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Abstract: In the Amhara region of Ethiopia, severe soil erosion problems have been a persistent 
issue due to long-term human-related activities, intense rainfall events, and erosion-sensitive 
landscapes. The regional government initiated a campaign-based soil and water conservation 
(SWC) program in response to this pressing issue. A comprehensive soil erosion modeling study 
was conducted to evaluate the effectiveness of these interventions. The findings show the 
positive impact of implementing community-based watershed management practices for 
combating erosion in the region. Specifically, the findings revealed a decline in soil loss from 
22.67 Mg ha-1 yr-1 in 2014 to 20.75 Mg ha-1 yr-1 in 2022, indicating a reduction of 1.92 Mg ha-1 

yr-1. This decline in soil loss in the region can be directly related to the successful implementation 
of community-mobilized SWC measures that have been in place since 2011. Despite this 
progress, it is still alarming to note that a significant 68.61% of the region is classified as high-
risk, highlighting the pressing need for immediate action to address soil erosion. Upon 
examination of the distribution of soil loss across the region, it is evident that cropland, which 
makes up 39.73% of the total area, is responsible for a substantial 52.04% of the estimated soil 
loss. Among the 14 agroecology, the warm moist lowlands, tepid sub-moist mid-highlands, and 
tepid moist mid-highlands cover 48.65% of the total area and contribute a staggering 73.33% of 
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the overall soil loss, underscoring the need for location-specific conservation efforts in these 
areas to mitigate further degradation. 

Keywords: Agroecology, Amhara region, soil and water conservation, slope class, soil type 

Introduction  

Soil erosion by water, identified as a serious global problem by Borrelli et al. (2017) and Sartori 
et al. (2024), poses significant threats to various aspects, including soil health, agricultural 
productivity, the global economy, siltation of reservoirs, and food security. Soil erosion is projected 
to threaten up to $625 billion in global economic contraction by 2070, leading to food security issues 
in areas at risk, such as Africa and tropical regions (Sartori et al., 2024). The detrimental effects of 
soil erosion could be seen in the reduction of soil fertility, leading to lower crop yields and reduced 
agricultural productivity (Hurni et al., 2015; Ebabu et al., 2020). Additionally, the siltation of 
reservoirs due to soil erosion has negative implications for irrigation water resource development 
projects and hydro-power generation (Lemma et al., 2018; Fenta et al., 2021), ecosystem services, 
including the disruption of natural habitats and the alteration of ecological dynamics (Kaffas et al., 
2022). Additionally, Sartori et al. (2019) documented that soil erosion causes 33.7 million 
megagrams (Mg) of agricultural and food losses, resulting in an annual monetary loss of $8 billion 
globally, ultimately the worldwide agri-food prices increase by 0.4% to 3.5% based on the type of 
food product category.   

It is crucial to note that climate change is projected to exacerbate the problem, with an estimated 
66% increase in soil erosion in the Global South, particularly in African countries, between 2015 
and 2070 (Borrelli et al., 2020). This trend places the Ethiopian highlands, already recognized as 
some of the most degraded lands in Africa (Fenta et al., 2020; Tamene et al., 2022), under severe 
threat. The degradation of the Ethiopian highlands is primarily attributed to a combination of factors, 
including the growing number of human and livestock populations, steep-slope farming, and 
deforestation (Kassawmar et al., 2018; Berihun et al., 2019; Abiye et al., 2023). These practices 
have caused considerable damage to the ecology of several highland areas, pushing the ecosystems 
to a state that is sometimes beyond recovery (Taddese, 2001).  

Ethiopia heavily relies on agriculture as a livelihood source, making the decline in productivity 
caused by land degradation a major obstacle to achieving food security (Hurni et al., 2015). Over 
80% of Ethiopians are employed in agriculture, which is the country's primary economic sector and 
accounts for over 42% of gross domestic product (GDP) (MoFED, 2010; Diao et al., 2010; 
Gebregziabher et al., 2016). Amhara National Regional State (ANRS) is predominantly an 
agricultural region, where agriculture heavily dominates the regional economy by employing over 
90% of the workforce and contributing about 54% to the GDP (ARBoFED, 2022). However, the 
development of the agricultural sector in the region is slower compared to the population growth. 
One of the main causes of this slow growth is soil erosion by water, particularly the severe loss of 
topsoil due to the lack of proper implementation of integrated community-based watershed 
management (ICWM) intervention (Addis et al., 2024). Similarly, Desta (2000, 2005) conducted 
research between 1995 and 2000 and found that the major degradation processes in the region were 
water-induced soil erosion and vegetation degradation. 

