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Abstract 

Background  Soil erosion in Ethiopian highlands is highly consistent with land use/land cover (LULC) changes 
that are associated with deforestation and a decline in biodiversity. However, identifying soil erosion-prone areas and 
quantifying soil loss in rugged terrains and various agroecologies due to LULC changes have not been dedicated 
to scientific studies. Therefore, we quantified  the impacts of spatiotemporal LULC changes on soil loss across agro-
ecologies and slope categories using GIS and RUSLE model from 1985 to 2021 in Zoa watershed, southwest Ethiopia. 
Moreover, prioritizing erosion severity risks at sub-watersheds and quantifying temporal sediment yield is essential for 
better conservation planning. Landsat images, rainfall, Digital Elevation Model, and soil data were obtained from field 
observations and secondary sources.

Results  Bareland and farmland have been expanding at the expense of other land use types. The annual soil loss in 
the watershed ranged from 0 to 113.21 t ha−1 year−1, 0 to 163.16 t ha−1 year−1, and 0 to 194.58 t ha−1 year−1 with a 
mean annual soil loss of 21.07, 29.35 and 40.93 t ha−1 year−1 in 1985, 2000, and 2021, respectively. Among LULC classes, 
the highest soil loss was generated from bareland (31.73 t ha−1 year−1 ) and farmland (27.08 t ha−1 year−1 ) in 1985 later 
upsurged to 35.52 t ha−1 year−1 and 59.91 t ha−1 year−1 in 2021, respectively, due to the maximum susceptibility of soil 
erosion risks from unprotected surfaces. The results also revealed that the lowland agroecology generated the highest 
mean soil loss of 24.05 t ha−1 year−1 in 1985, 39.74 t ha−1 year−1  in 2000, and increased to 57.55 t ha−1 year−1 in 2021. 
Considering the slope categories, the highest and most excruciating soil loss was engendered from steep (35.55–60.78 
t ha–1 year–1) and very steep (52.48–72.69 t ha−1 year−1 ) slope terrains during 1985–2021. The northwestern part of the 
watershed is the most erosion-prone area which is now expanding to the central and western parts of the watershed. 
The sediment yield increased at the fastest rate at the watershed outlet, from 39.3% in 1985 to 94.26% in 2021.

Conclusions  The results of this study indicated that the conversion of other LULC categories into farmland was the 
most detrimental to a watershed in terms of soil loss, which necessitates the implementation of appropriate soil and 
water conservation measures with effective design by considering spatial variability to reduce soil erosion hazards.
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Introduction
Soil degradation is one of  the most serious environ-
mental problems in the world (Tesfahunegn et  al. 2014; 
Zhang et  al.2017; Teng et  al. 2018; Lin et  al. 2020) with 
a quantified count of 24 billion tons of top productive 
soil loss from the croplands on a global scale (Legese 
and Gelanew 2019). Soil erosion is the leading cause for 
the degradation of soil resources and the foremost envi-
ronmental problem accounting for 56% of the world’s 
land area  (Gelagy and Minale 2016). In regional con-
trast, soil erosion is more dominant in developing coun-
tries (global south) than in developed countries due to 
various multifaceted spatiotemporal land use types and 
biophysical drivers interlinking to impact soil resources 
(Fenta et  al. 2020). This is due to the largest number of 
people relying on land resources, the lack of proper land 
management measures, and the continuous expansion of 
cropland in developing countries including Africa (Bor-
relli et al. 2017; Haregeweyn et al. 2017). Similarly, differ-
ent land use patterns in East Africa coincide with areas of 
high susceptibility to soil erosion hazards (Wynants et al. 
2019; Fenta et al. 2020).

Among the East African countries, soil erosion is a 
severe problem in Ethiopia due to rapid changes in land 
use/land cover (LULC) types (Belay and Mengistu 2021). 
Consequently, Ethiopian highlands were mainly affected 
by sheet and rill erosion (Gashaw et al. 2019; Yesuph and 
Dagnew 2019) with the annual soil loss ranging from 200 
to 300 t ha−1 year−1 (Gelagy and Minale 2016). Likewise, 
FAO (1986) appraised total soil loss at almost 1.5 billion 
tons per  year from the whole landscape. Subsequently, 
the anticipated cost of soil loss effect was US$1.9 billion 
between 1985 and 2010 in the country (FAO 1986). If the 
magnitude of soil erosion continues, the value-added in 
the agricultural sector will decline from 372 US$ in 2010 
to 162 US$ in 2030 (Gashaw et  al. 2019; Dinka 2020). 
The country also lost US$1 billion per  year because of 
soil erosion and it still upsets 50% of the croplands and 
88% of the country’s total inhabitants (Bekele et al. 2019). 
The soil erosion is highly consistent with spatiotemporal 
LULC dynamics (Messay 2011) as usually the alterations 
are associated with deforestation, a decline in biodiver-
sity, and soil loss (Tsegaye 2019). In contrast, soil loss 
computed from conserved-land uses (37 t ha−1 year−1 ) is 
lower than that from adjacent non-conserved lands, i.e., 
45 t ha−1 year−1 (Debie 2021). Likewise, the magnitude of 
soil loss varies across the country due to LULC changes, 
intrinsic soil features, slope terrains, and agroecological 
settings. For instance, the mean yearly soil losses (42.29 
t ha−1 year−1 , 45%) originated from cultivated land use 
class (Hurni et  al. 2008; Amsalu and Mengaw 2014), 
which comprised a total soil loss of 23,400 million t (Tes-
sema et al. 2020). Moreover, due to marginal agriculture 

intensifications and inadequate conventional land man-
agement techniques, farmland experienced much more 
extreme soil erosion than grassland and forestland (Han 
et  al. 2020). These hitches have led to  declined produc-
tivity of land, poverty, unsustainability, and food insecu-
rity (Adimassu et  al. 2014; Yesuph and Dagnew 2019). 
For instance, in the highlands of Ethiopia yearly produc-
tive capacity is falling by 2.2% year−1 (Tesfahunegn et al. 
2014).

In the last four decades, many researchers developed 
and used soil erosion assessment models using geospa-
tial technologies to quantify soil losses (e.g., Wischmeier 
and Smith 1978; Williams and Berndt 1977; Renard et al. 
1994; Farhan et al. 2013; Pan and Wen 2014; Chang et al. 
2016; Barriuso Mediavilla et al. 2017; Borrelli et al. 2017; 
Zhang et  al. 2017; Teng et  al. 2018; Alewell et  al. 2019; 
Almouctar et al. 2021; Amellah and Morabiti 2021; Kuli-
mushi et al. 2021a, b). However, the most universal and 
empirical-based models are USLE (Wischmeier and 
Smith 1978), MUSLE (Williams and Berndt 1977), and 
RUSLE (Revised Universal Soil Loss Equation) (Renard 
et  al. 1994). The RUSLE is substantial to calculate the 
total and mean soil losses in a certain watershed. Due to 
its simplicity and compatibility with GIS, scholars have 
extensively and successfully used it to estimate soil ero-
sion related to LULC changes depending on their study 
objectives and backgrounds (Gizachew 2015; Molla and 
Sisheber 2017; Tadesse et  al. 2017; Tesfaye and Tibebe 
2018; Kidane et al. 2019; Gashaw et al. 2019; Atoma et al. 
2020; Dinka 2020; Fenta et al. 2020; Tessema et al. 2020; 
Bekele and Gemi 2020; Mengie et  al. 2022), and these 
studies are confirmed in the context of Ethiopian.

