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ARTICLE INFO ABSTRACT
Keywords: Soil erosion by water and wind is among the most crucial land degradation processes in Ethiopia.
Soil loss This is also the case for Alage watershed located in the cental Rift Valley system. This study aimed at

Land use land cover change
Revised universal soil loss equation
Rift Valley

Ethiopia

assessment of soil erosion hazard and its relation to land use land cover change in the watershed
during the period from 1984 to 2016 for a better land management. The study is based on application
of Remote Sensing (RS) and Geographical Information System (GIS) to extract inputs factor values
for the Revised Universal Soil Loss Equation (RUSLE). Time-series satellite imageries of Landsat TM
1984, ETM+ 2000 and OLI 2016 were used for land use land cover change detection and deter-
mination of cover management (C) factor of the RUSLE. Biophysical data such as rainfall, soil
properties, land management practices including soil and water conservation measures within the
watershed were collected using field survey and secondary data sources. Slope steepness and slope
length factors were derived using Digital Elevaition Model (DEM). Long-term average annual soil
loss rates were estimated by the RUSLE integrated with GIS for 1984, 2000 and 2016. Using satellite
imageries, the land use land cover and changes within the watershed during the three periods were
obtained through a supervised classification with maximum likelihood algorithim. The results of
land use land cover change indicated that the proportion of rain-fed cropland, bare land and built up
areas increased by 17.4%, 5.9% and 2.9% respectively over the three study period. In contrast the
proportion of bush/shrub land, irrigated cropland, grass land, forested areas and waterbodies
decresaed by 15.5%, 4.7%, 3.4%, 2.3% and 0.3% respectively during the same period. Estimated
average annual soil loss rates showed an increasing trend from 24.3 ton ha™! yr~! in 1984 to 38 ton
ha~! yr! in 2016. Increasing trends of average annual soil loss rate is attributed to increased
proportion of cropland, bare land and built up areas during those periods leading to decreased
protective vegetation cover. Hotspot areas within the watershed require implementation of land
management practices to prevent further degradation and expansion of gullies. This study is rele-
vant to demonstrate environmental implication of land use land cover change for future land
management practices and land use policy in the Rift Valley of central Ethiopia.
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1. Introduction

Soil erosion caused by water and wind is the most important process of land degradation globally [1-5]. While soil erosion is a
natural geomorphic processes, its rate is accelerated by human land use systems involving overgrazing, deforestation and land use
conversion [3,6-8]. Especially in the dryland environments, such accelerated soil erosion is a major threat to agricultural production
through the physical removal of productive topsoil, loss of soil nutrients and productive water resources [4,6,9,10]. Eroded sediment is
exported from agricultural watersheds and finally deposited in reservoirs and lakes, reducing their water storage capacity [5,11-13].
This siltation imposes an important threat to reservoirs affecting their intended purposes such as the potentials for irrigation, aqua-
culture, hydropower or recreational values over time [13,14]. In addition to sedimentation of reservoirs, sediment and sediment fixed
nutrient export from agricultural watersheds is also an important sources of nutrients for eutrophication leading to algae bloom and
disruption of the functioning of aquatic ecosystem [15-17].

A quantitative assessment of soil erosion rates and its consequence is needed for the planning and implementation of soil and water
management and ecological rehabilitation interventions [8,18]. Several approaches have been proposed to measure and understand
the rates of soil erosion so that effective conservation strategies can be implemented to curb soil erosion and restore degraded areas
[19,20]. This is particularly relevant where lack of appropriate land management practices, rapid population growth, land use land
cover change and related land degradation processes are the most widespread environmental problems. This is also the case in the arid
and semi-arid Ethiopian highlands [7,21-24]. Land use land cover change in Ethiopian highlands, is accelerated due to population
pressure and cropland expansion at the expense of forest, grassland and bush/shrub land [24,25]. This land use conversion on the
hillslopes followed by agricultural intensification leads to accelerated water erosion hazard and soil fertility depletion [26-28]. Hence,
assessment of erosion hazard from large area such as watersheds and understanding its association to land use land cover change using
soil erosion models is crucial for proposing better land use and conservation planning and land use policy [20,26,29].

Several studies have already been conducted to assess soil erosion and sediment export rate in Ethiopian highlands at different
spatial and temporal scales e.g. [14,22,26,30-33]. Reported soil loss values in Ethiopia vary over a wide range due to differences in
measurement scales, applied methods, variation in climate, land use and soil types. Nevertheless, most of these reported values are
larger than the proposed soil loss tolerance of 2-18 ton ha~! yr! for Ethiopia [8]. This soil erosion rates have led to declining in soil
fertility, its water holding capacity and crop productivity [28,34,35]. As a consequence of the increased rates of soil erosion, natural
and constructed water harvesting reservoirs located in the downstream are silted up and water quality is deteriorating [13,15].

Similarly, accelerated soil erosion in the central Rift Valley has resulted into declining of agricultural productivity, deterioration of
soil quality and development of active rills on-site and siltation of reservoirs off-site [17]. On-going severe soil erosion and land
degradation has made large part of the watershed unsuitable for crop production, thereby decreasing food security. Despite the
severity of soil erosion and its consequence on agricultural productivity and the environments in the area, especially in Alage
watershed, there have been less systematic studies of soil erosion rates and its relation to land use land cover change.

Digital elevation model (DEM) along with remote sensing data and Geographical Information System (GIS) can be successfully
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Fig. 1. Study area (Alage watershed) in between Oromia and Southern Nations Nationalities and Peoples (SNNP) regions, Ethiopia.
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applied to enable rapid as well as detailed assessment of soil erosion hazards at large watershed scale [36-38]. Assessment and
mapping of soil erosion rates in a watershed is important for the identification of critical hotspot areas for a targeted implementation of
appropriate land management and rehabilitation measures [26,39].