Considering the challenges posed by degradation in the Amhara region, there is an opportunity 
for implementing a more sustainable community-mobilized SWC program (Adgo et al., 2013; 
Selassie et al., 2015; Addis et al., 2024). This program aims to address land degradation challenges 
by implementing proven SWC practices, with the participation of the local communities (Agidew 
& Singh, 2018; Bayle & Muluye, 2023; Addis et al., 2024). Engaging communities in SWC efforts 
makes it possible to establish a sense of ownership and stewardship towards the land and its natural 
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resources, leading to more sustainable land management (SLM) practices and improved livelihoods 
(Nigussie et al., 2017). To enhance the effectiveness of the community-mobilized SWC program, 
some policy alternatives should be considered (de Graaff et al., 2013). These options include 
offering financial and technical assistance to farmers to implement conservation measures (de 
Graaff et al., 2008; Nigussie et al., 2017), promoting the adoption of climate-smart agricultural 
practices (Diro et al., 2022), encouraging reforestation and afforestation efforts (Zhang et al., 2016), 
and strengthening institutional capacities for SLM (Musafiri et al., 2022). 

Implementing SWC interventions has become essential to transforming degraded lands into 
established economic and environmental successes (Brooks & Eckman, 1998; Cooper et al., 2008; 
Hurni et al., 2015). Notable examples are the successful implementation of SWC interventions in 
the Loess Plateau and the three gorge areas in China, where the efforts have yielded positive 
outcomes (Zhao et al., 2013; Shi et al., 2004). Similarly, in India, the Mayurakshi, Salaiyur, and 
Adarsha watersheds have seen significant improvements due to the SWC interventions (Chowdary 
et al., 2009; Sikka et al., 2002; Wani et al., 2003). Furthermore, the successful transformation of the 
Merguellil catchment in Tunisia was attributed to the SWC interventions (Lacombe et al., 2008). In 
Kenya, the successful implementation of SWC interventions in the Machakos district has been 
documented by Tiffen and Mortimore (1992), Cooper et al. (2008), and FAO (2014). Lastly, in 
Ethiopia, the Abraha Atsbaha, Enabereid, Maybar, Haro, Debre Mawi, and Tigray northern Ethiopia 
catchments have all benefited greatly from SWC interventions, as evidenced by the work of 
Haregeweyn et al. (2012), Tesfaye et al. (2017), and Gebremeskel et al. (2018).  

The primary objective of this study was to generate a soil loss severity map at the regional level 
and evaluate the effectiveness of mass-mobilized community watershed management practices in 
reducing soil erosion over different periods. With this in mind, our specific goals were (i) to estimate 
the spatiotemporal pattern of erosion and severity of soil loss by water at the regional level; (ii) to 
conduct a detailed analysis of soil loss over various agroecological zones, land cover types, soil 
types, and slope classes; and (iii) delineate areas that are especially prone to erosion and in need of 
targeted management interventions.  

Study area description  

Amhara National Regional State (ANRS) is situated in the northwest of Ethiopia. From a 
geographical perspective, it lies between 95000 E to 1605000 N and 620000 E to 995000 N (Figure 
1). It is bounded by the Afar in the east, Benishangul-Gumuz in the southwest, Oromia in the south, 
Tigray region in the north, and Sudan in the west. The region's total area is estimated at 
180,047 km2 or almost 16% of the country's total area (BoA 2023). The regional average 
slope gradient is 23.39%, and the mean elevation is 1805.19 m.a.s.l., with elevations 
varying from 484 m.a.s.l. in Qwara, West Gonder, to 4620 m.a.s.l. at Ras Dejen (Dashen), 
North Gonder, which is also the country's highest point (Figure 2). The region exhibits 
significant geographical changes in temperature due to its wide elevation range, closeness 
to the equator, and proximity to the Indian Ocean.  
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Figure 1. Location map of Amhara region 
 

Highland regions (>1500 m a.s.l.) typically have comparatively colder temperatures than 
lowland regions (<1500 m a.s.l.). For instance, the mean annual temperature ranges from 21 to 27°C 
in the hot to warm sub-moist agro-ecological zone, which is located between 600 and 1400 m above 
sea level, and from 7.5°C to 16°C in the cold to very cold moist zone, which is located between 
2800 and 4200 m above sea level (CEDEP 1999). According to the country's primary geomorphic 
classification, Amhara is composed of seven geomorphic units and four river basins: Abay, Tekeze, 
Danakil, and Awash. These include the lowlands and scarps in the east, the degraded areas of North 
Gonder and Wello, the plateaus of Gojam and North Shewa, the Tana plain, the gorges of Abay and 
Tekeze, the mountainous and afro-alpine regions that include Adama, Amba Farit, Abune Yosef, 
Guna, Choke, and Ras Dejen (Desta et al., 2000). In addition, the region is the source of large rivers 
(Abay, Tekeze, Awash, and Golina), and approximately its surface water resource is 75.1 billion 
cubic meters (BMC) (38.6% of the country) and underground water resources are 5.1 BMC (17% 
of the country). The potential land that can be irrigated in the region is 1.1 million hectares, but only 
20% is being cultivated (BoA, 2023). 

