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Soil erosion has emerged as a significant global concern, posing a critical
challenge particularly affecting natural resources and agriculture in emerging
nations. Understanding the extent and spatial pattern of soil erosion is vital for
effective planning and the implementation of targeted soil conservation
strategies, especially under limited resource conditions. This research was
carried out in the Gununo watershed, where soil erosion endangers
agricultural productivity and environmental health. Primary and secondary
datasets such as coordinate points, soil samples, digital soil map,
meteorological data, digital elevation model (DEM), and Landsat images were
collected. Using RUSLE model in the GIS environment, this study calculated a
mean annual soil loss, identified high-risk areas, and prioritized subwatersheds
(WHs) for intervention. The overall analysis was carried out by multiplying input
factors together in a raster calculator to quantify soil loss of the entire watershed.
The analysis revealed that annual erosion varied between 0 and 360 t ha™ yr,
with an average of 22 t ha™ yr™. Approximately 36% of the area was classified as
experiencing moderate to very severe classes, contributing 72.2% of the annual
soil loss. The finding indicated that cultivated and bare lands are the most
vulnerable land use classes which comprise 73% of the annual loss. The
northeast and central-west zones of the study area emerged as erosion
hotspots. Based on average annual erosion rate, the subwatersheds WH-4,
WH-5, WH-7, WH-8, WH-3, WH-9, WH-6, WH-2, WH-10, and WH-1, were
assigned sequential priority levels from 1-10. Among these, the first six
consecutive WHs, covering 57.5% of the total landmass, exceeded tolerable
soil loss rates, highlighting their urgent need for intervention. This research
highlights the significance of earth observation in advancing sustainable land
management and contributing to the goals of the SDG 2030 agenda.
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1 Introduction

Soil erosion is the displacement of soil and its materials from their original source to
other deposition areas, facilitated by agents such as air and water through the process of
detachment, transportation, and deposition. In the 21st-century, water-induced soil erosion
is the major global challenge that poses a threat to agricultural productivity and the
sustainability of the environmental systems (Abdo, 2022; Kanito, 2020; Mohammed et al.,
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20205 Richi, 2025). Despite the ambitious goal set by the most recent
UN Sustainable Development Goals (SDGs) report to achieve
zero land degradation by 2030, soil erosion has emerged the
worst form of land degradation, exerting a sustained and severe
impact on the environment, SOC, agricultural productivity, and
water resources (Sims et al., 2021). The problem is worsened by
a growing population with diverse interests causing heightened
land
overgrazing, alterations in land use land cover (LULC), and

demands on resources for agriculture expansion,
extensive rainstorms coupled with the expansion of agricultural
into marginal and fragile ecosystems (Han et al., 2020; Hossain
et al., 2020; Kanito, 2020; Wolde et al., 2023). Furthermore,
uncontrolled  urbanization, deforestation, inappropriate
farming practices and cultivation without necessary soil and
water conservation measures directly contribute to soil erosion
(Liliwirianis et al., 2023).

In the Ethiopian highlands, significant soil erosion induced
severe land degradation began with cultivating marginal lands
and deforestation for agricultural purposes (Wassie, 2020). The
rising human population and associated demands for food and
fuelwood have further amplified these practices, resulting in
environmental degradation, particularly in arid and semi-arid
areas. Meng et al. (2021) indicated that higher soil loss on
cultivated land without protective measures compared to
vegetated land. The Gununo watershed, with a population
density of nearly 450 individuals km™, experiences intense
resources pressure especially deforestation of natural forest to
expand agricultural land to satisfy growing population demand.
This has exacerbated erosion problems, necessitating an assessment
of soil erosion is essential to identify erosion hotspot areas and to
plan and construct appropriate conservation strategies. Remote
sensing, when integrated with GIS offers a practical and efficient
approach for evaluating soil erosion due to its simplicity and rapid
and cost-effective means for monitoring remote and inaccessible
areas (Lin et al., 2024; Yadeta et al., 2021; Anderson et al., 2017). In
previous studies, several researchers have demonstrated the
effectiveness of integrating GIS and remote sensing in assessing
soil erosion in various regions. For instance, studies by Mehwish
et al. (2024) and Weslati and Serbaji (2024) emphasize how remote
sensing data, in conjunction with GIS tools, can help identify
erosion-prone areas, map soil loss, and support the planning of
targeted conservation strategies. Furthermore, Teku et al. (2024) also
highlighted the value of remotely sensed data for evaluating soil
erosion in Ethiopia, noting its accuracy in detecting soil erosion
hotspots. These findings underscore the importance of GIS and
remote sensing as complementary tools for effective soil erosion
assessment and management, aligning with the approach taken in
this study.