Different scholars have quantified soil loss in different 
parts of Ethiopian highlands. To mention a few, the schol-
ars focused on soil loss assessment and risk area (Amsalu 
and Mengaw 2014; Gelagy and Minale 2016; Tesfaye 
and Tibebe 2018; Bekele et  al. 2019; Atoma et  al. 2020; 
Girma and Gebre 2020; Tadesse et al. 2017; Tessema et al. 
2020). Most of these studies assessed comprehensive soil 
loss estimation with inconsistent figures due to differ-
ent LULC types in diverse terrains and agroecologies in 
various parts of the country. Other scholars conducted 
soil erosion estimation from each land use class with-
out including major factors such as slopes, terrains, and 
agroecological settings (Belayneh et al. 2019; Bekele and 
Gemi 2020; Dinka 2020; Girmay et  al. 2020). However, 
as far as the researchers’ knowledge, soil loss in the Zoa 
watershed of the Omo-Gibe basin has not yet well-quan-
tified. Studies conducted by Tebebu et al. (2010), Tesfaye 
and Tibebe (2018) and Yesuph and Dagnew (2019) sug-
gested that the assessments of soil loss and its magni-
tude vary by location depending on the diverse land uses, 
population pressure, type, and susceptibility of the soils 
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to erosion, microclimate, the general terrain features, and 
agroecological variations of a given area. Since Ethiopia 
comprises various types of slope terrains, diverse agro-
ecologies, and socioeconomic dynamics (Ewunetu et  al. 
2021), the timely site-specific study of soil loss by inte-
grating RUSLE and geospatial technologies in dynamics 
of land uses can provide more insight into sustainable 
natural resource management decision-making.

As part of the southwestern Ethiopian highlands, Zoa 
watershed is a notable part of the Gibe-III and IV hydro-
electric dams within the Omo-Gibe basin which needs 
a detail assessment of soil loss to sustain the benefits of 
these two dams. The rugged terrain features and a variety 
of LULC dynamics have caused soil erosion in the water-
shed. Moreover, the watershed has conspicuous forms 
of soil erosion including sheets and rills. Along with 
affecting soil loss, these activities also have an impact 
on on-site agricultural productivity and increase off-site 
sediment yields adjacent to the watershed outlet. On 
the other hand, the actual trends of soil losses and sedi-
ment yields have not yet been quantified apart from their 
importance for the hydroelectric dams in the basin and 
overall conservation measure suggestions based on soil 
loss severity.

This study aimed to quantify the impacts of spatiotem-
poral LULC dynamics on soil loss across agroecologies 

and slope categories from 1985 to 2021 using GIS and 
RUSLE model in Zoa watershed. The specific objectives 
of this study were to: (1) quantify the impacts of  spati-
otemporal LULC changes on soil loss and determine soil 
loss variations across agroecologies and slopes, (2) deter-
mine the severity level of erosion in the sub-watershed 
and (3) evaluate temporal trends of sediment yields at 
the watershed outlet. The current study contributed to 
prioritizing soil erosion hotspot areas, which is vital for 
proper land use planning, conservation measures, policy 
development, and decision-making processes, thereby 
reducing soil losses in the watershed in turn averting sed-
imentation in the reservoirs of hydroelectric dams.

Materials and methods
Study area
Zoa watershed is situated in the Dawuro zone of south-
west Ethiopia with a total area of 59,901.80 ha within 
the Omo-Gibe basin. Geographically, it lies between 
7°3′00′′–7°15′00′′E and 37°2′00′′E–37°23′00′′E with an 
altitude extending from 914 to 3011  m above sea level 
(Fig. 1). It stretches the districts of Maraka, Gena, Loma 
Bossa, Zaba Gazo, and Tarcha Zuria of the Dawuro zone 
in the southwest regional state.

Geologically, the watershed is dominated by the mid-
dle basalt flows (33.83%) including primarily basalts with 

Fig. 1  Location of Zoa watershed in southwest Ethiopia. The watershed is situated in the northwestern part of the Dawuro zone within the 
Omo-Gibe basin
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rare intercalation of trachyte, and trachyte flows (27.85%) 
which embrace mainly trachyte intercalated with minor 
ignimbrite and rare basalt. The southeastern margin, 
the central and southwestern parts of the watershed are 
under these types which comprised the major formations 
of the Cenozoic era in the upper tertiary period. The 
remaining northwestern and eastern parts of the water-
shed are subjugated by lower trachyte (20.34%) and lower 
basalt (17.34%). The lower trachyte flows contain rare 
pyroclastic materials and coal beds at places, while lower 
basalt flows comprise rare basaltic pyroclastic ingredi-
ents. They both are included in the lower tertiary period 
during the Cenozoic era. However, the small parts of the 
southwestern margin are covered by upper trachyte flows 
(0.64%) which comprised the formation of the upper ter-
tiary period.

Based on the Digital Elevation Model (30 × 30 m reso-
lution) inquiry, the watershed comprises three agroecolo-
gies (Kola, Woinadega, Dega) according to MOA (1998) 
Ethiopian traditional classes. Kola (lowland) covered 
28.43% of the watershed and has an altitude extending 
from 914 to 1500  m above sea level. Woinadega (mid-
land) has an altitude extending between 1500 and 2300 m 
above sea level and accounted for 63.91% of the water-
shed. About 7.65% of the watershed fell under Dega 
(highland) with an altitude of greater than 2300 m above 
sea level. The watershed has various terrain types includ-
ing a flat surface, rugged landscape, and steep slope 
inclinations. This wide-ranging nature of the landscape 
is susceptible to many types of soil erosion from diverse 
land uses and slope terrains (Gitima et al. 2022). Accord-
ing to FAO (2006) slope classes in rises of percent, the 
slope of the watershed falls under gently sloping (0–5°), 
sloping (5–10°), and strongly sloping (10–15°) which 
accounts for 8.85%, 20.9% and 21.5% of the area, respec-
tively. The remaining land area falls under moderately 
steep (15–30°), steep (30–60°), and very steep (> 60°), 
with shares for 36.58%, 12.02%, and 0.08%, respectively. 

The mean annual rainfall of the watershed ranges from 
1201 to 1800 mm. The rainfall varies in the temporal sea-
son and has a bimodal pattern denoted by a short time of 
year in the spring season (March–May) and a prolonged 
time of year from June to September with a highest in 
August. The mean yearly minimum and maximum tem-
peratures of the watershed extend from 14.65 °C to 16.12 
°C and 26.4 °C to 29.3 °C, respectively (Gitima et al. 2021, 
2022).

The majority of inhabitants in the Zoa watershed (91%) 
are farmers and rely on mixed agriculture as a source of 
income (Gebre et al. 2019). Despite the watershed’s great 
potential for agriculture, farmers typically use traditional 
farming techniques (oxen-plow and hoe farming cultures 
are practiced), which results in very low yields. The life-
styles of farmers are also relatively stagnant because agri-
culture is primarily rain-fed and market access is limited 
(Gitima et al. 2021). Land use classifications are decisive 
to quantify soil loss from the watershed. Accordingly, 
farmland, grassland, forestland, shrubland, and bareland 
are among the five major LULC classifications found in 
the research site. As indicated in Table 1, the descriptions 
of major LULC classes were identified in the study area.

Data sets
Three sets of longitudinal time series satellite images, 
namely: Landsat TM (1985), Landsat ETM + (2000), and 
Landsat 8 OLI-TIRS (2021), were obtained from the 
USGS official website (https://​earth​explo​rer.​usgs.​gov/) 
and used to produce LULC output maps and compute 
P and C-factors in the RUSLE model. We used a gap-
filling method to reduce data inconsistencies and gaps 
in cloudy locations (where only a few clear-sky images 
per year are accessible in the study field during the dry 
season) as used by Gitima et  al. (2022). To improve the 
accuracy of land use type classifications, all images of 
data sets were acquired from December to February 2021 
with the minimum percentage of cloud cover. A random 

Table 1  Identified major LULC classes in the Zoa watershed of the southwest regional state

Series 
no.