The Amhara region is distinguished by its unique topography, which ranges from rugged 
terrain to flat plains. After dividing the digital elevation model (Figure 2a) into six slope 
classes (FAO, 2006; Nut et al., 2021); 7.91% of the area is very gently sloping (0–2%), 
whereas 20.49% and 23.45% of areas are categorized as gently sloping (2–5%) and sloping 
(5–10%), respectively. The remaining study areas are divided into strongly sloping (10–
15%), moderately steep (15–30%), and steep (>30%), which cover areas of 13.57%, 
25.43%, and 9.16%, respectively (Figure 2b). 
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Figure 2. Elevation and slope map of Amhara region  

Soil type 

According to Wei et al. (2008), soil heterogeneity is a natural occurrence due to different soil-
forming factors. Climate, topography, parent material, time, and biological characteristics, 
including vegetation, land use, and organism activity, are the primary factors that influence soil 
formation (Regassa et al., 2023). In Amhara region, about 15 soil types have been identified, with 
a distribution that is very much influenced by the topography and geology of the region. The major 
soil types occupying more than 90.66% of the study area include Cambisols (35.13%), Vertisols 
(17.14%), Regosols (14.21%), Luvisols (8.05%), Leptosols. (7.14%), Nitisols (4.18%), Xerosols 
(4.02%). Other soil types including Fluvisols (2.24%), Solonchacks (2.27%), Gleysols (1.23%), 
Arenosols (0.85%), Andosols (0.95%), Acrisols (0.40%), Yermosols (0.04%), Phaeozems (0.02%), 
Histosols (0.003%) also occur in the study area and Open water areas are 1.89% of the total study 
area (Figure 3). 
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Figure 3. Soil map of Amhara region  

 

Agroecology 

Agroecology was initially introduced as an agronomic and technical alternative to traditional 
agriculture (Wezel et al., 2009). It was thought to replace input intensity with techniques based on 
biodiversity and knowledge (Altieri & Nicholls, 2012). While helping to achieve the Sustainable 
Development Goals (SDGs), agroecology helps to preserve biodiversity and restore drylands, which 
are especially threatened by food insecurity and global warming (Tittonell et al., 2020). Information 
on temperature and precipitation variance, especially in connection with plant growth requirements, 
is frequently taken into account in the detailed zonation of agroecology (Patt et al., 2005). The 
Amhara region is composed of 14 major agroecologies and is dominated (25.95%) by the warm 
moist lowlands, which has high agricultural potential (Figure 4).  
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Figure 4. Agroecological map of Amhara region  

 

Climate  

The regional average annual rainfall ranges from 378 mm in the east (Habru and Kobo weredas 
of North Wello and Wag Hemra) to more than 2000 mm in the west (Awi zone), which includes 
Banja Shikudad, Sekela, and Guangua weredas. With precipitation surpassing 1200 mm annually, 
the western portions of the region are often classified as having high rainfall and great agricultural 
potential. The North Wello and Wag Hemra zones in the Amhara region have little rainfall and low 
agricultural potential. In general, the west and east of the region experience unimodal and bimodal 
rainfall patterns, respectively. The growing season in the region's western portion ranges from less 
than 90 days, particularly in the West Gonder zone to over 270 days in Awi zone. In contrast, the 
region's eastern and southeast parts have growing periods ranging from 45－ 90 and 60－ 210 days, 
respectively (BoA 2023). 

Land use land cover (LULC) 

The way land is utilized, such as agriculture, urban development, or vegetation, directly 
influences how water flows through the landscape and how sediments are transported (Taye et al., 
2013; Betru et al., 2019; Tesfaye et al., 2021). Approximately 30% of the region's total land area, 
or 4.64 million hectares, is suitable for agriculture; of this, 97% is under cultivation, with 75% of 
the total area being used for cereal production (BoA, 2023). However, the cultivated land is not very 
productive (Fenta et al., 2021), primarily due to soil erosion-induced land deterioration (Hurni et 
al., 2015), inadequate use of modern agricultural technologies (Melaku et al., 2024), and recurrent 
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and severe droughts (Mera, 2018). Although there is about 1.1 million hectares of irrigation 
potential in the study area, barely 20% of it is now under cultivation (CoSAERAR 1999). Based on 
the 10 m resolution European Space Agency WorldCover 2021 Global land cover product (Zanaga 
et al., 2022), the major land use types in the study area are cropland (39.7%), grassland (27.8%), 
shrubland (20.6%), forest (8.5%), open water (1.9%), barren (0.9%), built-up (0.4%), and wetland 
(0.2%) (Figure 5).  

 

 
Figure 5. Land use map of Amhara region, source extracted from a 10 m resolution European 

Space Agency (ESA) World Cover product 

Materials and methods 

RUSLE model approach  

The RUSLE model is crucial for soil erosion estimates, but its accuracy and predictive 
capabilities are limited by its inability to fully incorporate gully erosion rates, potentially impacting 
its effectiveness in areas with significant gully erosion. However, in order to determine the best 
technique, a thorough analysis comparing several RUSLE model approaches was carried out (Table 
1). The process of selecting the optimal model involved a thorough evaluation, with a focus on 
comparing the results and validating our findings with existing research outputs (Shiferaw, 2012; 
Ayalew & Selassie, 2015; Girmay et al., 2020; Fenta et al., 2021; Tamene et al., 2022). By utilizing 
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the diverse methodologies (Table 1), the study evaluates the compatibility of each approach in 
addressing the research output.   