Generating accurate environmental risk maps (e.g. landslide, soil erosion, flood, pest and diseases) in GIS environment is crucial to
locate areas with high social and environmental risks. This is essential to develop adequate and targeted risk prevention strategies in
advance. While Remote Sensing has proved to be a useful, inexpensive and time effective tool in soil erosion risk mapping at large
scale, the method is less adopted for mapping soil erosion risk within the large watershed to help in designing of appropriate land
management interventions and formulate land use policy in the study area. Therefore, this study is aimed at a) assessment of past and
current soil erosion rates and trends for Alage watershed, b) mapping soil erosion hotspot areas and modelling the spatial and temporal
trends of soil erosion, c) to evaluate the relation between land use land cover change and soil erosion rates during the different period
in the watershed.

2. Materials and methods
2.1. Study area

The study was conducted in Alage watershed located in the central Rift Valley of Ethiopia, which is part of The East African Rift
system [40]. Geographically, the studied watershed lies between 38°20'0" - 38°27'30" E and 7°30'0" - 7°37'30"N (Fig. 1). The watershed
has an area coverage of 43.5 km?, and with elevation ranging from 1561 to 1899 m a.s.l. Topography is rugged varying from valley
bottom to hills (Fig. 1). Climate of the study area is characterized by semi-arid type with a long-term average annual rainfall depth
estimated at 708 mm and air temperature of 20.1 °C (Fig. 2). The rainfall is strongly seasonal and with significant spatial and temporal
variability inducing frequent droughts [40]. The major soil types in the watershed are Fluvisols in the valley bottom and Leptosols on
the hillslopes and escarpments. The dominant land use types are cropland (annual crop in rain-fed and irrigated crop production
systems), bare land with no protective vegetation cover on slopes, and bush/shrub land. Due to rapid deforestation in response to
expansion of cropland and heavy dependency on biomass energy, the areal coverage of forest land is very limited in the watershed.

The farming system is characterized as crop and livestock-based mixed farming. Croplands are tilled by both traditional ard plough
(maresha) pulled by a pair of oxen and a few farmers till their land with tillage machinery. Tillage frequency varies from 1 to 4 times per
season in response to available draft power and crop types [41]. The dominant crop and vegetables grown in the Alage watershed
include: Maize (Zea mays L.), Haricot beans (Phaseolus vulgaris L.), Onion (Allium cepa L.), Pepper (Capsicum annuum L.), Tomato
(Solanum lycopersicum L.), Papaya (Carica papaya L.), Banana (Musa acuminate Colla) and Mango (Mangifera indica L.) and some of
these crops require supplementary irrigation for successful completion of their growth cycle.

2.2. Methods of data collection

To estimate the average annual soil loss rate of Alage watershed using the Revised Universal Soil Loss Equation (RUSLE), spatial
and temporal datasets related to factors of the RUSLE were calculated (Fig. 3). These include multi-temporal satellite images (i.e. 1984,
2000 and 2016) years for land use land cover analysis. Long-term rainfall data acquired from the three measuring stations of the
National Meteorological Agency is used to calculate R-factor (Fig. 2). Digital Elevation Model (DEM) at 30 m x 30 m spatial resolution
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Fig. 2. Long-term (1998-2015) average monthly rainfall depth (mm). Rainfall data provided by the National Meteorological Agency (NMA)
of Ethiopia.
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is used to calculate topographic factors: slope length (L) and slope steepness (S). Spatially distributed soil samples which were collected
for irrigation development, environmental and social impact assessment is used to determine the spatial soil erodibility (K-factor)
values. The soil conservation practice factor is determined from the sub-factors such as contour tillage (P on) and implemented soil
and water conservation (SWC) measures. The P sub-factor due to tillage for cropland (i.e. Pcont,) was determined from land use land
cover map and slope gradients based on [18,42]. SWC measures implemented in the watershed were also surveyed to determine (Pgy,
sub-factor). An extensive participatory field survey was conducted to record the different soil and SWC measures in the watershed and
their corresponding P values are obtained based on literatures. The overall P-factor was calculated as a product of the sub-factors
P-factor = Peont X Pswe [33,42]. Overall, integrated secondary and primary data sources were collected and used to calculate fac-
tors of the RUSLE, determine average annual soil loss values and mapping of soil erosion hotspot areas in the watershed (Fig. 3).

2.2.1. Land use land cover classification

Rainfall-runoff production, soil erosion and primary production processes taking place within a watershed strongly depends on the
land use land cover types [22,43,44]. This study applied a supervised land use land cover classification system using maximum
likelihood algorithm as proposed by Ref. [45]. We used ERDAS imagine 2014 to detect each of the land use land cover classes and
changes during the three periods i.e. 1984, 2000 and 2016. Major land use land cover classes are identified based on the approach
developed by Ref. [46]. These time period i.e. 1984, 2000 and 2016 were selected as the studied watershed experienced major land use
land cover changes during these periods due to drought, increased human settlement, expansion of cropland area both in rain-fed and
irrigated production systems [40,47]. Deforestation of afromontane forest, woodland and bush/shrub lands become rampant following
the establishment of Alage Agricultural Technical Vocational Education and Technology (ATVET) College in 2002.