The RUSLE model has been tested and modified with valid
results in different parts of the world (Gayen et al,, 2019). In
Ethiopia, the RUSLE model has been tested, modified with some
of its factors, and proved to be valid (Belayneh et al., 2019). Thus,
this study used the RUSLE model which is applicable with the
limited available data and ease use of its parameters calibrated for
Ethiopian conditions. This study leverages newly available
rainfall datasets from Water and Land Resource Centre
(WALRC) to develop R factor for RULSE. These datasets are

being applied in this context for the first time, providing a more
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comprehensive and granular insight that was previously
unexplored. This data provides a more comprehensive and
granular insights that were previously unexplored. The
innovative aspect of this work also lies in establishing a clear
baseline for SDG15.3.1 monitoring while simultaneously offering
practical guidance for conservation planning.

The Soil Conservation Research Program (SCRP) initiated in
the study area during the 1980s to promote land conservation and
water management efforts (SCRP, 2000). However, the impacts of
these efforts fell short of expectations and soil erosion persisted
due to factors like deforestation, unsuitable conservation
measures, and insufficient data on erosion prone areas. In the
Gununo watershed, there has been consistent decline in
agricultural productivity and arable land size, significantly
impacting the lower watershed regions and contributing
substantial sediment to the Gibe III project. Besides, the
widespread occurrence of erosion visibly highlights the
severity of the problem. Though the watershed is substantially
affected by water-induced erosion, limited efforts have been
made to identify erosion hotspot areas and implement
conservation strategies specifically tailored to high erosion risk
zones (Mazengia et al., 2007).

However, considering the financial constraints and the labor and
time-intensive nature of watershed management, addressing all the
degraded lands and erosion-prone areas through short-term
conservation measures may not be feasible when monitoring
progress towards SDGs. Therefore, to establish a baseline for the
SDG15.3.1, optimize the use of limited resources, and protect the
study area from further degradation, it is essential to identify
subwatersheds on the basis of the severity of erosion hazard and
prioritize them for the recommendation of appropriate conservation
measures. This study aims to quantify the mean soil loss rate,
identify areas with high erosion vulnerability, and prioritize
subwatersheds recognized as erosion hotspots. These objectives
are designed to guide the planning and implementation of
effective conservation strategies within the Gununo watershed,
contributing to sustainable land management, and the mitigation
of soil erosion.

2 Methodology
2.1 Study area description

The study area (Figure 1c¢) is located in the midstream section
of the Omo-Gibe River basin (Figure 1B), which is among the
twelve main River basins of Ethiopia. It covers an area of
204.41 km® and is geographically positioned between 6°
44'24"N to 6° 55'33.6"N latitude, and 37° 34'48"E to 37°
46'40.8"E longitude. The elevation within the study area spans
from 1,576 m to 2,913 m.a.s.], with a mean elevation of roughly
1,906 m.a.s.] (Figure 2). Additionally, the slope gradient within
the study area varies from nearly flat (0°) to extremely
steep (49.4%).

As stated by Hurni et al. (2016), the study area is primarily
classified into the Moist Weyna Dega and Moist Dega agroecological
zones, with Moist Weyna Dega being the predominant zone.
Additionally, the rainfall pattern in the region follows a bimodal
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Location map (a) Ethiopian main River Basins (b) Omo-Gibe River Basin
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FIGURE 2
Map showing the distribution of rainfall stations and elevation.

distribution. Climatic data from the Gununo weather station over
the thirty-two-year period (1989-2020) indicates an average annual
temperature of 19°C with annual temperature ranges showed a
peak of 26.1°C and a low of 11.9°C. The total rainfall during this
period ranged from 756 mm to 1,394 mm with an average
of 1,184 mm.

The geology of the study area consists of volcanic rocks of
ignimbrites, rhyolite, trachites, and tuffs (Shiferaw et al., 2013). The
soils in the study area are categorized as (Table 1).
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2.2 Data acquisition and processing

To achieve the objectives, both primary and secondary data were
collected. Primary data included field observations using GPS for
ground truth verification, random field visits to collect points from
different LULC classes, and soil sampling to validate soil color using
the Munsell color chart. Secondary data included digital soil maps,
climatic data, Landsat images, and digital elevation models (DEMs)
obtained from various sources. The soil map in vector format was
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TABLE 1 Characteristics and area coverage of the soil types.

10.3389/frsen.2025.1550331

Soil types Area (ha) Characteristics
Humic Nitisols 17,028.08 Well-drained deep soils, many Fe oxides, strong angular blocky structure, reddish in color
Eutric Vertisols 1651.48 Imperfectly drained and dark brownish-black clay textured soils
Chromic Luvisols 1205.49 Well-drained, moderate to very deep soils, dark to very dark brown color, sandy-clay loam soils with argic subsurface horizon
Humic Alisols 555.84 Soils with argic subsurface horizon that predominantly occurs on hilly or undulating topography in highly elevated area

Source: (Boul et al., 2013; FDRE, 2017; Tegegne and Biniam, 2017).