LULC classes name Description

1 Farmland The agricultural land of households including the strewn rural communities intimately allied to them. Because it was 
tough to differentiate strewn rural settlements as a distinct LULC class in areas with strewn cultivated areas, they were 
classified as single (Sisay et al. 2021)

2 Grassland The watershed covered by grass temporarily is frequently cast off and fed for animal grazing (Belay and Mengistu 2019; 
Aneseyee et al. 2020; Gitima et al. 2022)

3 Forest The watershed is covered with dense trees including both plantation and natural trees, with an area that exceeds 0.5 ha 
(Sisay et al. 2021)

4 Shrubland Sparsely spread scrubland trees and grasses interspersed with bushes cover the area (Degife et al. 2019; Aneseyee et al. 
2020)

5 Bareland Areas with limited trees and a rocky landscape along the floodplains of local river valleys, on steep hillsides, and moder-
ate slopes (Ogato et al. 2021)

https://earthexplorer.usgs.gov/


Page 5 of 21Gitima et al. Ecological Processes           (2023) 12:24 	

sampling technique was employed to acquire an adequate 
number of training points, with a minimum sample size 
of 20 to 100 for each category of land use (Chen and Stow 
2002). Reference points were used to perform accuracy 
assessments. Accordingly, basic field data from 294 cur-
rent ground control truth sites in the study area were col-
lected using GPS to determine the actual LULC classes. 
In addition, secondary data from the Ethiopian Geospa-
tial Information Agency (EGIA) were obtained, such as a 
topographic map (scale 1:50,000) of the study area, to dis-
cern the geo-referencing operation for LULC class verifi-
cations and training sites, as well as to verify the quality of 
1985 satellite images. Secondary data, including the Shut-
tle Radar Topography Mission-Digital Elevation Model, 
or SRTM-DEM (30 m resolution), was obtained in com-
pressed files from the USGS official website (https://​earth​
explo​rer.​usgs.​gov/) to delineate the watershed and calcu-
late slope and length factors. Furthermore, we obtained 
soil data from the Ethiopian MoWR (Ministry of Water 
Resources), such as a digital soil map (1:250,000 scale) 
premised on the FAO-UNESCO-ISRIC classification sys-
tem for soils of the watershed, that was used to produce a 
K-factor map of the study area. Rainfall data in the form 
of stations and grid rainfall were acquired from Ethiopia’s 
National Meteorological Agency (NMA) to compute the 
erosivity or R-factor of the study location.

Data analysis
Land cover analysis
The pre-processing approach in this work included 
geometric rectification, bad line spotting, image filter-
ing, radiative calibration, and topographic adjustment 
(Tewabe and Fentahun 2020). To reduce sensor distor-
tion, haze, remedial data loss, and missing lines caused 
by the solar situation and satellite calibration was per-
formed (Aneseyee et  al. 2020; Gitima et  al. 2022). As a 
result, every Landsat image from the watershed was pro-
jected to the World Geodetic System (WGS_84_UTM 
Zone_37N) and geometrically adjusted with ground con-
trol points. Before enhancing image quality, atmospheric 
adjustments such as haze removal were undertaken. Fur-
thermore, raw DN (digital number) measurements were 
translated into reflectance values for radiometric cor-
rection. Using the Earth Resource Data Analysis System 
(ERDAS) IMAGINE 2014 software, all-time series satel-
lite pictures were removed or subset to encompass only 
the watershed territory. Thus, the maximum likelihood 
classifier for supervised classification was used in the pre-
sent study, which assigned each pixel to the class with the 
highest probability (Sisay et al. 2021; Gitima et al. 2022).

An accuracy assessment was carried out based on the 
percentage of user and producer accuracy of the clas-
sified LULC classes by using the error matrix to verify 

classified output maps for the referenced years. To ana-
lyze producer accuracy and overall accuracy as part of 
the entire accuracy assessment, the Kappa coefficient was 
employed (Sisay et al. 2021). Hence, the Kappa coefficient 
was calculated as follows (Eq. 1):

where Khat refers to the Kappa coefficient, N refers to 
the total number of values, N

∑r
i=1Xii refers to observed 

accuracy and r

i=1(Xi+ × X
+i) refers to chance accuracy.

Change detection was employed to identify the magni-
tude of alterations that take place over time and to clas-
sify changes in distinct LULC classes as then suitable 
judgments may be taken (Belete et al. 2020; Berihun et al. 
2019; Gitima et al. 2022). As a result, the study area per-
formed LULC change detection analysis during three dis-
tinct periods (1985–2000, 2000–2021, and 1985–2021). 
Minta et al. (2018) calculated the proportions of changes 
across time scales with percent and rate changes of differ-
ent LULC classes using the following Eq. (2) and Eq. (3):

where R∆ (%) represents the change of one type of LULC 
in percentage between the initial period (X1) and the subse-
quent period (X2) of a LULC class in hectares and Y denotes 
the time interval between X1 and X2 in a study year.

Soil loss estimation
The RUSLE is a universal model to estimate the rill and 
interrill soil erosion (Yesuph and Dagnew 2019; Kuli-
mushi et al. 2021a, b), and to prioritize soil erosion risk 
areas  (Tessema et  al. 2020). According to Renard et  al. 
(1997), the RUSLE model quantifies soil loss by compris-
ing erosivity, soil erodibility, topographic factors, cover 
management, and conservation practices into considera-
tion (Fig. 2; Eq. 4). Therefore, in this study, we used the 
RUSLE model to quantify soil loss adapted to Ethiopian 
situations by Hurni (1985). The RUSLE soil loss computa-
tion model Eq. (4) is given below:

where A = soil loss (t ha−1  year−1), R = rainfall erosivity 
factor (MJ mm ha−1 h−1 year−1), K = soil erodibility factor 
(t ha−1  MJ−1  mm−1), LS = slope-length and slope steep-
ness factor (dimensionless), C = land management factor 

(1)Khat =
N
∑

r

i=1Xii −

∑

r

i=1(Xi+ × X
+i)

N 2
−

∑

r

i=1(Xi+ × X
+i)

,

(2)R�(%) =

(

X2 − X

X1

)

× 100,

(3)Rate of change (ha /year) =

(

X − X1

Y

)

,

(4)A = R× K × LS× C × P,

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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(dimensionless, ranges from zero to one), and P = is the 
erosion support practice or conservation factor (dimen-
sionless, ranges from zero to one). Each RUSLE factor 
raster layer was resampled to a grid of 30 ×  30  m cell 
size resolution using a consistent coordinate system to 
estimate and map the temporal and spatial distribution 
of soil loss in the watershed. The layers were then mul-
tiplied pixel by pixel using Eq.  (4) in the spatial analyst 
tools in the ArcGIS 10.8 environment (map algebra, ras-
ter calculator).

Rainfall erosivity (R) factor  Rainfall erosivity is a mul-
tifaceted process in which the amount, intensity, energy, 
duration, pattern, and size of raindrops of rainfall and 
associated runoff exert influence on soil erosion (Farhan 
et al. 2013; Belayneh et al. 2019; Kulimushi et al. 2021a, b). 
However, it is difficult to apply equations directly in data-
poor areas like Ethiopia. Instead, it was modified in the 
real situations of Ethiopia by Hurni (1985) to be applied 
using easily available mean annual rainfall data. The spatial 
regression equation is calculated using Eq. (5):

(5)R = −8.12+ 0.562Z,

where R is rainfall erosivity (MJ mm ha−1 year−1) and Z is 
mean yearly rainfall (mm).

Hence, to compute the R factor, rainfall data of the 
study area were obtained from the Ethiopian metro-
logical agency situated within and neighbors’ stations. 
Accordingly, the strewn set of point rainfall data was 
interpolated by using Inversed Distance Weighting 
(IDW) toolset in ArcGIS 10.8 software to generate rain-
fall erosivity (Fig. 2) because the IDW method is the main 
eminent deterministic and it has been applied to altering 
spatial and transient scales due to its forthright feature 
(Ly et al. 2013).

K‑factor or  soil erodibility  Soil erodibility is the mani-
festation of the inherent resistance of soil particles to the 
detaching and transporting power of rainfall (Wischmeier 
and Smith 1978). In this study, we applied the value of 
the K-factor based on the soil type and their associated 
colors, textures, and properties, which are indicators of 
soil vulnerability to erosion in the highlands of Ethiopia 
(Hurni 1985), and this approach was successfully used 

Fig. 2  Methodological flowchart of RUSLE model to compute soil loss and sediment yield
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by other studies (Molla and Sisheber 2017; Kidane et al. 
2019; Aneseyee et al. 2020; Bekele and Gemi 2020). FAO 
standard classifications of soil type for our study area were 
extracted based on associated textural classes and respec-
tive colors due to rapid changes of LULC are indispen-
sable (Zhang et al. 2013). For each soil type, K-value was 
dispensed and these values were transformed into a ras-
ter grid in the ArcGIS environment ensuing the standard 
technique (Table 2). A 1:250,000 scale map of the soil was 
used within the ArcGIS environment to determine K-val-
ues for each soil type.