 
Table 1. Approaches and inputs used for the RUSLE model  

R-FACTOR K-FACTOR LS-FACTOR C-FACTOR P-FACTOR 
Global erosivity 
map (Panagos et al., 
2017) 

DSMW (Sharpley 
& Williams, 
1990) 

Moor and Burch 
(1985) 

European Space 
Agency (ESA) 
LULC  

Shin, 1999 

R = -8.12 + 0.562P 
(Hurni, 1985)   Stone and Hilborn 

(2012) ESRI LULC Wischmeier and 
Smith (1978) 

    

Stone and Hilborn 
(2012) for L-factor 
and Schmidt et al. 
(2019) for S-factor 

GLOBELAND 30m   

      
Sentinel 2 for NDVI 
(Almagro et al., 
2019) 

  

Note: DSMW = FAO Digital Soil Map of the World; LULC = Land Use Land Cover; Bolded ones were 
chosen as the best equations for the RUSLE model. 

 

Gathering and processing data for RUSLE model  

The annual precipitation, satellite imaging, soil, and terrain data for the years 2014 and 2022 
were gathered from several online data repositories, and all the geospatial datasets were then 
transformed to have a spatial resolution of 30 meters. 

Data analysis approach for soil erosion by water 

Available soil erosion models extend a spectrum from simple empirical approaches, such as 
RUSLE (Renard et al., 1997), to complex process-based models, including SWAT (Arnold et al., 
1998), EUROSEM (Morgan et al., 1998), and WEPP (Flanagan et al., 2001). Although process-
based erosion models require a lot of input data and calibration procedures in order to explain soil 
loss at fine spatiotemporal scales, their accuracy in predicting soil loss is only slightly better than 
that of basic empirical erosion models (Tiwari et al., 2000; Jetten et al., 2003). In areas where data 
is scarce, it is crucial to choose a modeling technique that allows for flexibility in terms of data 
input, erosion factor modification, and simulation of the possible impact of various management 
actions on soil loss reduction. The RUSLE model was used because it can estimate soil loss in large 
spatial domains (Panagos et al., 2015a; Borrelli et al., 2017), has a low computational cost and a 
modest data demand (Tamene & Le, 2015; Haregeweyn et al., 2017; Fenta et al., 2020), and is 
compatible with remote sensing data and GIS tools. However, the model does not account for 
deposition, sediment yield, gully/channel erosion, or landslide (Renard et al., 1997). RUSLE is a 
user-friendly computer program and a set of mathematical equations that can predict long-term soil 
loss per year by sheet and rill erosion (Renard et al., 1997). The RUSLE program makes soil loss 
prediction easier, and it maintains the same basic six-factor structure as the original USLE. Besides, 
the RUSLE model output allows the user to identify the spatial pattern of the soil loss (Sardari et 
al., 2019). This feature permits users to identify and categorize locations that are at high risk of 
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experiencing erosion, either in agricultural fields or wider catchment areas. The following equation 
(Eq. 1) was used for RUSLE model:   

 
𝐴	 = 	𝑅 ∗ 𝐾 ∗ 𝐿 ∗ 𝑆 ∗ 𝐶 ∗ 𝑃 ……………………….………………………………… (1) 
 
Where; A = estimated mean soil loss per year (Mg ha-1 yr-1), R = erosivity factor (MJ mm ha-1 h- 

1 yr-1), K reflects soil erodibility factor (Mg h MJ-1 mm-1), LS = slope length and gradient factors, 
dimensionless, C = cover management factor, dimensionless and P = conservation practice factor, 
dimensionless. 

The data source for the runoff erosivity index was the Global Rainfall Erosivity Database 
(GRED) (Panagos et al., 2017). The data source for the soil erodibility (K) factor was acquired from 
the Harmonized World Soil Database (HWSD) (Fischer et al., 2008; Nachtergaele et al., 2023). 
Topographic (LS-factor) data was derived using the Digital Elevation Model (DEM) obtained from 
the USGS Earth Explorer data portal. This study used Landsat 8 satellite imagery for the year 2014 
and Sentinel-2a for the year 2022 to compute the crop management factor (C-factor) and supporting 
conservation practices (P-factor). Table 2 presents a list of parameters for calculating soil loss using 
the RUSLE model for the years 2014 and 2022, along with their data sources. 