acquired from the Ministry of Water and Irrigation of Ethiopia
(MoWIE), and 58 soil samples were collected across the watershed
to verify soil color. Landsat-8 OLI/TIRS images from 2020 were
acquired from USGS for the LULC map, while SRTM DEM data was
obtained from NASA’s Earth Explorer website for watershed
delineation and slope map generation (https://earthexplorer.usgs.
data
1989-2020 were gathered from the respective meteorological

gov). Mean monthly rainfall spanning the years
agency for the study area. For data processing, the RUSLE model
was used within ArcGIS 10.8, where erosion factor layers were
formed in raster format to calculate mean annual soil loss.
Supervised image classification using the maximum likelihood
classification (MLC) was applied for LULC mapping. Kappa
coefficient and error matrix were used to evaluate the agreement
between the reference data and classified image and the overall

classification accuracy respectively.

2.3 Computation of RUSLE factor values

The RUSLE has been revised from the USLE by adapting the
input factors (Allafta and Opp, 2022; Kumar et al., 2022). As the
RUSLE model represents revised version of the USLE, it conserves
the basic structure of the USLE model, maintaining a similar factor
that determine soil loss. The RUSLE model estimates soil loss by
incorporating factors such as conservation practices, climate, land
cover, topography, and soil properties. To assess the average annual
soil loss and the spatial distribution of its risk, the RUSLE model
factors were structured in five independent multiplicative raster
formats (Equation 1; Renard et al., 1997).

A = RK*LS*C*P (1)

2.3.1 Rainfall erosivity factor (R)

Erosivity estimation in the RUSLE model is computed by
multiplying the total storm energy with the 30-min rainfall
intensity, represented as R = EI30. Several empirical equations
have been developed for areas with insufficient rainfall data.
Similarly, Hurni (1985) developed an empirical equation for
computing R factor value using average annual rainfall data,
specifically for Eritrean and Ethiopian highlands, adopting the
USLE. This particular study utilized 2-5 years of research data
from six stations of the SCRP. In the following equation, R
represents the erosivity factor (MJ] mm h™" ha™ yr'), and P
denotes the average annual rainfall (mm) (Equation 2). Using
32 years of average annual rainfall, the R factor for both within
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the study area (Gununo) and adjacent meteorological stations
(Areka, Sodo Zuria and Boditi) was estimated.

R=-8.12+ (0.562P) @)

2.3.2 Soil erodibility factor (K)

The K value is typically determined using nomographs created
by Wischmeier and Smith (1978a). The result obtained from the
nomograph satisfactorily works for the situations resembling those
for which the nomograph was originally developed. Furthermore,
the obtained K value is influenced by soil physical properties,
including texture, organic matter content, structure, and
permeability. However, limitations to determine soil properties is
a serious obstacle for estimation of soil erodibility on a large spatial
scale (Efthimiou, 2020). Hence, in data-scares regions such as
Ethiopia, in situ determination of erodibility factor across large
watersheds has become impractical. Thus, this study adopted for the
soil type-color approach developed by (Hellden, 1987; Hurni,

1985; Table 2).

2.3.3 Topographic factor (LS)

In this study, the LS factor values were extracted from the 30 *
30 m DEM using Equation 3, as proposed by Moore and Wilson
(1992) which has been broadly utilized, tested, and proven successful
in many studies in the Ethiopian context (Getachew et al., 2022).

0.4 . e 1.4
5= (EL) (O o
22.13 0.0896
were, a = represents flow accumulation; X = represents grid cell size;

22.13 represents the standard plot length in the RUSLE model and
© = represents the slope angle (calculated as the slope of the DEM in

degree multiplied by 0.01745 to convert it to radians).

2.3.4 Cover management factor (C)

For estimation of the C value, the most common approaches
involve using the LULC map and the normalized difference
vegetation index (NDVI). For this study, the LULC classification
technique was chosen, as it provides more accurate C values
compared to NDVI (Lin et al, 2017). A supervised image
classification approach was applied with 180 ground truth points
(30 for each land cover type) collected. An independent set of
150 reference points, distinct from the training data, was used to
perform the accuracy assessment of the classification results. A
stratified random sampling technique was implemented to collect
reference data, as recommended by Dong et al. (2022). To determine
the C values, the watershed was classified into different land use
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TABLE 2 Soil types and associated K values, along with color information.

10.3389/frsen.2025.1550331

Soil type Soil color K-value Area coverage (ha) Area (%) Source

Humic Nitisols Red 0.12 17,028.08 83.30 Hellden (1987)

Eutric Vertisols Black 0.15 1651.48 8.08 Fenta et al. (2016), Yadeta et al. (2021)

Chromic Luvisols Brown 0.20 1205.49 5.90 Gashaw et al. (2018), Hellden, 1987; Hurni (1985)
Humic Alisols Red 0.25 555.84 2.72 FAO, 1989; Moges and Bhat (2017)

TABLE 3 Land use classes (2020) along with their corresponding assigned C values in the study area.