Slope length and steepness (LS) factor  The slope length 
(L) and steepness (S) factor replicate the effect of terrain 
and topography on soil attrition (Chang et al. 2016). The 
rise in slope length and slope inclines can result in a more 
overland flow swiftness and higher corrosion of erosion 
(Yahya et al. 2013). The steepness and length of the slope 
enhance the rate of noticeably water-induced soil erosion 
(Gashaw et al. 2018), through a greater accumulation of 
runoff (Wischmeier and Smith 1978). LS-factor was cal-
culated in ArcGIS raster calculator spatial analyst tool 
using the map algebra expression in Eq. (6) proposed by 
Wischmeier and Smith (1978):

where flow accumulation is a raster-based total accumu-
lated flow in each cell weight for entire cells that flow into 
each downslope cell which is derived from DEM (30  m 
resolution) after processing fill and flow direction in Arc-
GIS, and cell size is the size grid cell derived from DEM.

Erosion management (support) practice (P‑factor)  The 
erosion control practice factor (P-factor) is the ratio of soil 
loss with a specific support practice to the consistent loss 
with upslope and downslope cultivation (Wischmeier and 
Smith 1978). During field inspections, we noticed poorly 
conceived physical land management practices, some of 

(6)
LS =

(

Flow acculumation× cell size

22.13

)0.4

×

(

Sin(Slope)

0.0896

)1.3

which had collapsed owing to poor maintenance. It is dif-
ficult to determine P-values due to a lack of long-term 
conservation measures and inconsistencies in the appli-
cation of conservation practices in complex rugged ter-
rain in the watershed. Due to these reasons, we applied 
an alternative estimating process using the combination 
of LULC types and slope classes to compute P-factor 
output maps. Therefore, we adapted the corresponding 
P-values in each LULC and slope class as suggested by 
previous studies in Ethiopia (Wischmeier and Smith 1978; 
Hurni 1985; Gelagay and Minale 2016; Kidane et al. 2019; 
Yesuph and Dagnew 2019; Tessema et al. 2020) and that 
comprises two categories of land uses including farmland 
with corresponding slope inclinations and other land use 
classes (Table 3).

Land cover and  management (C‑factor)  The C-factor 
indicates the proportion of soil loss from the land of a 
particular vegetation cover to the consistent soil loss from 
ceaseless fallow land (Wischmeier and Smith 1978). To 
determine the C-factor output maps, the three periods of 
LULC maps in raster form were converted to a polygon 
and consistent C-values were assigned to each LULC type 
preserved cover values (Table 4) as used in various parts 
of the country (Hurni 1985; Amsalu and Mengaw 2014; 
Gelagy and Minale 2016). Finally, using the spatial analyst 
tool in the ArcGIS environment, LULC vector maps were 
converted to C-factor maps in a raster format to adjust 
final RUSLE calculations.

Table 2  Identified soil types, colors, and erodibility values based on FAO standards of Zoa watershed

Soil types Textural classes Soil color K-factor Area in ha

Dystric nitisols Clay loam Red 0.25 38,589.23

Orthic acrisols Loamy sand Yellow 0.33 13,846.4

Eutric cambisols Sandy loam Very dark gray 0.35 5078.38

Dystric fluvisols Coarse sand to clay Yellow 0.30 1360.7

Dystric gleysols Sandy clay loam to clay Brown 0.31 1027.08

Table 3  Conservation practices value (P-value) of Zoa watershed

Land use Slope category (%) P factors

Cultivated land 0–5 0.10

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
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Sediment yield valuation
It is imperative to compute sediment yields from a 
catchment to reduce the deposition rate at the water-
shed outlet. The RUSLE model does not compute the 
amount of sediment yield from a catchment outlet. 
Sediment yield is premeditated from annual soil loss by 
multiplying it with the sediment delivery ratio as pro-
posed by Dinka (2020). According to Bekele and Gemi 
(2020), the sediment delivery ratio (SDR) depicts the 
relationship between sediment yield at a certain stream 
cross-section and entire erosion from the watershed 
upstream of the measuring station. According to Bekele 
and Gemi (2020), the sediment yield at the watershed 
outlet was computed using the empirical formula as 
Eq. (7):

where SDR refers to the sediment delivery ratio and 
A refers to an area of the watershed. The value of SDR 
for an area is found to be affected by catchment physi-
ography, sediment sources, transport system, the tex-
ture of eroded material, land cover, etc. (Dinka 2020). 
The SDR is the ratio of sediment transported to the out-
let  through  the  watershed,  including  both channel  and 
overland sediment (Bekele and Gemi 2020). Therefore, 

(7)SDR = A−0.2,

according to them, the sediment yield was commonly 
computed by the following empirical formula (Eq. 8):

where Sy = sediment yield (ton) at the watershed outlet; 
E = total erosion (t); and A = area of the watershed in ha.

Validation approaches of the RUSLE model
An integrated RUSLE, GIS, and remote sensing method 
were found valuable tools for quantifying soil erosion, 
variability, and sub-watershed prioritization, particularly 
in data-poor countries like Ethiopia (Belayneh et al. 2019). 
Google Earth data sets and regular field observations 
(ground control sites) were used to validate the RUSLE 
parameters such as C and P-factors. Due to the lack of 
previous case studies in our study area, we compared our 
quantified soil losses to similar studies conducted in vari-
ous parts of the Ethiopian highlands (Amsalu and Megaw 
2014; Gemechu 2016; Haregeweyn et  al. 2017; Moges 
and Bhat 2017; Yiferu et al. 2018; Chimdessa et al. 2018; 
Gashaw et  al. 2020; Girmay et  al. 2020; Tessema et  al. 
2020; Woldemariam and Harka 2020).

(8)Sy = E ×

(

1

A0.2

)

,

Table 4  Land use types and their corresponding C-values of Zoa watershed

Land use types C-values Sources

Farmland 0.15 Hurni (1985), Adugna et al. (2015), Yesuph and Dagnew 
(2019) and Belay and Mengistu (2021)

Bareland 1 Hurni (1985) and Renard et al. (1997)

Forest 0.01 Molla and Sisheber (2017) and Yesuph and Dagnew (2019)

Grassland 0.11 Kidane et al. (2019)

Bushland 0.05 Molla and Sisheber (2017)

Table 5  The overall accuracy assessment of LULC types for 1985, 2000 and 2021 in the Zoa watershed

LULC types 1985 2000 2021

User accuracy Producer 
accuracy

User accuracy Producer 
accuracy

User accuracy Producer 
accuracy

Bareland 92.3 80.0 82.61 82.6 84.21 78.05

Farmland 87.3 91.2 93.41 94.4 93.6 96.7

Forest 91.8 90.33 92.54 93.9 91.9 87.18

Grassland 81.4 77.8 88.89 84.2 87.09 81.8

Shrubland 87.01 89.3 90.74 90.74 87.3 90

Overall accuracy 87.55 87.55 91.14 91.14 89.79 89.79

Kappa statistics 83.72 83.72 88.39 88.39 86.07 86.07
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Results
Spatiotemporal LULC dynamics in the watershed
The overall accuracies of LULC classified images were 
ascertained to be 87.55% in 1985, 91.14% in 2000, and 
89.79% in 2021 (Table 5). The overall Kappa statistics for 
output maps show that the LULC images correctly classi-
fied for 1985, 2000, and 2021 were observed to be 83.72, 
88.39, and 86.07, respectively.