Data of land use types were collected from field ground control points (GCP) and Google earth image to validate the results of land
use land cover classification using a confusion matrix (error matrix). This is conducted using Arc GIS 10.4. The overall accuracy was
computed by dividing correctly classified pixels by the total number of pixels considered. Based on this, the accuracy for all land use
land cover types classified during the periods of 1984, 2000, and 2016 were evaluated.

2.2.2. Determination of factors of the RUSLE

The RUSLE model is used to compute long-term average annual soil loss rate due to sheet and rill erosion [18,42,48]. It is developed
as an empirical equation (model) representing the main factors controlling soil erosion processes, namely climate (rainfall erosivity),
soil characteristics (soil erodibility), topography (slope length and slope steepness), cropping and cover-management and conservation

’ Data collection ‘

l
{ l

‘Secondaly data ‘ ‘Field data ‘
L
¢ ] ] ¢ l
Soil data | [Climate data | |DEM-SRTM | | Satellite image | | Field data |

\
’ Accuracy assessment ‘

‘ Image enhancement }—
V
_l,‘ Supervised classification ‘ @

‘ LULC-Map ‘ ‘ SWC survey ‘
[ J
v

Fig. 3. Flow chart illustrating data collection and determination of factors of the RUSLE, estimation of the spatially distributed average long-term
annual soil loss rate using RUSLE and erosion hazard mapping.

| Soil lab. results | | Rainfall | |Fill-Sink | [Landsat (M. ETM, OLI)

| WWDSE (2013) || Mean rainfall |

‘ K-Factor ‘ ’ R-Fax:tor ‘




G. Taye et al. Heliyon 9 (2023) 18648

practice factors [18]. In this study we employed this model because it was realized from field observations that gully erosion and
landslides are less common rather sheet and rill erosions are the most dominant forms of soil erosion in the study area. The RUSLE
model is expressed in [Eq. (1)] [18];:

A=R*K*LxS% C % P 1)

Where, A is the computed long-term average annual soil loss rate (ton ha~! yr~1); R is the rainfall erosivity factor (MJ mm ha— h™!
yr1); K is the soil erodibility factor (ton hr MJ~! h mm™1); LS is a combined slope length and steepness factor, C is the cropping and
cover-management factor, and P is the erosion control or conservation practice factor [18]. These factors (LS, C and P) are all
dimensionless. A raster map of the entire watershed (30 m x 30 m resolution) was developed for each of the factor of the RUSLE. This
allowed for an overlay analysis of these raster layers in the ArcGIS environment to estimate spatially distributed long-term average
annual soil loss rates during the different periods. The overlay analysis generated soil erosion pattern map in the watershed and
identified soil erosion hotspot areas to be used for soil and water conservation interventions targeting at these critical locations in the
watershed.

2.3. Rainfall erosivity (R) factor

Determination of the rainfall erosivity factor requires a long-term rainfall data especially rainfall intensity of an area [49].
However, rainfall intensity data is not available for most of the arid and semi-arid areas of developing countries. This is due to a limited
capacity to measure rainfall intensity and also to the fact that rainfall intensity is highly variable in space and time in these envi-
ronments. Therefore, the mean annual rainfall depth is used to calculate rainfall erosivity values based on an already established
empirical relation between mean annual rainfall and erosivity for Ethiopia [Eq. (2)]; [50]. The rainfall data obtained from the three
nearby meteorological stations were used (Table 1).

R= —8.12+(0.562xP) 2

Where, R is rainfall erosivity value in MJ mm ha~thr~lyr~%, P is spatial distributed 17 years (1998-2015) mean annual rainfall depth
in mm from the three stations (Table 1). The locations of the stations and the corresponding mean annual rainfall depth values were
imported into ArcGIS 10.4 as point vector data. Then, an Inverse Distance Weighting (IDW) interpolation method was applied to create
rainfall erosivity map of the entire watershed (Fig. 4A).

2.4. Soil erodibility (K) factor

Soil erodibility (K) factor is calculated based on a method proposed by Ref. [18]. The method [Eq. (3)] is based on soil properties
and soil profile characteristics such as particle size distribution, organic matter content, soil structural code and profile permeability.
For soils with silt fraction lower than 70% of the soil separate, soil erodibility can be calculated using [Eq. (3)]. Soil samples collected
from the study area contain silt fraction of less than 70% and hence the proposed equation is appropriate [18,33,42].

K=[2.1 % 107* (12— OM) M""* +3.25(S - 2) +2.5(P —3)] / 100 3)

Where: OM is the percentage soil organic matter content, M is particle size parameter and is given by M = (%Silt + %Very Fine
Sand) * (100 - %Clay), S is soil structural code, and P is the soil profile permeability rating were obtained using a combination of field
observation and default values were considered for S and P. Based on the 23 soil samples collected from the entire watershed (Table 2),
soil erodibility factor was estimated using IDW interpolation technique to produce spatial soil erodibility map for the entire watershed
(Fig. 4B).

2.5. Slope length and steepness factor (LS)

The slope length and slope steepness factors are commonly combined in a single LS-factor or topographic factor. Slope length factor
(L) is derived based on [18,51] and varies with slope length and slope length exponent (m) as given in [Eq. (4)]:
L=2/(22.13) “@

Where, 1=slope length or distance of an overland flow measured in (m) and m is slope length exponent that depends on site slope
gradient () and rill to inter-rill ratio and calculated based on [Eq. (5), Eq. (6)]; [51].