Land use class Area coverage (ha) Area (%) C value
Cultivated land 10,249.12 50.14 0.15

Grass land 2014.37 9.85 0.05
Built-up 421.75 2.06 0.05

Bare land 1580.35 7.73 1
Forestland 5773 28.24 0.01
Shrub land 402.3 1.97 0.014
Total 20,440.89 100

Source: (Belayneh et al., 2019; Bewket and Teferi, 2009; Hurni, 1985; Moges and Bhat, 2017; Yesuph and Dagnew, 2019; Zerihun et al.,, 2018).

classes, including cultivated land, grass land, built-up, bare land,
forestland, and shrub land, based on Landsat imagery from 2020.
The C values for corresponding LULC class were assigned based on
values recommended and applied in previous studies (Table 3).

2.3.5 Support practice factor (P)

The P factor represents the ratio of soil erosion occurring
after the application of soil conservation practices to the soil loss
from conventional straight-row cultivation on slopes (Sinshaw
et al, 2021; Unger, 2023). Previously, in part of the study
watershed, conservation practices were implemented by the
SCRP. However, onsite field observations across the entire
that the
measures were poorly designed and maintained resulting in

watershed confirmed constructed conservation
the complete and partial destruction of structures. As a result,
this study faced a shortage of data on conservation measures to
map the P factor for the respective conservation practices. Hence,
owing to the aforementioned facts, it is not reasonable to use
existing conservation measures to develop the P factors. Instead,
this research utilized an alternative approach by combining the
slope map with the reclassified LULC map as suggested by
Wischmeier and Smith (1978b). This technique had been
adopted by other researchers who carried out similar studies
in Ethiopia (Endalew and Biru, 2022; Mengie et al., 2022).

The LULC map of the study area was reclassified into
agricultural and other land use categories following the guidelines
of Wischmeier and Smith (1978b). Give the land management
activity varies with slope, arable land was further divided into
different slope classes based on the slope percentage. The
reclassified LULC map was then overlaid with the slope map to
create a combined land use-slope map. Subsequently, the
appropriate P-value was allocated to each land use-slope
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combination based on empirical values adjusted for the Ethiopian
context (Table 6).

2.4 Estimation of soil loss

The RUSLE parameter layers were transformed into raster
format and aligned to the UTM Zone 37N projection with the
WGS 1984 datum. Moreover, all five vector layers were resampled to
maintain a uniform spatial resolution. The annual soil loss per
hectare and its spatial distribution were then computed using
Equation 1. Stepwise procedures were implemented to develop
soil loss map of the study watershed as shown in Figure 3.

3 Results and discussion
3.1 Computed RUSLE factors

3.1.1 Rainfall-runoff erosivity factor (R)

The R-factor map revealed that erosivity within the study area
ranged from 657.29 MJ mm ha™' hr™' yr' (Gununo station) to
773.21 MJ mm ha' h™" year™" (Areka station) with an average value
calculated to be 734.97 MJ mm ha™' hr™' yr'' (Figure 4a). The
central-eastern part of the study watershed has a relative high R
value and tends to decrease towards the northwestern part of the
watershed. This finding indicates that the consequence of rainfall on
erosion is lower in the northwest portion of the watershed and it
gradually increased to the eastern central portion of the watershed.
The relatively high erosivity values observed in certain areas of the
watershed may result from a combination of higher annual rainfall
distribution and the proximity of interpolation stations. Generally,
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interpolation accuracy improves with closer proximity to the
interpolation point and diminishes as the distance increases.

3.1.2 Soil erodibility factor (K)

The K value of the watershed ranged from 0.12 th MJ™' mm™ to
0.25th MJ™' mm™" with a mean of 0.156 th MJ ™' mm™" (Figure 4b).
Soils with higher K values are more susceptible to erosion, whereas
those with lower values exhibit greater resistance. Accordingly, the
lowest erodibility values were observed in the Humic Nitisols,
followed by the Eutric Vertisols (Table 2). The relatively low
erodibility of the Humic Nitisols may be attributed to their well-
aggregated soil structure and high clay content, which improve
infiltration and minimize soil dispersion (FAO/IUSS-WRB, 2015).
This intrinsic resistance to erosion is further supported by studies in
tropical regions with similar soils, where Nitisols demonstrated
reduced erodibility due to their stable granular structure and
high organic matter content (Scatena, 1991). Similarly, the Eutric
Vertisols, which often occur in flat to gently sloping terrain, exhibit
low susceptibility to erosion due to minimal surface runoff
generation under such topographic conditions. This aligns with
findings by Bedadi et al. (2023), who noted that Vertisols in Ethiopia
are less erodible in flat landscapes due to their high bulk density and
lower permeability, which reduce particle detachment.