Farmland and shrubland comprised the majority of the 
watershed in 1985, next by grassland (17.15%), wood-
landforest (10.19%), and bareland (1.7%). Farmland, 
shrubland, and forest area’s respective proportions in 
2000 were 51.46%, 23.98%, and 11.97%. Bareland (6.59%) 
and grassland (6%) comprised the remaining sections of 
the watershed. Farmland (71.12%), shrubland (12.6%), 
and forest (7.3%) were identified in spatial heterogene-
ity in the year 2021. During the same year, the water-
shed’s remarkable amounts were grassland (2.09%) and 
bareland (6.89%). The patterns of LULC dynamics differ 
substantially between land use types throughout three 
reference study periods. During the study periods (1985–
2021), shrubland, grassland, and forest had a diminish-
ing with rates of − 1.89%, − 2.37%, and − 0.77% year–1, 
respectively as a result of the watershed-induced spread 
of deforestation, agricultural acreage, and population 

increase (Fig. 3). However, since a significant portion of 
shrubland and grassland was turned into farmland at 
a rate of 448.85  ha (1.05%) and 250.74  ha (0.58%) each 
annum, respectively, farmland noted the rising trends 
from 29.09% in 1985 to 71.12% in 2021 (Fig. 3).

Parameterization of the RUSLE model
R‑factor, LS‑factor and K‑factor
Using Eq.  (5), the range of the rainfall erosivity (R-fac-
tor) is found to be between 730.965 and 945.689 MJ mm 
ha−1 year−1 . The eastern and western margins of the 
watershed had the highest R-factor, indicating extreme 
erosivity and having contributed to the maximum soil 
loss, while the southeastern and central portions of our 
research location had the lowest R-factor, indicating the 
lowest erosivity and soil loss of the area (Fig. 4a).

The LS factors of the Zoa watershed range from 0 in 
gentle terrain to 229.798 in very high hillslopes, as shown 
in Fig. 4b. As the slope inclinations rise, the LS values rise, 
indicating a probable increase in soil loss due to erosion. 
The K-value for certain soil classes was calculated using 
soil texture classifications and soil colors based on FAO 
standards. The K-factor of the soils in the watershed has 
five typical erodibility values that varied from 0.25 to 0.35 
depending on the color of the soil (Fig. 4c). Accordingly, 

Fig. 3  Classified LULC maps for 1985, 2000, and 2021 in the Zoa watershed
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Eutric cambisols, orthic acrisols (23.12%), and dystric 
gleysols (1.71%) have the highest valued K-factor of 0.35, 
0.33, and 0.31 in the watershed, respectively. However, 
dystric nitisols and fluvisols were observed the lower 
than further with the K-values of 0.25 and 0.30 accounted 
64.42% and 2.27%, respectively. In contrast, a higher 
K-value indicates more vulnerability to soil erosion, while 
a lower K-value designates lesser vulnerability to erosion 
(Tessema et al. 2020; Bekele and Gemi 2020).

C‑factor and P‑factor
Soil erosion is most significantly impacted by LULC 
dynamics in the watershed. The C-values for the water-
shed were increased for each of the five LULC types, as 
shown in Fig. 6, from zero to one. The C-value tends to 
be zero, denoting appropriate management practices 
and accelerating lower soil losses, whereas the C-values 
tend to be one, denoting insufficient or no management 
practices and accelerating greater soil losses (Fig. 5). The 
lower C-values were found in forest (0.01) and shrubland 
(0.05), while the larger C-values were noted in grassland 
(0.11), farmland (0.15), and bareland (1) between 1985 
and 2021, according to the pixel-based categorized maps 
of LULC classes (Fig. 5).

As shown in Fig. 6, farmland was categorized into six 
slope terrains, each of which was assigned a P-value, but 
all other land use classifications had only one P-value due 
to the importance of the slope gradients of the farmland 
in erosion conservation strategies (Fig. 6). Therefore, the 
lower the P-values, the more effective is the practices of 
protecting soil erosion. For instance, forest areas had a 
lower human interface than farmland, due to this they 
had the lowest P-values as compared with all land use 
types. In contrast, farmland with the steepest slope ter-
rains had the highest P-value, whereas farmland with the 
gentlest slopes in the watershed had the lowest P-value 
(Fig. 6). This is because cultivation in marginal areas has 
increased to high gradients. As a result, a tolerance level 
of zero indicates a high level of support for behaviors that 
contribute to human-induced soil loss, whereas a toler-
ance level of 1 indicates a low level of support for those 
practices.

Spatiotemporal soil loss rate in Zoa watershed
Due to the watershed’s rugged topography and LULC 
alterations, the average yearly soil loss rate varies in both 
space and time. The analysis indicates that the water-
shed’s annual soil loss varied from 0 on flat surfaces to 
113.21 t ha−1 year−1 on extremely steep terrain, 0 to 

Fig. 4  Map of Zoa watershed showing R-factor (a), LS-factor (b), and K-factor (c)
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163.16 t ha−1 year−1 and 0 to 194.58 t ha−1 year−1 with 
an average yearly soil loss of 21.07 t ha−1 year−1 in 1985, 
29.35 t ha−1 year−1 in 2000, and 40.93 t ha−1 year−1 in 

2021. The gross soil losses of the watershed were found to 
be 1.26 million ton year−1 in 1985, 1.75 million ton year−1 
in 2000 and 2.45 million ton year−1 in 2021.

Fig. 5  Spatial distributions of the C-factor map between1985 and 2021 of Zoa watershed

Fig. 6  Spatial distributions of the P-factor map between 1985 and 2021 of Zoa watershed
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The average soil loss ratings, which ranged from less 
than 5 t ha−1 year−1 to more than 50 t ha−1 year−1 , were 
adopted by Haregeweyn et  al. (2017), Zerihun et  al. 
(2018), and Gashaw et al. (2020). The soil loss rates were 
divided into five categories premised on their sever-
ity levels: 0–5 t ha−1 year−1 , 5–11 t ha−1 year−1 , 11–30 
t ha−1 year−1 , 30–50 t ha−1 year−1 , and > 50 t ha−1 year−1 , 
which pertained to the severity levels of very slight, slight, 
moderate, severe, and very severe (Fig. 7).

As a result, the Zoa watershed’s spatial soil loss rates var-
ied greatly and were ascribed to various changes in topog-
raphy, soil types, and land use. Figure 7 illustrates how the 
watershed’s northwest and eastern portions had above-
acceptable soil loss, which was considerably expanded into 
the study site’s middle and southern regions.

The spatiotemporal distributions and patterns of 
soil loss in the watershed varied from 1985 to 2021, 
as shown in Table 5. According to the findings on soil 
severity, the dominant 39,547.91  ha (66.02%) areas 
of the watershed in 1985 produced a soil loss rate of 
0–5 t ha−1 year−1 . The watershed experienced mod-
erate soil loss and severe soil loss, which accounted 
for 10,394.15  ha (17.35%) and 7385.82  ha (12.33%) of 
the watershed area, respectively. The watershed also 
encountered very severe soil loss, which comprised 

1336.93  ha (2.23%) and 1236.99  ha (2.07%). In 2000, 
proportions of the watershed generated a soil loss 
rate of very slight (0–5 t ha−1 year−1 ), slight (5–11 
t ha−1 year−1 ), moderate (11–30 t ha−1 year−1 ), 
severe (30–50 t ha−1 year−1 ) and very severe (> 50 
t ha−1 year−1 ) comprised 38,710.10  ha (64.62%), 
9382.03  ha (15.66%), 6798.10  ha (11.35%), 1822.94  ha 
(3.04%), and 3188.63  ha (5.32%), respectively. In 
2021, the watershed produced moderate soil loss, 
severe soil loss and very severe soil loss were consid-
ered 14,259.50  ha (23.80%), 3553.40  ha (5.93%), and 
6194.08 ha (10.34%), respectively. An analysis of pixel-
based soil loss risk maps revealed that between the 
years 1985 and 2021, around –40.77% of the watershed 
was characterized by a soil loss rate of 0–5 t ha−1 year−1 
(Table 6). Moreover, the watershed experienced soil loss 
in the range of 5–11 t ha−1 year−1 , 11–30 t ha−1 year−1 , 
30–50 t ha−1 year−1 , and > 50 t ha−1 year−1 were the soil 
loss rates of 19.98%, 93.07%, 165.79%, and 400.74%, 
respectively, between 1985 and 2021. These show that 
during the studied periods, the quantity of mean annual 
soil loss increased. Farmland expands to steep slopes, 
improperly designed physical conservation methods, 
overgrazing, and shrinking forest resources all contrib-
uted to the rising trends in soil loss.