 
Table 2. A list of parameters and their data sources for estimating soil loss for the years 2014 and 2022 

PARAMETERS  DEFINITION  SOURCE  ORIGINAL 
SPATIAL 
RESOLUTION 

DATE OF 
ACQUISITION 

R 
(MJ mm ha-1 
h-1 yr-1) 

Rainfall/Runoff 
Erosivity Index 

https://esdac.jrc.ec.europa.eu/themes/global-
rainfall-erosivity 

30 arc-seconds 
(~1 Km) 

20 July 2023 

K 
(Mg h MJ-1 
mm-1) 

Soil Erosivity 
Factor 

Using the Harmonized World Soil Database 
(HWSD) (Nachtergaele et al., 2023) 

30 arc-seconds 
(~1 Km) 

20 July 2023 

LS Slope and length 
of Slope Factor 

Using DEM from ‘USGS’s Earth Explorer 
hub 

30 m 20 July 2023 

C Cover 
Management 
Factor 

Landsat 8 for 2014 (‘USGS’s Earth Explorer 
hub) and Sentinel-2a for 2022 (Copernicus 
open access hub) 

30 m (for 2014) 
and 10m (for 
2022) 

20 July 2023 

P Supporting 
Conservation 
practices 

Landsat 8 (for 2014) and Sentinel-2a (for 
2022), and slope from DEM (‘USGS’s Earth 
Explorer hub) 

30 m (for 2014) 
and 10m (for 
2022) 

20 July 2023 

 

Estimating rainfall erosivity factor (R-factor) 

Rainfall intensity and duration are the main significant factors of the R-factor to cause soil 
erosion. The most common form of erosion on bare soil surfaces is raindrop/splash erosion, which 
causes the soil to detach, separate the aggregated soil particles, and initiate their downstream 
movement 

 (Arekhi, 2012). The R-factor is computed by multiplying the maximum 30 minutes intensity of 
rainfall and kinetic energy for individual rainfall events (Wischmeier & Smith, 1978). The 
cumulative rainfall erosivity factor can also be computed by summing up a series of rainstorm events 
sampled in the entire study period (Renard et al., 1997). In an ungauged watershed, the R-factor can 
be calculated using the average annual rainfall data of nearby weather stations (Renard & Freimund, 
1994). According to Fenta et al. (2017), the spatial pattern of rainfall erosivity of the study region 
showed a high degree of correspondence with the global rainfall erosivity (Panagos et al., 2017). 

https://esdac.jrc.ec.europa.eu/themes/global-rainfall-erosivity
https://esdac.jrc.ec.europa.eu/themes/global-rainfall-erosivity
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Therefore, for this research, the R-factor was extracted from the Global Rainfall Erosivity Database 
(GRED) (Panagos et al., 2017). This first-ever GRED was employed to generate a global rainfall 
erosivity map at a spatial resolution of 30 arc-seconds (~1 km), utilizing Gaussian process regression 
(Panagos et al., 2017). The output layer map was then transformed to a 30 by 30 m raster grid for 
the purpose of uniformity with other computation parameters. 

Estimating soil erodibility (K-factor) 

Erodibility indicates the capability of the soil to withstand detaching, beating, and eroding forces 
(Getu et al., 2022). Soil’s resistance to erosion depends on the topographic position, slope steepness, 
tillage system, and the properties of the soil, of which the latter is the most significant parameter of 
soil erodibility (Morgan, 2009). It also depends on the texture of the soil, infiltration capacity, 
aggregate stability, shear stress/strength, organic matter (OM) content, stone coverage, and clay 
mineral content. Fine to medium textured soils and soils with low OM content have low infiltration 
capacity and are more sensitive to water erosion (Lal & Stewart, 1992; Pimentel & Burgess, 2013). 
The erodibility value designated to a particular soil type reflects the Mg of soil lost per unit of 
erosive energy compared to bare soil, assuming a standard USLE research plot is 22.1 x 1.83 m, 
and 9% slope (Renard et al., 1997; Wischmeier & Smith, 1978).  

The proportions of sand, silt, clay, and organic carbon (OC) in the topsoil are key determinants 
in calculating the soil erodibility factor (Wischmeier & Smith, 1978). Although a detailed soil 
sample is needed to compute the K-factor (Fischer et al., 2008), soil data for this study was obtained 
from the Harmonized World Soil Database (HWSD) (Mekonnen et al., 2023). HWSD is a raster 
image linked to an attribute database in Microsoft Access format that includes the determinant soil 
qualities, such as the topsoil sand, silt, clay, and OC, which are used to calculate the K-factor 
(Fischer et al., 2008; Nachtergaele et al., 2023). The HWSD raster image layer was extracted by the 
watershed shapefile using ArcGIS environment, and the attribute data file contained all soil 
parameters that were joined with the extracted raster layer. The K-factor was then calculated based 
on the following equations (Eq. 2－ 6) developed by Sharpley and Williams, (1990). 

 
𝐾 = 𝐴 ∗ 𝐵 ∗ 𝐶 ∗ 𝐷 ∗ 0.1317 ………………………………………..…………... (2) 
 
Where each letter has its formula: 
𝐴 = 20.2 + 0.3 exp 8−0.0256𝑆𝐴𝑁=1 − (𝑆𝐼𝐿/100)BCD ………….……………. (3) 

𝐵	 = 	 2 !"#
$#%&!"#

D
'.)