On the other hand, the highest erodibility values were observed
in the Humic Alisols, which are predominantly located along the
central-western border of the watershed. These areas are
characterized by higher elevations and rugged terrain, increasing
their susceptibility to erosion. The high K values of Humic Alisols
may primarily be attributed to their unstable surface horizons, which
are rich in silt and low in organic matter, making them highly prone
to water erosion (FAO/IUSS-WRB, 2015). Furthermore, studies
such as those by Morgan (2005) emphasize that soils in steep,
rugged terrains with low organic matter are especially vulnerable
to high detachment and transport rates due to increased runoff
velocity and reduced cohesion.

3.1.3 Topographic factor (LS)

The LS values ranged from 0 to 34.85, with a mean value of
2.13 (Figure 4c). Regions with steep slopes and high elevations
exhibit high LS values, reflecting greater soil susceptibility to
erosion (Figure 4g). For instance, the upper right and central west
regions, which are characterized by rugged and mountainous
terrain with slopes display the highest LS values. These areas
correspond to degraded landscapes prone to severe soil erosion
due to their steep slopes and lack of adequate vegetation cover.
This observation aligns with the findings of Panagos et al. (2015)
and Yadeta et al. (2021), who emphasized that the combined
slope length and slope angle (LS-factor) has the greatest influence
on soil loss at the European and Ethiopian scale respectively.
Conversely, the low LS values were recorded in areas with a gentle
slope (0%-5%), such as the southeastern parts of the watershed,
suggesting that these areas are less susceptible to erosion.
Approximately 31.86% of the watershed, predominantly
characterized by cultivated land on level to gentle slopes (0%-5%),
exhibits low soil loss. This aligns with findings by Setyawan et al.
(2019), who reported that flat to gently sloping areas tend to
have lower erosion rates due to reduced runoff velocity and
deposition of eroded materials. Similarly, Panagos et al. (2015)
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emphasized that areas with low LS values are less prone to soil
loss, as topography plays a key role in reducing erosion intensity.
Moreover, it is critical to highlight that while other parameters
such as vegetation cover, soil texture, and conservation practices
significantly influence erosion. This interaction is also evident in
studies such as Yadeta et al. (2021) and Hurni (1985), which
demonstrated that areas with high vegetation cover on gentle
slopes exhibit lower erosion despite their land use. On the other
hand, the remaining 68.67% of the study area is classified as
having sloping to very steep terrain, with slopes ranging from 5%
to over 49.4% (Table 4). These steep slopes are predominantly
found in the upper reaches of the watershed and along major
escarpments, where erosion is exacerbated by intense rainfall
and limited vegetation. This spatial variation underscores the
critical role of topography in influencing soil erosion patterns
(Guo et al.,, 2021).

3.1.4 Cover management factor (C)

The primary land use/land cover in the watershed is cultivated
land, which is widely distributed across the entire area. The
remaining portions are primarily covered by forest, followed by
grassland, bare land, built-up areas, and shrublands (Table 3;
Figure 4d). The classified image exhibits an overall accuracy of
89% indicating accurate classification with a kappa coefficient of
0.86 confirming that the reference data and classified image have a
good agreement (Table 5).

The C factor map result show that C values range from 0.01 to 1
(Figure 4f). Bare land with no vegetation cover was assigned the
highest C value (1), followed by cultivated land (0.15) signifying
higher susceptibility to erosion (Table 3). In contrast, forested areas
had lower C values reflecting their reduced vulnerability to erosion.
Moderate C values were assigned to the remaining land use classes
indicating that these areas are moderately susceptible to erosion. The
C factor values were collected from different studies for different
land use types.

3.1.5 Support practice factor (P)

All the classes grouped within other land uses including
forestland, grassland, built-up areas, bare land, and shrub lands,
were assigned a P value of 1 irrespective of their slope class.
However, cultivated land was assigned varying values based on
its slope class (Table 6).

As illustrated in Figure 4e, the P factor distribution within the
watershed varies between 0.1 and 1. The highest P-value of the
watershed is predominantly found in the central northwest,
southeast, and northeastern regions. This implies the dominance
by forest, grasses and shrubs. In contrast, the lower P-values are
prevalent in the medium stream and around the outlet parts of
the watershed.

3.2 Estimated annual soil loss

The distribution of annual soil loss across the watershed ranged
from 0 primarily in the lower regions to 360 t ha™' yr™" in the central
regions with an average annual soil loss of 22 t ha™ yr™' (Figure 4g).
Notably, this average exceeds the maximum tolerable soil loss
threshold of 18, a value recommended by Hurni (1985) for
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TABLE 4 Slope classes of the land surface in the Gununo watershed.

10.3389/frsen.2025.1550331

[\[o} Slope steepness (%) Description Area coverage (ha) Area coverage (%)
1 0-1 Level slope 690.10 3.38

2 1-5 Gentle slope 5713.08 27.95

3 5-10 Sloping 7363.59 36.02

4 10-15 Strongly sloping 3654.65 17.88

5 15-30 Moderately steep 2325.75 11.38

6 30-45 Steep 470.46 230

7 >45 Very steep 223.27 1.09

TABLE 5 Accuracy Assessment results using error matrix.