Fig. 7  Spatiotemporal annual soil loss risk map in 1985, 2000 and 2021 in the Zoa watershed
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Impacts of spatiotemporal LULC dynamics on soil loss
In the watershed, soil loss from erosion hazards var-
ied widely in spatiotemporal LULC dynamics (Table  7). 
Due to the maximum severity of soil erosion rates from 
unprotected surfaces, the highest soil losses among 
LULC classes were quantified from bareland (31.73 
t ha−1 year−1 ) and farmland (27.08 t ha−1 year−1 ) in 
1985, which later increased to 35.52 t ha−1 year−1 and 
59.91 t ha−1 year−1 , respectively, in 2021. Addition-
ally, there was excessively high soil loss in grassland and 
shrubland, with losses of 20.48 t ha−1 year−1 and 16.22 
t ha−1 year−1 , respectively, that later fluctuated to 19.19 
t ha−1 year−1 and 24.0 t ha−1 year−1 in 2021 (Table  7). 
Due to the increase in livestock populations and agricul-
tural expansion in the research area, these situations may 
be a result of the diminishing tendencies of grassland and 
shrubland areas.

Soil loss variation across agroecologies and slope gradients
We also extracted and identified three agroecologi-
cal settings’ mean soil loss range from the entire soil 
erosion hazard maps to detect rigorous soil loss risk 
areas and propose better land management planning. 
The result specified that the lowland (Kolla) agroecol-
ogy ascertained the prevalent mean soil loss, which 

was anticipated to be 24.05 t ha−1 year−1 in 1985, 39.74 
t ha−1 year−1 in 2000, and 57.55 t ha−1 year−1 in 2021 
(Fig. 8a). This may be because lowland areas are primar-
ily covered by bareland land use class, which increases 
the risk of soil erosion. The quantified mean annual 
soil loss of 16.16 t ha−1 year−1 , 27.42 t ha−1 year−1 , and 
38.81 t ha−1 year−1 was generated from the midland 
(Woinadega) in the years 1985, 2000, and 2021, respec-
tively. In contrast, the mean yearly soil loss of 10.09 
t ha−1 year−1 in 1985, 22.21 t ha−1 year−1 in 2000, and 
21.82 t ha−1 year−1 in 2021 produced from the highland 
(Dega) agroecology which is the lowest soil loss range, 
because the highland area in the study’s setting is pri-
marily covered by forests.

The soil loss hazard output maps were extracted from 
the entire watershed in each study period conferring to 
the slope gradients, because slope gradients are the fore-
most factors to accelerate soil erosion in the study site 
due to rugged topography. The outcome showed that the 
risk of soil loss is rising with slope gradients. As shown 
in Fig. 8b, the lowest mean soil loss (8.16 t ha−1 year−1 ) 
was generated from flat (0–5) surfaces in 1985, which 
later rose to 30.47 t ha−1 year−1 in 2021. In contrast, the 
highest and most excruciating soil loss was engendered 
from steep (35.55–60.78 t ha−1 year−1 ) and very steep 

Table 6  Spatiotemporal area, trends and quantified each soil loss rate in the Zoa watershed during 1985–2021

Mean soil 
loss rate (t 
ha−1 year−1)

1985 2000 2021 1985–2000 2000–2021 1985–2021

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

0–5 39,547.91 66.02 38,710.10 64.62 23,424.19 39.10 − 837.81 − 2.12 − 15,285.91 − 39.49 − 16,123.72 − 40.77

5–11 10,394.15 17.35 9382.03 15.66 12,470.63 20.82 − 1012.11 − 9.74 3088.60 32.92 2076.48 19.98

11–30 7385.82 12.33 6798.10 11.35 14,259.50 23.80 − 587.72 − 7.96 7461.40 109.76 6873.68 93.07

30–50 1336.93 2.23 1822.94 3.04 3553.40 5.93 486.01 36.35 1730.46 94.93 2216.47 165.79

 > 50 1236.99 2.07 3188.63 5.32 6194.08 10.34 1951.63 157.77 3005.45 94.26 4957.09 400.74

Total 59,901.8 100 59,901.8 100 59,901.8 100 − − − − − −

Table 7  Spatiotemporal area of each land use type and their respective quantified mean yearly soil losses ( t ha−1 year−1 ) in 1985, 2000 
and 2021 of Zoa watershed

LULC types 1985 2000 2021

Area (ha) % Mean soil loss Area (ha) % Mean soil loss Area (ha) % Mean soil loss

Bareland 1017.10 1.70 31.73 3951.27 6.59 39.04 4128.69 6.89 35.52

Farmland 17,425.70 29.09 27.08 30,823.99 51.46 53.58 42,604.20 71.12 59.91

Forest 6104.03 10.19 4.50 7168.34 11.97 8.08 4372.21 7.30 6.61

Grassland 10,273.16 17.15 20.48 3593.93 6.00 17.15 1251.38 2.09 19.19

Shrubland 25,081.80 41.87 16.22 14,364.26 23.98 19.06 7545.32 12.60 24.00
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Fig. 8  Mean yearly soil losses under three agroecologies (a), and slope gradients (b) of three study periods (1985, 2000 and 2021) in all land use 
types of Zoa watershed. Flat = 0–5°; sloping = 5–10°; strongly sloping = 10–15°; moderately sloping = 15–30°; steep = 30–60°; very steep ≥ 60°

Fig. 9  Soil loss severity map at the sub-watershed level of 2021 in Zoa watershed
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(52.48–72.69 t ha−1 year−1 ) slope gradients between 
the study period of 1985–2021. These suggest applying 
appropriate land management practices in the study site.

Soil loss severity analysis at the sub‑watershed level
To execute the current and future effective conserva-
tion planning from the entire watershed, it is crucial to 
identify observed soil loss rate and fragility at the sub-
watershed level. We used soil erosion risk maps for the 
year 2021 to identify severity groups for optimum land 
management practices. Among the 15 reflexive delin-
eated sub-watersheds, the mean soil loss produced 
and categorized as very severe (> 50 t ha−1 year−1 ) 
was observed in SW-1 (84,886.18  ha, 4.31%), SW-2 
(407,776.26  ha, 20.71%), SW-4 (93,766.59, 4.76%), 
SW-7 (153,571.69 ha, 7.8%) and SW-12 (618,749.04 ha, 
31.42%) from the entire watershed (Fig. 9). This exces-
sive soil loss may be related to the type of bareland, 
incompatible land management practices, and enor-
mously high slope terrains. These sub-watersheds were 
consequently given a high priority to signify proper 
conservation planning. The conservation strategy, 
which includes area closure, building soil bunds, and 
planting trees and stone bunds, may reduce soil ero-
sion hazards. The mean soil loss generated and clas-
sified as severe (30–50 t ha−1 year−1 ) was observed in 
SW-5 (70,118.31 ha, 3.56%) and SW-11 (216,295.56 ha, 
11.0%), while the mean soil loss risk rate under mod-
erate (11–30 t ha−1 year−1 ) was observed in SW-6 
(46,098.18  ha, 2.34%), SW-8 (84,689.95, 4.30%), SW-9 
(43,654.39  ha, 2.22%), SW-10 (42,341.96  ha, 2.15%) 
and SW-15 (32,998.89  ha, 1.68%). Henceforth, these 
sub-watersheds are required as the second and third 

priority for soil erosion conservation strategies, 
respectively. Mechanical conservations such as check 
dams and terraces with appropriate designs could be 
recommended to reduce soil loss risks. The three sub-
watersheds fell under a yearly soil loss range of slight 
(5–11 t ha−1 year−1 ) including SW-13 (9558.41  ha, 
0.49%) SW-3 (36,935.83  ha, 1.88%), and SW-14 
(27,562.31  ha, 1.40%) due to the minimum percent of 
forests (Fig. 9).

Sediment yields
We computed the sediment delivery at the watershed 
outlet using Eq. (8) throughout three research periods to 
assess the relationship between the gross soil loss from 
a watershed and the sediment delivery ratio. The pixel-
based study revealed that in 1985, the watershed outlet 
produced sediment yields of 139,835.18 t year–1 from 
soil losses of 1,262,130.93 t year–1 (Fig.  10). In 2000 
and 2021, the gross soil loss of 1,758,117.83 t year−1 
and 2,451,780.67 t year−1 generated sediment yields for 
194,787.01 t year−1 and 271,639.95 t year−1 at the water-
shed outlet in 2000 and 2021, respectively. The sediment 
yield tendencies at a watershed outlet grew at the maxi-
mum rate, from 39.3% in 1985 to 94.26% in 2021.