 …………………………………………………..…………… (4) 
𝐶 = [1.0 − (0.25𝐶/	(𝐶 + exp[(3.72 − 2.95𝐶)]))] …………….…….………... (5) 
𝐷 = [1.0 − (0.70𝑆𝑁1/(𝑆𝑁1 + exp[(−5.41 + 22.9𝑆𝑁1)]))]…….…………… (6) 
 
Where: SAN indicates percent sand; SIL indicates percentage of silt and CLA indicates 

percentage of clay; C indicates organic carbon (OC %) content, and SN1 indicates (1－ sand%)/100.  
Using ArcGIS format, the final computed K value was added to the attribute table of the masked 

study area from the soil map, and a raster map was created by clicking the symbology option in 
properties and then converting it to raster using the attribute value of K-factor to develop a K-factor 
map. The generated K-factor map was then converted to a 30 x 30 m raster grid. 
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Estimating slope length and gradient (LS-factor) 

Slope steepness accelerates soil loss more quickly than slope length, making slope steepness 
more important than slope length (Angima et al., 2003). The slope length factor L and the slope 
steepness factor S, are often lumped together as the topographic factor (LS-factor) (Schmidt et al., 
2019). The LS-factor measures the effect of slope length and gradient on soil erosion. When slope 
length is higher, the opportunity for accumulation and concentration of runoff water is also higher; 
slope steepness also accelerates the runoff velocity (Brady & Weil, 2008; Wischmeier & Smith, 
1978). The 3 arc-sec SRTM DEM with 30 m resolution, retrieved from USGS Earth Explorer 
(https://earthexplorer.usgs.gov/), was used to calculate the LS-factor. Then, the research area 
shapefile was used to extract the DEM, and the L and S factors were calculated using raster analysis 
in ArcGIS. The computation of LS-factor requires pre-processing the slope angle and flow 
accumulation. The L factor was computed using Stone and Hilborn's (2012) modified RUSLE 
equations (Eq. 7) as follows:  

 
L = (Flow Accumulation*30/22.1)NN……………………………………………… (7) 
 
Where L represents the slope length, determined from the DEM, and NN is a value that depend

s on the average slope (Table 3). 
 
 

Table 3. The NN values based on the average slope 

SLOPE  NN 

< 1  0.2 

1 ≤ s < 3  0.3 

3 ≤ s < 5  0.4 

> 5  0.5 

 
Originally, the LS-factor was assessed on a 9% steep slope with a length of 22.13 m (Wischmeier 

& Smith, 1978). The LS-factor is typically restricted to a maximum slope angle of 50% because of 
its empirical characteristic (McCool et al., 1997; Liu et al., 2015; Schmidt et al., 2019). The Amhara 
region had a high elevation gradient from 498 m to 4520 m.a.s.l., with a mean elevation of 1805.19 
m.a.s.l. and a mean slope gradient of up to 23.39%, a not negligible fraction of slope (13.34%) 
exceeds the limitation of 50%. To overcome that limitation in LS-factor modeling for steep slope 
areas, the slope gradient (S) factor was computed based on equation 8 as described by Schmidt et 
al. (2019).  

 
𝑆	 = (0.0005S^2 + 0.0795S − 0.4418)………………………….. (8) 
 
Where S indicates the slope gradient factor in percent (%). Then, the L and S factors were 

multiplied to get the topographic factor (LS-factor) for the RUSLE model. 
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Estimating cover management factor (C-factor) based on vegetation indices 

Normalized Difference Vegetation Index (NDVI) 

Normalized difference vegetation index (NDVI) is a simple graphical indicator that is often used 
to analyze Remote sensing (RS) measurements and determine whether or not the target under 
observation has green healthy vegetation (Gupta et al., 2021). NDVI values range from +1 to −1, 
wherein −1 is generally water bodies and +1 is generally dense green–leafy vegetation (Gessesse et 
al., 2019). Hence, one can say that NDVI is an index to measure healthy green vegetation 
(Saravanan et al., 2019).  

NDVI calculation method  

Many researchers have reported the use of NDVI for vegetation monitoring (Carlson & Ripley, 
1997; Kinyanjui, 2011; Yang et al., 2011), assessing the crop cover (Lan et al., 2009), drought 
monitoring (El-Shikha et al., 2007; Wardlow et al., 2007; Kim et al., 2008), and agricultural drought 
assessment at national (Demirel et al., 2009; Yamaguchi et al., 2010). The vegetation index (VI) is 
a simple and effective measurement parameter that is used to indicate the Earth's surface vegetation 
cover and crop growth status in remote sensing fields (Kim et al., 2008). The NDVI analysis 
for this study was done using two satellite datasets, Landsat 8 (recorded on 20 July 2014) 
and Sentinel-2a (recorded on 20 July 2022), to determine the rate of changes and ultimately 
used for computing the C-factor for each year. These periods (2014 and 2022) were selected 
as the studied area experienced major SWC development programs and land use land cover 
changes during these periods due to continuous community-mobilized watershed 
interventions through SWC and an intensive afforestation program. Landsat 8 satellite 
imagery is downloaded from ‘USGS’s Earth Explorer hub, for the year 2014, and Sentinel-
2a satellite imagery from the (Copernicus open access hub) (Tsendbazar et al., 2018) for 
the year 2022, then this study calculates the NDVI from red (R) and near-infrared (NIR) 
band, in the raster calculator, as described by Tucker (1979) (Eq. 9): 

 
NDVI = (+,-.-)

(+,-&-)
	………………………….………………………… (9) 

 
Where NDVI is Normalized Difference Vegetation Index, R is the reflectance of red light (630 

nm - 690 nm), and NIR is the reflectance of near-infrared (775 nm - 900 nm).  