Table 1
Mean annual precipitation (1998-2015) and rainfall erosivity values of the three rainfall stations.
RF stations Latitude Longitude Elevation (m) Mean annual RF (mm) R-Factor (MJ mm ha 'hr lyr 1)
Alaba Kulito 7.31 38.094 1772.00 921.2 509.6
Arsinegele 7.36 38.66 1913 793.6 438.0
Bulbula 7.72 38.65 1606 620.8 340.8
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Fig. 4. Illustration of the spatial distribution of the factors of the RUSLE. The cover management (C-factor) and Conservation practice (P-factor,

determined for the period of 1984, 2000 and 2016.

Table 2
Estimated K- factor values of the soil collected from the watershed.

Textural class Soil Structural code Soil Permeability OM (%) M K —factor (MJ mm h™* ha™! year 1)
Sandy clay loam 4 2 3.00 3600.03 0.30
Sandy loam 4 2 2.75 4514.14 0.32
Silt clay loam 3 5 5.03 3833.75 0.26
Clay loam 3 4 4.87 4949.35 0.30
Clay loam 3 4 3.28 4939.59 0.35
Loam 2 3 3.27 3503.51 0.20
Silt clay loam’ 3 5 2.45 3840.01 0.33
Clay loam 3 4 3.74 5251.47 0.36
Clay loam 3 4 4.78 4245.98 0.26
Loam 2 3 3.37 4004.62 0.23
Loam 2 3 3.42 5952.98 0.36
Loam 2 3 6.14 7063.66 0.30
Silt loam 3 4 4.94 5769.16 0.32
Silt loam 3 4 1.51 3896.03 0.31
Clay loam 3 4 3.06 4489.72 0.33
Silt clay 4 6 3.38 3579.43 0.34
Loam 2 3 4.69 4651.24 0.23
Silt loam 3 4 2.20 4489.00 0.33
Sandy loam 4 2 2.41 4173.16 0.31
Silt loam 3 4 4.16 5937.83 0.36
Loam 2 3 2.19 2460.31 0.15
Sandy loam 4 2 1.98 2918.16 0.23
Silt clay loam 4 5 2.34 3540.25 0.34
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m=/(1+p) ®)

B=(sin 0 /0.0896)/(3 * sin(6)(0.8 +0.56) (6)

Since slope gradient of the watershed exceeds 25% and varies over a wide range, a general equation proposed for such area is used
in each pixel as shown in [Eq. (7)] [52];:
17

SZ*I'SJFW .

Where, S is the slope steepness factor, and 6 is angle of the slope of a pixel in degrees. Summarizing equations (4)—(7) the LS factor for
the watershed (Fig. 4C) was computed using Raster calculator in arc GIS10.4 as indicated in [Eq. (8)]:

LS=L=xS 8)

2.6. Cover-management (C) factor

The C factor reveals the effects of cropping and cover management factor. This factor takes into account the effects of vegetation
canopy and ground covers in reducing soil erosion rate [18]. The raw Landsat imageries from the year 1984, 2000 and 2016 are
converted to reflectance and NDVI. This is computed by utilizing red and near-infrared bands. A recent method for calculating
cropping and cover management (C) factor [53] for the RUSLE based on NDVI for tropical climate [Eq. (9)] is applied. The values of C
factor (Fig. 4D) can vary from O for soils with protective cover to 1 for finely tilled bare surfaces that produce much runoff making it
more susceptible to rill erosion.

C=(—NDVI+1)/2 ©)

2.7. Support practice factor (P)

The P-factor values were assigned to a pixel considering contour tillage, slope gradients (P.ont.) and local soil and water conser-
vation (SWC) practices (Pswc). Thus a contour ploughing and slope gradients for calculating (Pcont); see Ref. [18] sub-factor was
considered for the period 1984. Contour ploughing (Pcont) sub-factor and terracing (Pswc) were considered for the period 2000 and
combination of strip-cropping, contour ploughing and terracing for the period 2016. The reclassified slope was edited by adding a new
field of P-values under the edit menu in Arc GIS 10.4 at the attribute view before P-factor was produced (Table 3). Finally, the theme
was converted from vector form to grid form with the cell size of 30 m spatial resolution to produce P factor layer) of the entire
watershed (Fig. 4E).

3. Results and discussion

3.1. Factors of RUSLE

The calculated rainfall-runoff erosivity (R-factor) values ranges from 340.8 at Bulbula station to 509.6 MJ mm ha thr! yr ! at
Alaba Kulito station (Table 1). The rainfall erosivity values estimated from the produced erosivity map ranged from 393 to 420 MJ mm
ha thr~lyr~! (Fig. 4A). The highest rainfall erosivity value is observed in the Western part of Alage watershed due to the combination
of higher elevation induced large drop size [54], relatively higher rainfall and steep slope. The rainfall erosivity gradually decreases
from western to the eastern part of the watershed. Ref. [55] clearly indicated that the western part of the Rift Valley require soil
conservation due to high rainfall compared to the eastern part and the rift floor. Similarly, in Koga watershed where the long-term
average annual rainfall is larger than 1500 mm, reported rainfall erosivity values ranged from 810 to 1030 MJ mm ha~‘hr~lyr~!
[48]. In line with our results [56], also reported rainfall erosivity value ranging from 530 to 643 MJ mm ha ‘hr'yr~! for Awasas Lake
catchment within the Rift Valley system where average annual rainfall ranged from 957 to 1159 mm.