Class data Reference data
Grassland Built-up Bare land Forest land Cultivated Shrub land Total

Grassland 22 0 0 0 1 0 23
Built-up 0 21 1 0 0 0 22
Bare land 1 3 18 0 3 0 25
Forest land 0 0 0 23 0 2 25
Cultivated 1 1 1 0 36 1 40
Shrub land 0 0 0 2 0 13 15
Total 24 25 20 25 40 16 150
OA 0.89

K 0.86

OA = overall accuracy; K = kappa statistic.

TABLE 6 Support practice (P) factor value of the watershed.

Land use type Slope (%) P-value
Agricultural land use 0-5 0.1
5-10 0.12
10-20 0.14
20-30 0.19
30-50 0.25
50-100 0.33
Other land uses All 1

Adopted from (Wischmeier and Smith, 1978b).

different agroecology of Ethiopia. This indicates that the agricultural
productivity and life-supporting system in the Gununo watershed
is at risk.

This study agrees with previous research conducted in the regions
having similar conditions. For instance, the average soil loss of 22 t ha™
yr ' calculated in current research is comparable to the 27.5 t ha™' yr'
reported from Upper Blue Nile River (Haregeweyn et al, 2017),
23.7 t ha' yr! in the Geleda watershed (Gashaw et al., 2018), and

Frontiers in Remote Sensing 08

17.05 t ha™ yr' in the Winike watershed of the Omo-Gibe Basin
(Abreham et al., 2018). Generally, the average soil loss in the present
study is lower than the national average of 29.9 t ha™ yr™" as reported by
Haregeweyn et al. (2015).

However, similar studies conducted in other parts of the
Ethiopian highlands have reported comparatively higher mean
soil loss rates. For example, the study’s soil loss rate is less than
those observed in the Koga watershed (47.4 t ha™ yr™") (Gelagay and
Minale, 2016) and the Rib watershed (68 t ha™ yr™') (Moges and
Bhat, 2017). Moreover, Gizaw and Degife (2018) documented about
62.98 t ha yr'' from the Gilgel Gibe-1 catchment and 69 t ha™' yr™*
from the whole Omo-Gibe basin (Rediet and Eshetu, 2020). The
relatively lower average annual soil loss observed in the watershed
under study is likely due to the lower LS factor recorded here,
contrarily to the higher LS values recorded in other studies.
Furthermore, this result could be influenced by the existence of
approximately 31.86% of cultivated areas in the level to gentle slope
of the watershed. Therefore, this study aligns with Abdo (2021),
demonstrating that integrating the RUSLE model with GIS and
remote sensing is an effective and adaptable method for assessing
soil erosion and devising targeted conservation strategies across
diverse geographic and climatic contexts, as evidenced by the Wadi-
Qandeel basin in Syria.
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In contrast, other researchers have reported significantly lower
mean soil loss rates. For instance, Tiruneh and Ayalew (2015)
observed about 4.81 t ha™' yr' in the Enfraz watershed, while
Gizachew (2015) calculated that the Zingin watershed in the
Ethiopian highlands experiences an average yearly soil loss of
9.1 t ha™ yr'. Bekele et al. (2019) reported about 4.27 t ha™ yr™
in the Karesa Watershed, South West Ethiopia. The difference in
these results could be attributed to the changing C factors of the
watershed. For example, the Karesa watershed has a maximum C
value of 0.15. Recorded on cultivated land that covering about
41.21% of the entire watershed. In contrast, the present study
area has maximum C values of 1 (7.73%) and 0.15 (50.14%) for
bare land and cultivated land respectively.

The estimated potential soil loss of this finding is inline with
studies conducted in the Omo-Gibe basin and Ethiopian highlands.
It was determined that the entire watershed experiences an annual
soil loss of 1,456,760 tons. This study’s estimated soil loss is almost
equivalent to 1.3 million tons annually from 29,500 ha of Koga
watershed as estimated by Tegegne and Biniam (2017). Similarly, the
annual soil loss of 951,210 tons and 1,243,574 tons in Winike
watershed (91,559.1 ha) of the Omo-Gibe basin and the Blue
Nile Basin (23,970 ha), respectively was reported (Abreham et al.,
2018; Yesuph and Dagnew, 2019).

Erosion risk map (Figure 4h) for the watershed was classified
into five severity categories (low, moderate, high, very high, and
severe) based on soil loss tolerance (T-value). The class thresholds
(0-5, 5-15, 15-30, 30-50, and >50 t ha™' yr'') were adapted from
Haregeweyn et al. (2017) for Ethiopian highland watersheds and
calibrated to local conditions during field survey. According to the
map, about 16.12% and 8.91% of the watershed are classified as
experiencing severe and very severe erosion rates, respectively
(Table 7). Collectively, these classes contributed to about
964,030.42 tons (66.18%) of the total annual soil loss from the
watershed. This can be due to higher LS-factor values and a lack of
adequate vegetation cover. This signifies that majority of soil loss
originated from these areas characterized by high erosion. The
central northwest and upper northeast sections of the watershed
these risk
emphasizing the need priority intervention to

were predominantly categorized under classes
implement

conservation measures (Figure 4g).