Discussion
Historical LULC change
From 1985 to 2021, the spatial and temporal magnitude 
of various LULC changes is illustrated (Fig.  3). Consid-
erable LULC conversions have been observed at these 
times, with a notable LULC conversion index. Due to 
the increase in livestock, the spatial coverage of grass-
land exhibited a falling tendency over time of − 87.8% or 
−  2.37% year−1. Similarly, forest area (−  28.4%, −  0.77% 

Fig. 10  Gross sediment yields of Zoa watershed in 1985, 2000 and 2021
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year−1) and shrubland (− 69.9%, − 1.89% year−1) showed 
a decreasing trend, which is related to a rise in defor-
estation, farmland, and population growth between 
1985 and 2021. These alterations were brought about by 
the continuous conversion of a substantial tract of for-
est (1112.20 ha) and shrubland (16,607.43 ha) into farm-
land. Previous research highlighted the dwindling trends 
of grassland, shrubland, and forest in various Ethiopian 
areas: Agidew and Singh (2017) in Teleyayen sub‑water-
shed; Belay and Mengistu (2019) in the Upper Blue Nile 
basin; Betru et  al. (2019) in the Assosa zone; Dibaba 
et  al. (2020) in Finchaa Catchment; Ogato et  al. (2021) 
in Huluka watershed and Tolessa et al. (2020) in Didessa 
sub-basin.

The maximum percentage of bareland increased due 
to the extension of overgrazing in the watershed’s out-
let area by 288.5%, or 7.8% per year, from 1985 to 2000 
and 305.9%, or 8.27% per year, from 2000 to 2021. 
From the northwest to the south portion, it was some-
what extended. Although rain-fed agriculture is the pri-
mary source of subsistence, farmland also demonstrated 
expanding tendencies, rising by 76.89% between 1985 
and 2000 and 144.5% or 3.9% year–1 between 2000 and 
2021 (Fig. 3). According to Potapov et al. (2022), the con-
tinent of Africa has observed  the greatest net increase 
of agriculture worldwide, followed by Asia and South 
America. This expansion is reminiscent of sub-Saharan 
Africa in general (Bullock et  al. 2021) and East Africa 
in particular since rising food demand is driving more 
agricultural output (Kulimushi et  al. 2021a). Moreover, 
recent LULC change studies in various areas of the coun-
try have shown that cropland is expanding at the expense 
of shrubland and forestland (Gashaw et  al. 2018; Minta 
et  al.2018; Belay and Mengistu 2019; Betru et  al. 2019; 
Degife et al. 2019; Gessesse et al. 2019; Hailu et al. 2020; 
Ogato et al. 2021; Sisay et al. 2021).

Impact of LULC change on soil erosion and sediment yields
The RUSLE factors’ findings demonstrated the water-
shed’s significant erosional potential by revealing the 
effect of different erosion factors. Soil erosivity is hence 
determined by five different factors. The determination 
of each RUSLE factor on soil loss was interdependent. 
The range of the rainfall erosivity (R-factor) is found to 
be between 730.965 and 945.689 MJ mm ha−1 year−1 in 
our study area. The results showed that the eastern and 
western margins of the Zoa watershed had the highest 
R-factor, reflecting the greatest erosivity. Consistently, 
the spatial variations of the R-factor are not perfectly 
associated with rainfall erosivity in tropical regions (Kuli-
mushi et al. 2021a; b). In comparison, the R-values of the 

Zoa watershed are notably lower than the average value 
of global erosivity (2000  MJ  mm  ha−1  year−1) (Borrelli 
et al. 2017). Comparable findings have been reported in 
the Ethiopian highlands for the observed R-value range 
in the Zoa watershed (Amsalu and Mengaw 2014; Gelagy 
and Minale 2016; Haregeweyn et al. 2017). Kidane et al. 
(2019), Tessema et  al. (2020), and Belay and Mengistu 
(2021) noticed that soil erosion is influenced by rainfall 
because erosivity determines soil loss.

The important determining element for the increase in 
soil erosion severity is the LS factor. Our study revealed 
that the LS factor varied from 0 to 229.798. This is due 
to the upsurge in kinetic energy of movements produced 
by slope disposition rises (Nehaï and Guettouche 2020). 
These findings agreed with previous studies in the coun-
try (Amsalu and Mengaw 2014; Tadesse et al. 2017; Yiferu 
et al. 2018; Bekele et al. 2019; Gashaw et al. 2019; Yesuph 
and Dagnew 2019; Tessema et al. 2020; Bekele and Gemi 
2020). Moreover, Renard et  al. (1997) argued that the 
slope gradients determine the velocity of flow, while the 
slope length designates the detachment from where the 
derivation of the soil erosion to the sediments. The eutric 
cambisol type was found to have the greatest erodibility 
value out of the five different soil types. Previous studies 
reported similar results (Tessema et al. 2020; Bekele and 
Gemi 2020). Kulimushi et al. (2021a, b) found that cam-
bisols are highly susceptible to soil erosion in tropical and 
subtropical regions, which are fragile, have low drainage 
capacities, and are subject to erosion.

The variation in soil erosion was consequently attrib-
uted to the C-factor, which varied as the LULC changed 
in space and time. While the other RUSLE variables 
remained constant, the variations of the temporal C-fac-
tor were noticed owing to LULC dynamics (Kulimushi 
et  al. 2021a; b). Consequently, the mean yearly soil loss 
in the Zoa watershed increased from 21.07 t ha−1 year−1 
in 1985 to 40.93 t ha−1 year−1 in 2021. The soil loss inten-
sified as a result of the enormous amount of shrubland 
and forest that was turned into farmland throughout 
time. These findings were comparable to the range of 
global yearly soil losses (30 to 40 t ha−1 year−1 ) valuation 
(Pimental et al. 1995). It is analogous to that of soil loss 
from steep gradient areas of farmland for hilly watersheds 
in Poland of Europe (Kijowska-Strugała et  al. 2018) and 
north Morocco of Africa (Amellah and Morabiti 2021). 
In comparison, soil losses in European countries such 
as Austria and Italy were four times lower than at our 
research location (Fenta et  al. 2020). In other places of 
the world, however, scholars calculated far higher severe 
soil loss rates than those observed in this study. Similarly, 
the maximum soil losses were registered in many parts 
of Africa as compared with our study watershed. For 
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example, the results reported the average soil losses for 
an entire part of Rwanda, 250 t ha−1 year−1 (Karamage 
et  al. 2016); Jijel Wilaya of Algeria, 286.4 t ha−1 year−1 
(Nehaï and Guettouche 2020); South-Kivu province of 
Democratic Republic of Congo, 138.2 t ha−1 year−1 (Kuli-
mushi et al. 2021a; b) and Maradi Region of South-Cen-
tral Niger, 472.4 t ha−1 year−1 (Almouctar et al. 2021).

Previous studies found the increasing trends of soil 
loss due to LULC dynamics in various parts of the coun-
try (Moges and Bhat 2017; Gashaw et al. 2019; Chimdess 
et al. 2018). In Ethiopia, the generated average soil losses 
of Zoa watershed (20–41 t ha−1 year−1 ) were analogous 
to 30.6 t ha−1 year−1 in the Jabi Tehinan district (Amsalu 
and Mengaw 2014), 31.7 t ha−1 year−1 in Tiro Afeta 
and Dedo districts (Gemechu 2016), 27.5 t ha−1 year−1 
in Upper Blue Nile basin (Haregeweyn et  al. 2017), 25 
t ha−1 year−1 in the Agewmariayam catchment (Girmay 
et  al. 2020), and 31 t ha−1 year−1 in Welmel catchment 
(Tessema et  al. 2020). On the other hand, the quanti-
fied soil loss of Zoa watershed was larger than the maxi-
mum tolerable soil loss range (2–18 t ha−1 year−1 ) of 
the diverse agroecological belts and (10 t ha−1 year−1 ) 
the northern Ethiopian highlands (Yesuph and Dagnew 
2019). On the contrary, some scholars quantified rela-
tively lower soil losses in their studies (Gizachew 2015; 
Bekele et al. 2019; Bekele and Gemi 2020) and some stud-
ies reported higher soil losses (Gelagy and Minale 2016; 
Belayneh et  al. 2019; Girma and Gebre 2020; Mengie 
et al. 2022). Therefore, the disparity in the estimated soil 
losses registered was because of the LULC dynamics con-
sidered for each study in Ethiopia (Kidane et al. 2019).