Soils of the study area can be categorised into seven soil textural classes based on the relative proportion of sand, silt and clay
(Table 2). The calculated soil erodibility (K-factor) values ranged from 0.15 to 0.36 MJ mm h~lha™! yr’l. These values are by far
larger than those values (0.009-0.04) reported for semi-arid Ethiopia highlands due to the absence of surface rock fragment cover in
Alage watershed [33,42]. Such lower soil erodibility factor values for the semi-arid hillslopes are attributed to significant surface rock

Table 3

Support practice factor value for contouring, strip cropping and terracing based on slope gradient of the studied watershed.
Slope (%) Contouring Strip cropping Terracing
0-7 0.55 0.27 0.1
7-11.3 0.6 0.3 0.12
11.3-17.6 0.8 0.4 0.16
17.6-26.8 0.9 0.45 0.18
26.8> 1 0.5 0.2
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fragment cover which reduced soil erodibility by intercepting rain drop impact and infiltration. For Omo Gebi River basin of the south
western Ethiopia, calculated K-factor values ranged from 0.33 to 0.62 [26]. The high K-factor values for Alage watershed in the Rift
Valley is associated to soils having low permeability, due to higher clay content of the soils of valley bottom (Fig. 4B). Based on soil
color, [32] reported soil erodibility factor values of the soils in the Rift Valley region ranging from 0.15 to black soils to 0.3 to yellow
soils. On average, large areas of the entire watershed fall into moderate to high soil erodibility values indicating the vulnerability of the
soils in the watershed to erosion processes.

The spatial pattern and variation of the combined LS-factor values for the studied watershed is presented in (Fig. 4C). The topo-
graphic factor values range from 0 to 6.8. It can be seen from the LS-map that the lower LS-factor values are clearly observed along the
valley bottom (rift floor) and flat areas of the watershed. Higher LS values are observed in the mountainous area with steep slope in the
western highlands parts of the watershed. Variations of LS-factor values can be attributed to the complex rugged landforms of the
watershed, higher LS values are clearly located in erosion affected areas of Alage watershed. In contrast to our results [57] reported
that the combined slope length and slope steepness (LS) factor values ranging from 0 to 78.48 for Dijo watershed located in the Rift
Valley basin with average value for the watershed being 0.56. Similarly, for a large watershed in India, Jharkhand state [58], reported
the combined LS factor value ranging from 0 to 11.1.

The mean value of NDVI for the studied year 1984, 2000 and 2016 are 0.15, —0.08,-0.27 respectively, which indicates a pro-
gressively decreasing tends of protective vegetation cover in the area. The corresponding calculated C-factor values ranged from 0.29
to 0.55in 1984, 0.37 to 0.70 in 2000 and from 0.40 to 0.85 in 2016 (Fig. 4D). The C-factor values are lower for very well vegetated part
and high for finely tilled bare surfaces that produce high runoff and soil loss. The C-factor values are consistently increased from 1984
to 2016 indicating rapid land use land cover change and decreasing trends of vegetation cover. Increasing C-factor values from 1984 to
2016 is clear indication of increasing proportion of bare and cropland areas during the period. In the semi-arid Tigray cover man-
agement factor values were reported to be 0.004 for forest and exclosures, 0.07 for teff fields, 0.21 for wheat fields and 0.42 for
degraded rangeland using experimental runoff plots [33].

In line with our results [50], reported C-factor values that range from 0.10 to 0.25 for arable land with different crop types based on
plot data. Similar to our results, [26] indicated an increasing trends of the C-factor values for the different land use types during the
period 1988 to 2018 for Winike watershed of Omo Gibe Basin, Ethiopia. The values ranging from 0.15 to 0.21 for built up area, 0.21 to
0.27 for bare land, 0.012 to 0.042 for bush/shrub land, 0.012 to 0.05 for grazing land and 0.11 to 0.26 for cultivated land were re-
ported. The C-factor values strongly depend on land use types and vegetation cover providing soil protection against direct rainfall and
runoff erosivity [26,33,42,57].

The support practice P-factor values generally ranges from 0 to 1. Lower P-factor values indicate effective soil and water con-
servation practices. During the field survey, it has been observed that the entire watershed is not treated with structural soil and water
conservation measures. The calculate P-factor values of Alage watershed ranged from 0.55 to 1 in 1984, 0.06 to 0.20 in 2000 and from
0.02t0 0.2in 2016 (Fig. 4E). Implemented soil and water conservation measures are increasing in type and area coverage from 1984 to
2016 (Table 3) and hence the resulting P-factor values decreased from 1984 to 2016 (Table 3). In line with this, based on plot scale
study [42], determined and reported conservation practice factor values ranging from 0.03 to 0.74 for the runoff plots treated with
different soil and water conservation measures on rangeland and cropland sites. In Awassa catchment where soil and water conser-
vation measures are less common [56] estimated conservation practice factor ranging from 0.8 to 0.9.

3.2. Estimated soil erosion rate

The result showed that the potential current average annual soil loss rate from Alage watershed ranges from 0 at valley bottom to
106 ton ha™! yr~'on steep slope and mountainous part of the watershed. The overall current average annual soil loss rate for the
watershed is 38 ton ha~! yr~! which is above the tolerable soil loss rates of 2-18 ton ha~! yr~! proposed for Ethiopian conditions [50]
and is within the range of reported soil loss values for other environments (Table 4). Low soil erosion risky areas correspond to river
valleys or gentle slopes areas whereas high erosion risk or hotspot areas are situated along the steeper slope banks of tributaries

Table 4
Comparison of reported soil loss rates to reported long-term average, annual and seasonal rates. Soil loss value in parenthesis is an average of
measured or estimated soil loss rate. NA is not available.

