watersheds based on morphometric analysis, Soil loss

modeling, and land use/cover change.

Table 8. Priority sub-basins based on morphometric analysis, land use/land cover change analysis, and soil loss modeling.

Sub-basin
Morphometric parameters
1 [71 Moderate
2 [2] Very high
3 [1] Very high
4 [4] High
5 [6] High
6 [3] Very high
7 [5] High
8 [71 Moderate
9 (4] High
10 [10] Low
11 [9] Moderate
12 [10] Low
13 [8] Low

Priority based on

Soil loss modeling ~ Land use/land cover change

[11] Low [6] High 8.0
[5] High [5] Low 4.0
[4] Very high [8] Low 4.3
[3] Very high [10] Low 5.7
7] High [9] Moderate 7.3
[1] Severe [6] Moderate 33
[2] Severe [7] High 4.7
[6] High [9] Moderate 7.3
[9] Moderate [8] High 7.0
[12] Low [4] Low 8.7
[10] Low [3] Moderate 7.3
6] High [2] High 6.0
[8] Moderate [1] Low 5.7

r
value Priority

Low
High
High
Moderate
Low
High
High
Low
Low
Low
Low
Moderate

Moderate

57.6 ton-ha '-yr' respectively. Furthermore, it is worth noting that sub-watersheds

nos. 6, and 7, which are classified under high, very high, and severe priority;

based on morphometric analysis and soil loss modeling, they have experienced

the highest soil loss rate with an average estimated at 57.6 ton-ha™-yr™". Howev-

er, the three priority categories derived based on the integration of the criteria

showed consistent results in terms of soil erosion loss rates. Sub-watersheds of the

low priority group afford an average annual soil loss rate at 20.35 ton-ha™-yr™". The

average annual soil loss of the moderate priority group is computed at 23

DOI: 10.4236/jwarp.2019.118059

1015

Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2019.118059

Y. Farhan, S. Nawaieh

ton-ha™.yr™". The average annual soil loss rate for the high priority group sub-basins
is 43.2 ton-ha™"yr™". It is obvious that the average annual soil loss for the high
priority sub-watersheds recognized based on LULC change analysis is relatively
smaller than the annual average soil loss rate identified with reference to mor-
phometric analysis and soil loss modeling based on the RUSLE. Although the
vegetation cover is relatively degraded over the catchment, it appears that the
major decisive factors in accelerating soil erosion are the combination of wa-
tershed morphology (slope and relief), and geomorphic rejuvenation, and slope
instability, rather than anthropogenic intervention, land use/cover abuse, and
historical exploitation of land resources. All these sub-basins are considered part
of the rejuvenated belt characterizing the Rift catchments. It is evident that
84.6% of the total sub-watersheds connected to W. Alarab watershed are under a
serious soil erosion threat. Consequently, it is recommended that these
sub-watersheds should be assigned top priority based on the interaction of the
three criteria, including soil loss estimation discussed earlier. However, the
present results make it possible to identify critical sub-watersheds, or “hotspots”
prone to serious soil erosion risk, and this must be addressed for implementing

soil and water conservation measures to control soil erosion.

4.6. Validation of the Three Criteria Priority Groups

To confirm the priority classes connected to the 13 sub-watersheds, statistical
testing using Discriminant Analysis was carried out to test the hypothesis that
there are significant differences between the three priority groups achieved based
on the integration of the three criteria analysis. And then, if this hypothesis is
substantiated, to establish a system of a coordinate axes which discriminates
between the recognized three priority groups (Figure 11). The analysis shows
that 100% of the original grouped sub-watersheds (cases) are correctly classified,
and 85% of cross validated grouped sub-watersheds are correctly classified. It is
also verified that there is a significant difference between the priority classes
(low, medium, and high priority). Statistical testing was conducted on data
representing the three priority groups, with the associated ranking values related
to morphometric analysis, LULC change, and soil loss modeling including the
Cp scores. The F test of Wilks lambda obtained is F ratio 5. 517 with the degree
of freedom V1 = 2 and V2 = 10. Referring to the table of percentage points of the
F-distribution, with V1 = 2 and V2 = 10, it is found that at 95 percent of confi-
dence, the tabulated value is 4.10, which is significantly exceeded by the com-
puted F ratio (5. 517). Subsequently, there is a remarkable significant difference
between each of the priority classes, and the three priority groups are distinct
and completely separated. Furthermore, 100 percent of the difference between
the three priority groups is attributed to Discriminant function 1 (96.8 percent)
and Discriminant function 2 (3.2 percent). It was also revealed that Discriminant
function 1 is positively correlated with the three criteria of analysis (morphome-

tric, LULC, and soil loss parameters), where the canonical correlation is 0.958.
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Figure 11. The scores of the 13 sub-watersheds connected to
each priority class on the two discriminant functions 1 & 2.

By contrast, Discriminant function 2 is also positively correlated with the criteria
of analysis, but with a moderate correlation value (0.523). The scores of each
sub-watershed of the three priority groups on Discriminant function 1 and 2
were plotted in Figure 11. The plot shows highly distinct priority groups that are
completely separated. Referring to the present results, it can be concluded that
prioritization based on morphometric analysis, LULC, and soil loss modeling is
proved to be statistically valid and consistent, and of high capacity using GIS
tools. The potential of the criteria of analysis are strongly recommended for pri-

oritization research.

5. Conclusions

Rainfed cultivation over the northern highlands is critically threatened due to
soil erosion by water. High soil erosion rates increase the sediment load into the
Wadi Alarab dam due to frequent heavy rainstorms. Therefore, all sub-watersheds
classified under high, very high, and severe priority reveal a significant degree of
erosion risk connected to particular sub-watersheds. Using geospatial tools, it
was possible to extract three priority maps representing the three approaches
employed in the analysis. Based on morphometric analysis, three sub-basins are
ranked under low priority; two sub-watersheds are grouped under moderate
priority, four sub-watersheds are classified under high priority, and five
sub-basins are fall under very high priority. With reference to LULC change
analysis; six sub-watersheds are categorized under low priority, while three
sub-basins are classified under moderate priority. By contrast, four sub-watersheds
are categorized under high priority. Based on soil loss modeling, three sub-basins
are categorized as of low priority, and two sub-basins fall under moderate prior-
ity. Four sub-watersheds are ranked under high priority, and two sub-basins are
classified under very high priority, whereas two sub-watersheds fall under severe
priority.

Integrating the three layers in a GIS environment, the final priority map
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shows critical sub-watersheds which experience high soil erosion risk, where
84.6% of the total sub-watersheds pertaining to Wadi Alarab catchment are un-
der a serious soil erosion threat. Although the vegetation cover is relatively de-
graded over the watershed, it appears that the major decisive factors in accele-
rating soil erosion, are the combination of watershed morphology (slope and re-
lief), geomorphic rejuvenation, and slope instability; rather than anthropogenic
factors (i.e., land use/cover and historical exploitation of land resources). The
validity of the prioritization of the 13 sub-basins was tested using Discriminant
Analysis (DA). It is evident that there is a significant difference between the
priority groups (low, moderate, and high), and the three priority classes are
completely separated, statistically valid, and consistent. Thus, the adoption of
GIS, remote sensing, morphometric analysis, LULC change analysis, soil loss rates
confirm the efficiency of this approach in prioritizing W. Alarab sub-watersheds.
The current results are expected to help decision-makers in identifying priority
sub-watersheds which need immediate adoption of proper conservation meas-

ures.
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