The primary factors affecting soil erosion and its sever-
ity within the watershed were each LULC dynamics in 
space and time. Consequently, in 1985, farmland com-
prised 29.09% of the watershed, and it produced 27.08 
t ha−1 year−1 . Later, due to socioeconomic factors, the 
area of farmland increased to 71.12%, and it generated 
59.91 t ha−1 year−1 . Correspondingly, soil loss was higher 
in farmland and lower in forest areas in the country 
and elsewhere (Haregeweyn et  al. 2017; Belayneh et  al. 
2019; Kidane et al. 2019; Gashaw et al. 2019; Kulimushi 
et al. 2021a). In addition, the study conducted by  Ane-
seyee et al. (2020) confirmed that soil erosion increased 
due to the increasing trend of cultivation in space and 
time. Likewise, about 1.7% of bareland contributed 
31.73 t ha−1 year−1 in 1985 and its area was expanded 
to 6.89% and bred soil loss in bareland was about 35.52 
t ha−1 year−1 due to the decreasing rate (− 0.77% year−1) 
of forests in the watershed. In comparison to this study, 
Haregeweyn et  al. (2017) estimated soil loss from bare 

areas was twice as high. Farmland and bare land are 
therefore designated as having a high susceptibility to 
soil erosion and are given priority for effective conserva-
tion planning. Our findings also showed that at a water-
shed outlet, sediment yields rose at the fastest rate, from 
39.3% in 1985 to 94.26% in 2021 due to LULC dynam-
ics (Fig.  10). The escalation of temporal sediment yield 
in the study area from 1985 to 2021 is mainly due to the 
expansion of farmland and bareland and dwindling of 
shrubland, grassland and forest area. This situation is 
impending in the bottom watershed and reservoirs (Gibe 
III and Gibe IV dams) if not suitable land management 
is executed in the watershed. Likewise, Haregeweyn et al. 
(2017) revealed that the life of the GERD dam itself will 
be endangered by the extreme sedimentation proportion 
unless appropriate land use planning and SWC practices 
are applied in the upstream basin to reduce the future 
impacts of soil erosion and sediment yields.

Soil loss variation across agroecologies and slope 
gradients
The variations in the soil loss rate are attributed to the 
varying type of agroecologies and terrain factors in the dif-
ferent parts of Ethiopia and thus one cannot expect agree-
ment while the biophysical and socioeconomic issues in 
various areas are not the same (Girmay et al. 2020). Due to 
diverse land use variations in the Zoa watershed, we found 
that the lowland (Kolla) agroecology had the highest mean 
soil loss likely attributable to the large bareland coverage 
with diverse LS-factor which require priority management, 
followed by the midland, and the highland (Fig.  8a). The 
poor surface cover could result for overgrazing and for-
est degradation (Berihun et al. 2019; Fenta et al. 2021). On 
the contrary, Haregeweyn et al. (2017) observed the maxi-
mum soil loss from four Dega classes or highlands, which 
contributed 76.6% of the overall soil loss of the area. The 
synergy of topographic nature in various land use types 
determines the soil loss and its severity in space and time. 
The temporal soil loss hazard was increasing with slope 
gradients in our study area (Fig.  8b). This is triggered by 
LULC change in relentless topographic features. The quan-
tified spatial soil loss from the northwestern (high bare-
land proportion), southeastern, and northwestern (large 
farmland share) parts of the watershed was higher than 
southern and east-northern margins. Identified erosion 
susceptible area requires reducing marginal area cultiva-
tion toward steep slopes. Correspondingly, previous stud-
ies confirmed similar results that soil loss was rising with 
slope gradients (Amsalu and Mengaw 2014; Haregeweyn 
et  al. 2017; Belayneh et  al. 2019) Moreover, Yesuph and 
Dagnew (2019) reported in the Beshillo catchment of the 
Blue Nile Basin with slope categories > 60% generates soil 
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loss ranging from 91 to 935 t ha−1 year−1 . Likewise, Har-
egeweyn et al. (2017) found comparable results, i.e., 77.3% 
of the watershed generated moderate to very severe ero-
sion from steep slopes.

Conclusion
Quantifying soil loss and its magnitude are contingent 
on the different land use susceptibility of the soils to ero-
sion, microclimate, general terrain features, and varia-
tions in agroecological settings. Therefore, we quantified 
the impacts of spatiotemporal LULC changes on soil loss 
across agroecologies and slope categories using a syn-
ergy of geospatial technologies and the RUSLE model in 
Zoa watershed,  southwest Ethiopia. The unmanageable 
changes in land use may impact soil loss, on-site crop 
productivity, and off-site sediment yields. The extent of 
spatial and temporal mean annual soil loss varied in the 
watershed due to the existence of LULC changes. In com-
parison, soil loss generated from farmland was consid-
ered a highly prone area to soil erosion. The spatial soil 
loss rates of the watershed were wide-ranging and attrib-
uted to different land use changes, soil types, and topo-
graphic factors. Consequently, the northwest and eastern 
parts of the watershed lost soil above intolerable levels 
and it was somewhat extended toward the central and 
south parts of the watershed. The temporal soil losses 
were increased during the study periods. The anticipated 
upsurge in soil loss will reduce land productivity and will 
negatively affect the livelihood of the host community 
in the future. In contrast, temporal soil loss experienced 
from the farmland land use class was the highest, due to 
an extensive area of grassland and shrubland being trans-
formed into farmland with a conversion rate of 250.74 ha 
(0.58%) and 448.85 ha (1.05%) per annum, respectively.

Among agroecologies, the highest soil loss was quan-
tified from lowland agroecology. This is might be attrib-
uted to lowland area being mainly covered by the land 
use type of bareland which accelerate soil erosion haz-
ards. The result revealed that soil loss hazard is increas-
ing with slope gradients. Among the reflexive delineated 
sub-watersheds, the spatiotemporal mean soil loss fell 
as very severe (> 50 t ha−1 year−1 ) was observed in five 
sub-watersheds, which accounted for 69% of the area 
and are required as a high priority for land use and con-
servation planning. At the watershed outlet, where sedi-
ment yield tendencies exceeded at the fastest rate from 
39.3% in 1985 to 94.26% in 2021, the rise was the highest. 
The Gibe III and IV reservoirs, in particular, are at risk 
of being lost because of the eutrophication and excessive 
sedimentation brought on by these sediment yields.

RUSLE fails to take the effects of gully erosion and 
dispersive soils into consideration (Yesuph and Dagnew 
2019). Hence, for a more inclusive record of the erosion 

hotspot area, identification and measurement of gullies 
in the watershed should be carried out to improve the 
accuracy of soil loss determination for better conserva-
tion planning and implementation in the future. Moreo-
ver, further assessment of the soil conservation fitness, 
deforestation rates on soil loss, and sediment yields 
should be carried out to halt soil loss and ensure proper 
soil management practices.

Therefore, this study suggests that an intensive effort 
toward increasing forest cover should be executed to 
reduce the expected upsurge of soil loss and sediment yield 
in the watershed. Moreover, suitable design of soil and 
water conservation measures should be implemented con-
sidering the terrain features, agroecologies, LULC types, 
and host community interests. Furthermore, integrated 
watershed management, agroforestry, soil bund, and ter-
racing should be integrated to manage erosion hotspot 
areas of very steep terrains and to reduce future soil loss 
in the watershed. Moreover, since there is no land use pol-
icy in the country, very steep slope areas are also used for 
farmland which exacerbated soil loss. Thus, we recommend 
that the concerned body should formulate and implement 
land use policy through community participation.
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