Country Land use type Climatic region Measurement scale Slope gradient (%) Soil loss (ton ha 1yr D) Sources
Ethiopia Multiple Tepid moist Watershed 0->30 0-716 (42) [48]
Ethiopia Rangeland Semi-arid Plot (600-630 m?) 5-16 28.6-50 (38.1) [59]
Ethiopia Multiple Semi-arid Watershed 0-48 0-106 (38) This study
Ethiopia Cropland Semi-arid Plot (770-1000 m?) 5-16 4.6-15.5 (9.8) [59]
Ethiopia Multiple Semi-arid Plot (300-3900 m?) 5-50 3.5-17.4 (9.9) [33]
Ethiopia Cropland Sub-humid Watershed 0-89.9 10.02-43.48 (NA) [26]
Morocco Multiple Arid and Semi-arid Argana corridor 0->26.81 0-160.3 (47.52) [60]
India Multiple NA Watershed 0-90 0.005-170 (13.21) [58]
Ehiopia Multiple Humid tropics Sub basin 0-269 0-932.6 (83.) [29]
Ethiopia Multiple NA Watershed 0-40 0-202 (NA) [56]
Ethiopia Multiple Semi-arid Watershed 0->30 4.4-37.5 (24.2) [31]
Ethiopia Multiple Humid tropics Watershed 0-100 0-897 (25) [61]
Ethiopia Multiple Sub-humid Sub-basin 0-42.6 0-958 (64) [11]
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(Fig. 5). This result is in line with the results of soil erosion risk assessment study who indicated an average annual soil loss rate in
central Rift Valley of Ethiopia to be 41 ton ha~'yr~! [32]. Similarly, with the application of the RUSLE the average annual soil erosion
rate for Koga watershed located in the north-western part of Ethiopia is estimated at 42 ton ha~! yr~! with a range of soil loss ranging
from 0 to 716 ton ha~! yr~! [48]. The highest soil loss rate is attributed to land use change on slope followed by an intensive farming in
response to population growth and also near river channels due to concentrated flow. Based on analysis of the spatial and temporal
variation of rainfall and rainfall erosivity in the Rift Valley system, Ethiopia [55] reported decreasing trends in rainfall erosivity from
2000 to 2010. They also emphasized that the increasing rate of resources degradation such as soil erosion in Rift Valley is mainly
attributed to human impact through land use land cover change.

The largest portion of the studied watershed covering 42.83 km? (98.5%) fall within low and moderate soil erosion risk classes due
to its gentle slope gradients (Fig. 5). The other soil erosion risk classes, high, very high and extreme erosion risk classes accounted for
0.52 km? (1.16%), 0.13 km? (0.3%) and 0.02 km? (0.04%) of the watershed respectively. The areal coverage of each soil erosion risk
classes has the same magnitude with previous study reported by Ref. [56]. Using USLE and GIS for Awassa catchment, they indicated
that soil erosion risk classes as low 94.8%, moderate 2.68%, high 1.62%, very high 0.4% and extreme 0.02%. These high to extreme
soil erosion risky areas particularly from cultivated land on steep slope has resulted in a continuous reduction of crop yields and are the
major sources of sediment for siltation of irrigation dam located in Alage watershed. In contrast 95.2% of Modjo watershed fall under
moderate to severe soil erosion classes with soil loss values ranging from 14.7 to 37.5 ton ha~! yr~! with the application of Soil and
Water Assessment Tool (SWAT) model [31]. Based on their study at Anger River sub-basin of the western Ethiopia [29], reported that
43.6% of the sub-basin is classified as very severe erosion classes with average annual soil loss being 83.7 ton ha™* yr 1.

High soil erosion rates were also observed on the landform having steep and very steep slope gradient, structural valley and
structural hills areas that are associated with high drainage density [48,62]. The low soil erosion risky areas are mostly located along
the river valleys or gentle slope areas, where the low slope gradients allow accumulation of materials transported by water or gravity
from the hillslopes. The soils in these area are also deeper, contain more organic matter and has better permeability and water holding
capacity than the soils on the hillslopes of the watershed which are low in organic matter content and shallow depth. The spatial
locations of the hotspots (Fig. 5) revealed that the potential for soil loss is typically higher on a longer, steep slope and banks of gullies
and tributaries and also cover very small part of the watershed. These areas can be targeted for conservation planning and the
implementation of appropriate land use system and land rehabilitation measures to reduce soil erosion to a tolerable level.

Reported range and average annual soil loss rate are within the range of soil loss values reported for semi-arid environments
(Table 4). In line with our results [31], reported that due to land use land cover change between 1973 and 2007 in Modjo watershed,
central Ethiopia, surface runoff and sediment yield increased by 14.2% and 37% respectively. Ref. [11] also reported that soil erosion
rate increased from 53.2 ton ha™! yr~! in 1986 to 64 ton ha™! yr™! in 2020 for Muger sub-basin of the upper Blue Nile basin and
attributed to the increased proportion of the basin exposed to soil erosion.
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Fig. 5. Soil erosion risk map of the Alage watershed showing spatial distribution of different soil erosion classes.
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3.3. Land use land cover change analysis

The results of land use land cover classification indicated eight land use classes including rainfed cropland, forest land, grassland,
bush/shrub land, irrigated cropland, water bodies, bare land and settlement areas for each of the period considered in 1984, 2000 and
2016 (Fig. 6). The spatial distribution of land use land cover categories of the study area during the period of 1984, 2000 and 2016
revealed that coverage of bare land, cultivated land, and settlement area increased. Bush/shrub land, forest, grassland, irrigated
cropland and water body coverage decreased during those periods (Table 5; Fig. 6). In a line of this [26] reported that coverage of
cropland, bare land, built up areas and woodland increases while the coverage of shrub land, forest, grazing, and water bodies
decreased over a period of 1988-2018 for Omo Gibe basin, Ethiopia. Similarly, in central Gojam [24] reported a significant land use
land cover change in response to population growth and expansion of agricultural land. It is also indicated that such land use land
cover change leading to decreased proportion of forest and woodland is among the major causes to the observed soil erosion by water
[7,24,26,27,55].