C-factor calculation method  

Soil erosion, runoff generation, and sediment processes taking place within a watershed 
strongly depend on the land use and land cover types (Welde & Gebremariam, 2017; Anley & 
Minale, 2024; Argaw & Yohannes, 2024; Mwanga et al., 2024). The RUSLE model provides an 
estimate of soil loss based on maximum precipitation intensity. Accordingly, this study estimates 
the C-factor to quantify soil loss during the wettest period of the year in the Amhara region—
namely, the late summer monsoon season spanning June to August. Monsoon rainfall consists of 
localized, often violent thunderstorms, while precipitation during the rest of the year is generally 
lighter and less significant. In general, higher-elevation and mountainous portions of the region 
receive more precipitation than lower-elevation areas. In order to identify erosion hotspot areas 
during the period of annual maximum potential soil erosion, the C-factor is estimated for July, the 
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peak of the monsoon season. Generating C-factor maps from remotely sensed pictures using 
vegetation indices like the Normalized Difference Vegetation Index (NDVI) has become a standard 
procedure (Alexandridis et al., 2015; Feng et al., 2018; Panagos et al., 2015a; Pechanec et al., 2018; 
Schmidt et al., 2018). The C-factor is determined based on the Normalized Difference Vegetation 
Index (NDVI) (Almagro et al. 2019), following (Eq. 10): 

 
C = 0.1 ∗ (!"#$%&'

(
)……………………………………………………………. (10) 

 

Support practices factor (P-factor) 

The P-factor is the relative proportion of soil loss on certain erosion control practices to the 
corresponding soil loss if the cultivation system is along the slope (Wischmeier & Smith, 1978). In 
the RUSLE model, the P value is found to be significantly influenced by the combination of land 
use types and slope (Behera et al., 2020) and it is among the most challenging factors to determine 
(Wang & Su 2020) and plays a crucial role in the model's overall accuracy. The influence of SWC 
on the P-factor is significant yet often overlooked, and this may result in inaccurate estimation of 
soil erosion potential (Tian et al., 2021). Therefore, a thorough study is necessary to obtain an 
accurate result of the P-factor. However, because of the unavailability of full data on different 
control measures in the study area, the land use for the years 2014 and 2022, and the slope gradient 
from DEM were used as input to calculate and drive the P-factor using Table 4. On the other hand, 
the spatiotemporal variations in LULC changes between 2014 and 2022 offer valuable insights into 
the level of community engagement in watershed rehabilitation efforts. By examining how the 
LULC patterns have changed over these eight years, it becomes possible to determine the level to 
which local communities have been actively involved in implementing restoration practices. 
Therefore, the assessment of LULC changes over time not only reveals the landscape dynamics but 
also offers important insights into the role of community engagement in shaping the future 
sustainability of the area. 

 
Table 4. Support and management practice (P) value adopted from Wischmeier and Smith (1978) 

LULC SLOPE % P FACTOR 
Crop 0-5 0.1 

5-10 0.12 
10-20 0.14 
20-30 0.19 
30-50 0.25 
50-100 0.33 
>100 1 

Non-agricultural land  1 
 

Soil loss estimation and severity mapping 

Following the computation and creation of raster layers for the six RUSLE model parameters, 
the final soil loss estimate was performed by multiplying these values using equation 1 in the raster 
calculator within the ArcGIS spatial analysis tool. Finally, after predicting total annual soil loss, the 
erosion severity map was generated by subdividing the study area into 14 agroecological areas, six 
slope classes, and eight land cover types.  
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The soil loss severity classification system proposed by Mahapatra et al. (2018) was used. These 
classes are categorized as very slight (0-2.5), slight (2.5-10), moderate (10-15), moderately severe 
(15-25), and very severe (25-50) Mg ha-1yr-1. However, certain regions within the study area display 
soil loss exceeding 50 Mg ha-1yr-1, prompting the introduction of an additional soil loss class. This 
new severity class, which was created in this study, takes into account the unique features of the 
study area and is classified as extremely severe if the rate of soil loss exceeds 50 Mg ha-1yr-1.  

Results and discussions 

RUSLE parameters for soil loss estimation  

Using ArcGIS software and the six RUSLE model parameters (rainfall erosivity, soil erodibility, 
topographic variables, cover management, and erosion control practice factors) annual soil loss was 
calculated from a cell-by-cell raster calculation. In order to identify areas that require immediate 
attention and allocate limited resources for erosion control techniques and financial and human 
resource management, it is crucial to create an erosion severity map (Fayas et al, 2019). This map 
could also be used as a guide for developmental agents, land managers, and agricultural experts for 
suitable conservation intervention planning. 