3.2.1 Soil loss and slope class

The slope of the watershed was reclassified based on the FAO
(2006) guidelines to see evaluate the impact of slope class on
erosion intensity and to ensure methodological consistency and
comparability with global and regional erosion studies. The
finding shows that the higher soil loss rate was noticed in
areas where relatively large LS values were recorded
(Figure 4g). These were areas with steep slope in Gununo
watershed, particularly at the northwestern and northeastern
regions of the study area. In relation to the slope classes,
65.61% of erosion is from moderately steep slope (41.52%),
steep slope (17.01%), and very steep slope (7.08) class
categories with mean erosion rate of 34.76, 70.39, and
61.70 t ha™' yr''. Across the whole watershed, the steep and
very steep slope classes cover an area of 3.38%; but relatively this
area contributes high soil loss (24.09%) than the other classes

with larger area coverage. This suggests that soil loss rises as slope
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length and gradient increase (Table 8). This study aligns with the
findings of Gashaw et al. (2018) and Woldemariam et al. (2018)
who reported a strong relationship between soil loss and slope
gradient in Geleda and Gobele watersheds, respectively.

3.2.2 Soil loss and land-use/land-cover

A large portion of the study area is covered by cultivated land
(50.14%) which contributes the highest (52.18%) amount of soil
loss (Table 9). Following cultivated land, bare land recorded the
next highest soil loss, accounting for 20.59% of the total soil loss
across the entire study area. The respective mean soil losses for
these land types are 53.65 and 74.05 t ha™' yr', which are
significantly higher than the tolerable erosion rate in the
Ethiopian highlands. Cultivation of steep slopes (27.5%) and
the practice of fragile land cultivation and sole cropping are
likely principal contributing to the highest soil loss in cultivated
land. This is consistent with the findings of Hurni et al. (2016)
who identified the cultivation of steep slopes as a major factor
contributing to soil loss in Ethiopia. Similarly, in the Gumar
watershed, Belayneh et al. (2019) documented higher erosion
rates from cultivated land, bare land, and built-up areas in order
of their significance. In addition, Sarkar et al. (2024), estimated
higher soil erosion in cultivated and fallow lands compared to
other LULC classes. On the other hand, forest land is the least
vulnerable land-use type to soil erosion, contributing about
2.84% of the watershed’s overall soil loss.

3.3 Prioritization of subwatersheds

This study prioritized subwatersheds based on their mean
annual soil loss to guide the implementation of targeted
conservation measures (Table 10). The study findings revealed
that WH-5, accounting for 14.18% of the total watershed area,
contributed the highest proportion of soil loss, totaling
740,759.4 tons (50.85%) with an average erosion rate of
32.1 t ha! yr'' (Table 10). Similarly, WH-4, which comprises
6.92% of the watershed, contributed significantly about
427,928.6 tons (29.38%) to the total soil loss. This significant
soil loss in these subwatersheds can be explained by the combined
effects of slope gradient and length, which increase runoff
velocity and accelerate soil erosion (Figures 5, 4g). This aligns
with findings conducted in the Ethiopian highlands (Haregeweyn
et al., 2017), the entire Afghanistan (Ansari and Tayfur, 2023),
and the Loess Plateau in China (Sun et al., 2014), where the LS
factor strongly correlates with soil loss. In contrast, WH-6,
despite covering a larger area, contributed only 45,642.62 tons
(3.13%) of the total soil loss, with an average rate of 17.47 t ha™'
yr''. Besides, WH-10 covering 6.66% of the watershed,
contributed the least soil loss 14,490.94 tons (0.99%) with an
average erosion rate of 16.9 tha™' yr™'. The lower soil loss in WH-
10 is likely due to dominance of gentle slopes of the area.

Considering the mean annual soil loss, WH-4, WH-5, WH-7,
WH-8, WH-3, WH-9, WH-6, WH-2, WH-10, and WH-1 were
assigned priority levels ranging from 1 to 10, reflecting their mean
annual soil loss. The average erosion rate across subwatersheds
varied from 16.53 to 39.82 t ha™ yr' in WH-1 and WH-4
respectively. Besides, the findings indicated that the average
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TABLE 7 Soil loss severity classes and their respective contribution.

10.3389/frsen.2025.1550331

Soil erosion (t ha™ yr™?) Severity class Area (ha) Area (%) Soil loss (t yr™) Soil loss (%)
1 0-5 Very slight 9249.50 4525 134,125.37 921
2 5-15 Slight 3840.65 18.79 197,994.87 13.59
3 15-30 Moderate 223461 1093 160,608.93 11.03
4 30-50 Severe 3295.8 16.12 253,766.02 17.42
5 >50 Very severe 1820.33 8.91 710,264.4 48.76
Total 1,456,756 100.00

TABLE 8 Soil loss under different slope classes.