This change in land use land cover i.e. increasing proportion of cropland, bare land and built up area contributed to the increasing
soil erosion rates during the period 1984 to 2016. In the same line significant association among land use land cover change, climate
and geomorphological conditions to soil erosion has been reported [26,32,58].

Land use land cover classification results of the 1984 and spatial distribution of land use types is indicated (Fig. 6A). Moreover, the
areal and percent coverage of each land use land cover type presented in Table 5 indicated that the dominant land use in 1984 is
cropland while bush/shrub land also cover an equivalent proportion. This indicated that human impacts such as deforestation and land
use conversion to cropland is already high in the watershed before 1984. The proportion of cropland, bare land and built up area
remarkably increased during 2000 and 2016 (Table 5) compared to the coverage at base year (1984). Similar studies in Ethiopia
reported an increasing proportion of cropland [25,63-66] and attributed this change to increased human population pressure and the
need to expand agricultural land use system through deforestation and land use conversion (Fig. 6B and C). Our results showed that the
area coverage of cropland increased from 36.3% in 1984 to 53.6% in 2016. In line with this [25] reported that cropland area increased
from 85.4% in 1986 to 93.3% in 2017 for Dega Damot district located in the North-western highlands of Ethiopia. Analysis of land use
land cover change for Gibe valley of the south-western Ethiopia indicated that drought, migration, change in settlement and land use
policy as major driver of the observed changes over the period of 1957-1993 [66].

In contrast to the observed trends of increasing areal coverage of cropland and bare land [45] reported decreasing proportion of
cultivated land by 0.02% (323.4 ha) and bush/shrub land by 3.41% (515.44 ha) for Yezat watershed West Gojam Amhara region,
Ethiopia. They attributed such trends to an integrated watershed development program and increased vegetation cover in the
watershed. Our results also reveals overall an accuracy of the classifications found to be 83%, 85% and 90% was achieved with a Kappa

Class Name

B Irrigation land
B Bush-shrub land
I Forest land
[ Cultivated land
I Built-up

[ Grass land

I irrigation Dam

4 6 77 Barren land
Km

Fig. 6. Land use land cover types for Alage watershed during periods (A)1984, (B) 2000, and (C) 2016.
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Table 5

Comparison of the areas of land-use/land-covers during 1984, 2000 and 2016.
Land-use classes 1984 2000 2016

Area (ha) % Area % Area (ha) %

Bush/shrub land 1509.45 34.7 1055.7 24.27 834.3 19.18
Cropland 1576.87 36.25 2126.7 48.89 2332.03 53.61
Grass land 306.24 7.04 233.59 5.37 157.91 3.63
Irrigated cropland 475.89 10.94 354.96 8.16 273.18 6.28
Bare land 230.1 5.29 324.51 7.46 488.07 11.22
Forest land 150.08 3.45 92.66 2.13 50.03 1.15
Water body 22.62 0.52 11.31 0.26 8.7 0.2
Built up 82.65 1.9 153.56 3.53 209.24 4.81

coefficient of 0.79, 0.81 and 0.87 for the three Scenes (Landsat TM 1984, ETM 2000 and OLI 2016), respectively. Increased area
coverage of cropland, bare land and settlement area in the Alage watershed comes from the conversion of bush/shrub land, grass land,
irrigated cropland, forest land and water bodies with decreasing area coverage during the same period (Table 6). Decreased water body
and irrigated cropland are related as a decreased in available water leads to decreased irrigated areas. Large scale commercial irri-
gation in the Rift Valley is started in 1970 [67] and leading to a decreased water quantity and quality due to siltation and water
pollution [26,40].

3.4. Soil erosion trends and land use land cover change

Estimated soil erosion rates for Alage watershed ranged from O to 78.4 ton ha* yr~! in 1984, from 0 to 97 ton ha~! yr~! in 2000
and from 0 to 106 ton ha—* yr ! in 2016 (Fig. 7). The overall soil loss ranges and average values showed an increasing trends from 1984
to 2016. The average soil loss rate for the watershed was 24.3 ton ha™! yr~! in 1984, 33.9 ton ha™! yr~! in 2000 and 38 ton ha= yr ! in
2016. In line with our results [32], reported an increasing trends of soil erosion rate between 1973 and 2006 for the central Rift Valley
region. Reported average rates were 31 ton ha~! yr! in 1973 and increased to 56 ton ha~! yr~! in 2006 and attributed to degradation
of vegetation resources due to increased deforestation than change in rainfall erosivity [55]. Similarly [58], reported that the range of
soil erosion rate at watershed scale in India was 0.008-150 ton ha~! yr~lin 1988 and increased to 0.05-169.92 ton ha_* yr! in 2004
with average rate slightly increasing from 12.11 ton ha! yr~! to 13.21 ton ha~! yr ! during the same period. In the Omo Gibe Basin of
the South-West Ethiopia, soil loss from cropland estimated at 10.02 ton ha™! yr—! in 1988 increased to 43.48 ton ha™! yr~! in 2018
[26]. They attributed this to the expansion of cultivated land on marginal hillslope with >34% slope gradients. Land use land cover
change and rugged topography combined with inappropriate conservation practices are the most important drivers of the soil erosion
in Alage Watershed.

The change from forest or grass land to cropland, bare land or settlement area reduced protective vegetation cover and expose the
soil to direct rain drop and wind impact. Land use change followed by agricultural expansion is reported to be responsible for increase
of soil erosion rate from 36.89 ton ha ™! yr_1 in 1986 to 48.05 ton ha™! yr_1 in 2020 [68]. Increasing soil erosion rate is related to both
the removal of protective vegetation cover and decreasing soil organic carbon content caused by tillage and oxidation. This further
enhances soil susceptibility to erosion and depletion of soil nutrients and its water holding capacity.

The mean NDVI values during the year 1984, 2000 and 2016 were 0.15, —0.08, —0.27 respectively. This indicates that vegetation
cover in the watershed is decreasing from 1984 to 2016 due to the observed land use conversion and increased human impact.
Similarly, the average cover-management (C-factor) values were 0.55 in 1984, 0.7 in 2000 and 0.85 in 2016. This progressively
increasing trend in C-factor values are an implication for temporal and spatial increasing trends of soil erosion rate in the entire
watershed. In line with this [69] indicated assessment and mapping of land degradation and desertification using NDVI values in a
semi-arid area of India. In response to increasing soil erosion in Alage watershed, soil and water conservation practices are increasing
as shown by a decreasing conservation practice factor values from 1984 to 2016. However, conservation measures were implemented
on a limited part of the watershed by individual farmers and could not halt or reduced soil loss rate at large watershed scale. Based on

Table 6

Land-cover classes and rates of change in the study area during 1984, 2000 and 2016.
Land-use classes 1984-2000 2000-20016 1984-2016

Area (ha) % Area (ha) % Area (ha) %

Bush/shrub land —453.75 —10.43 —221.4 -5.09 —675.15 —15.52
Cropland 549.83 12.64 205.33 4.72 755.16 17.36
Grass land —72.65 —-1.67 —75.68 -1.74 —148.33 -3.41
Irrigation land —120.93 —2.78 —81.78 —1.88 —202.71 —4.66
Bare land 94.41 2.17 163.56 3.76 257.97 5.93
Forest land —57.42 —1.32 —42.63 —0.98 —100.05 -2.3
Water body —-11.31 —0.26 —13.92 —-0.06 —13.92 -0.32
Built-up 70.91 1.63 55.68 1.28 126.59 2.91

11



G. Taye et al. Heliyon 9 (2023) 18648

< z

£ N : :

',: —— Drainage A '; ~ Drainage N

£~ | Soil loss ( ton/ha/yr) ' & S.oil loss ( ton/ha/yr) B A
by o High : 97 (B)

Z | wom High : 78.4 z| e

'?, . ow:0 ?, B Lew:0

~ =~

z z

s :

pes P

. & 0051 2 3

— KM - - — KM

38°21'30"E 38°23'0"E 38°24'30"E 38°26'0"E 38°27'30"E  38°21'30"E 38°23'0"E 38°24'30"E 38°26'0"E 38°27'30"E

— Drainage Y
Soil loss ( ton/ha/yr) A
Value

mm High : 106 (c)

7°37'0"N

S Low:0

7°35'30"N

7°34'0"N

0051 2 3
- - — Km

38°21'30"E 38°23'0"E 38°24'30"E 38°26'0"E 38°27'30"E

Fig. 7. Estimated spatial pattern of soil loss from the entire watershed showing minimum and maximum rates during the periods: (A) in 1984, (B) in
2000 and (C) in 2016.

their study to link land use land cover change and soil erosion rates [70], found close association among landscape characteristics such
as aggregation index (AI), Shannon’s diversity index (SHDI), largest patch index (LPI), patch cohesion index (COHESION) and
contagion (CONTAG). These landscape characteristics accounted for 65% of the soil erosion and 74% of the sediment yield variation
for the Upper Du River watershed of China.

4. Conclusions

Ethiopia being a developing and agrarian country it is very crucial and urgent to study the causes of land degradation to design and
implement effective soil erosion and land degradation controlling mechanisms targeting at the hotspots. In most parts of Ethiopia, land
degradation is manifested in the form of accelerated soil erosion. Alage watershed located in the Rift Valley areas is characterized by
erosion susceptible arable lands and bare lands located on hillslopes. In this study a mixed approach of field investigation and adopted
RUSLE modelling was used for soil erosion assessment during the periods 1984, 2000 and 2016. The RUSLE output indicates that
average soil erosion rate has increased from 24.3 ton ha~* yr ! in 1984 to 38 ton ha~! yr! in 2016. This increased in soil erosion rate is
attributed to the observed rapid land use land cover change in particular to the increased proportion of cropland, bare land and built up
areas at the expense of bush/shrub land, grassland and forest land in the middle and higher elevation of Alage watershed. Between the
periods 1984 to 2016, significant land use land cover change has been observed leading to low values of the normalized difference
vegetation index (NDVI) which has in turn resulted into accelerated soil erosion rate as protective natural vegetation coverage
decreased. The proportion of crop land increased from 36.25% in 1984 to 53.61% in 2016 while bush/shrub land decreased from 34%
in 1984 to 19.18% in 2016. Though large part of the watershed is classified as low to moderate soil erosion classes an average value of
soil loss is still larger than the soil loss tolerance values of 2 ton ha™! yr™! to 18 tons ha~! yr~for Ethiopia. The watershed area with
high soil erosion i.e. hotspots require immediate soil and water conservation planning and implementation measures to reduce further
soil loss and development of gully on those sites. Environmental rehabilitation through greening of degraded land using exclosures
should be promoted to maintain or enhance shrub/bush land and natural protective soil cover.
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