Slope steepness (%) Area (ha) Mean soil loss (t ha™ yr™) Soil loss (t yr™?) Soil loss (%)
0-1 690.10 123 6346.45 0.44
1-5 5713.08 265 113,160.9 7.77
5-10 7363.59 3.46 190,912.6 13.11
10-15 3654.65 6.97 190,544.3 13.08
15-30 232575 3476 604,904.2 4152
30-45 470.46 7039 247,811 17.01
>45 22327 6170 103,080.7 7.08

TABLE 9 Statistical summary of LULC classes and soil loss in the Gunuo watershed.

LULC (2020) Area (ha) Area (%) Mean soil loss (t ha™ yr™) Soil loss (t yr™) Soil loss (%)
Cultivated land 10,249.12 50.14 53.67 760,137.37 5218

Grass land 2014.37 9.85 2541 108,237.27 7.43

Built-up 42175 2.06 5.58 181,512.30 1246

Bare land 1580.35 7.73 74.05 299,946.88 20.59

Forest land 5773 28.24 9.88 41,371.98 284

Shrub land 4023 1.97 10.25 65,554.20 45

erosion rate in some WHs exceeded the maximum tolerable soil loss
rate (18 tha™' yr™') estimated for the country. WH-4, WH-5, WH-7,
WH-8, WH-3, and WH-9 surpassed the highest acceptable rate of
soil loss, collectively covering 11,741.95 ha (57.45%) of the entire
watershed. This highlights the significant vulnerability of the
Gununo watershed to soil erosion, posing risks to agricultural
production and life-sustaining systems. This study successfully
identified and prioritized the degraded land portion and clarified
the negative effect of soil erosion on achieving land degradation
neutrality. The sub-watershed prioritization results of this study
align with the objectives of SDGI15.3.1 by enabling targeted
interventions to reduce land degradation. These results facilitate
efficient allocation of resources to critical erosion hotspots, directly
supporting sustainable land management practices in the study area.
Thus, urgent attention is required for subwatersheds with mean
annual soil loss exceeding the maximum tolerable rate and
implementing conservation strategies to prevent further erosion
and restore degraded land.
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4 Conclusion

The annual potential soil loss of the watershed was found to be
1.456760 million tons, with a mean soil loss rate of 22 t ha™" yr™'
which exceeds the maximum tolerable soil loss rate of the country.
Besides, the annual soil loss rate in the study area varies from 0 tha™
yr ' in level slope to 360 t ha™ yr™" in the very steep slope regions of
the watershed. It is found that the higher soil loss is prevailed in areas
characterized by steep slopes. 36.06% of the watershed is classified
under moderate to very severe erosion class contributing substantial
amount of soil loss (72.21%) and are dominantly situated in the
central-west and upper-northeast parts of the study area. Among the
10 subwatersheds, 50.85% of soil loss was generated from WH-5.
Priority levels ranging from 1 to 10 were assigned to WH-4, WH-5,
WH-7, WH-8, WH-3, WH-9, WH-6, WH-2, WH-10, and WH-1.
Six subwatersheds (WH-4, WH-5, WH-7, WH-8, WH-3, and WH-9),
covering 57.45% of the total land area exceeded the maximum
tolerable soil rate enabled to distinguish them as hotspot areas of
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TABLE 10 Ranking, potential, and mean soil loss contribution of subwatersheds.

Area coverage (ha) PSL (%) MSL (t ha™t yr™)
WH-1 1604.02 118 16.53 10
WH-2 2603.22 229 17.02 8
WH-3 2427.82 3.78 19.76 5
WH-4 141426 2938 39.82 1
WH-5 2898.29 50.85 321 2
WH-6 3131.04 3.13 17.47 7
WH-7 1902.33 3.99 2205 3
WH-8 1248.79 22 214 4
WH-9 1850.46 221 18.82 6
WH-10 1360.65 0.99 169 9

WH = subwatershed; PSL = potential soil loss; MSL = mean soil loss.
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FIGURE 5
Subwatershed map of the study area.

the watershed. Thus, these WHs need immediate intervention to
mitigate soil loss and sustain agricultural production. Overall, the
finding support evidence-based decision making and contribute to
the strategic implementation of targeted soil and water conservation
practices particularly in resource limited contexts. It facilitates the
estimating soil loss, providing a baseline for SDGI15.3 and
contributes to achieving a land degradation neutral world. These
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benefits not only address local challenges but also offer a
methodological framework that can be adopted to other regions
facing similar issues of land degradation. This study does not
account for gully erosion, which may result in an underestimation
of the overall soil loss from the watershed. Future research integrating
gully erosion processes is essential to provide a more comprehensive
assessment and to recommend more effective intervention strategies.
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