Rainfall erosivity (R-factor) estimation 

Annual rainfall distribution in the study watershed ranged from 378 to 2156 mm. The computed 
R-factor using the Global Rainfall Erosivity Database (Panagos et al., 2017) ranged from 1688.67 
to 5842.03 MJ mm ha−1 h−1 yr−1 with an average value of 3203.12 MJ mm ha−1 h−1 yr−1 (Figure 6a). 
Rainfall intensity and duration play a crucial role in determining the R-value. The R-factor carries 
substantial importance when calculating the total annual soil loss caused by erosion. It holds 
immense weight in such computations due to the direct correlation between erosivity and erosion. 
Therefore, protection measures aimed at reducing the detrimental effects of rainfall and runoff can 
be strategically implemented based on the erosivity values derived from the R-factor.  

Soil erodibility (K-factor) estimation  

The primary determinants of soil erodibility are the soil organic matter (OM) content and texture 
(Stone and Hilborn, 2012). Soil with higher OM levels is typically less susceptible to erosion since 
OM coagulates soil colloids and produces a more stable and aggregated soil structure (Blanco-
Canqui et al., 2010). The K-factor value ranges from 0 to 0.6, with low values (0.2 to 0.3) for high 
water infiltration capacities and moderate soil structural stability, while easily eroded soil has a K-
factor of 0.3 or higher (Brady & Weil, 2008).  

Based on the HWSD data, the K-factor value for the study area ranged from 0 to 0.126 Mg ha-1 
MJ-1 mm-1 with a mean value of 0.056 (Figure 6b). According to the FAO (1984) report, most 
Ethiopian soil K values range between 0.05 to 0.6, while Getu et al. (2022) stated that the K-factor 
ranges from 0.1 to 0.49, and the findings of this study also roughly fall within this range.  
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Figure 6. Rainfall erosivity (a) and soil erodibility map (b) 

Topographic factor (LS-factor) estimation  

The LS-factor is the most predominant factor responsible for soil erosion in the rugged terrain 
of a mountainous area. Understanding and mitigating the effects of this key factor are essential for 
sustainable land management practices and conservation efforts in mountainous areas such as those 
found in the Amhara region. The Amhara region had an extremely steep slope terrain that varied 
from 0 to 80.450 with an average slope of 23.29%. More than 48% of the study area has a slope 
class greater than strongly sloping (>100), which exacerbates rill and inter-rill soil erosion (Getu et 
al., 2022). Based on the results of this research, the LS-factor ranged from 0 to 208.36, with an 
average value of 4.2 (Figure 7a). The LS-factor is higher in valleys and depressions and 
increases with elevation gradient and flow accumulation (Schmidt et al., 2019). 

Cover management factor (C-factor) prediction 

The C-factor was derived by using the NDVI values during the rainy season, considering the 
erosive rainy period, which contributes to maximum erosion. The NDVI is used along with the 
equation (Eq. 10) in order to generate a cell-based (30 m X 30 m) annual C-factor map (Figure 7b) 
of the study area. Results indicate that the C-factor values of the study area ranged from 0.0023 to 
0.05, with an average of 0.041.  

 

!!" !

!"####

!"####

$"####

$"####%#
##
##

%#
##
##

&&
##
##
#

&&
##
##
#

&'
##
##
#

&'
##
##
#

&(
##
##
#

&(
##
##
#

!

" #$" %&"'" ()

)*H,-KL0
1234R6R(7$!8#'

9L:R6R&"778";

!"####

!"####

$"####

$"####%#
##
##

%#
##
##

&&
##
##
#

&&
##
##
#

&'
##
##
#

&'
##
##
#

&(
##
##
#

&(
##
##
#

!

" #$" %&"'" ()

<*H,-KL0
1234R6R#8&!"$"(

9L:R6R#

" "

"
"

"
"



Journal of Agriculture and Environment for International Development - JAEID 2025, 119 (2): 59-96 
DOI: 10.36253/jaeid-17264 

 

 
75 

Figure 7. LS-factor (a) and C-factor map (b) 
 

Control practices factor (P-factor) estimation 

The combined effect of land use and slope gradient was used as input parameters (Table 4) to 
calculate and drive the P-factor map (Wischmeier & Smith, 1978). Based on this analysis, the P-
factor for the agricultural land ranges from 0.1 to 0.33, while the P-factor value of 1 was assigned 
for the other landuse types (Figure 8). The spatial patterns of the P-factor map depicted that most of 
the western and some of the northern parts of Amhara region showed a P value of 1, which indicates 
that these parts of the region are more prone to soil erosion. 
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Figure 8. The P-factor map of the region   

Estimated soil loss rates and their spatial distribution 

The geographical distribution of soil erosion rates in Amara woredas (districts) is shown in 
Figures 9a and b. According to the figure, the mean soil loss rate in the region during 2022 was 
20.75 Mg ha-1 yr-1, with a range from 0 to 53.3 Mg ha-1 yr-1, and the mean annual gross soil loss was 
estimated to be 373,597,525 Mg. Upon analyzing the spatial distribution, it was observed that the 
northern and southeastern highlands of the region experienced highly eroded areas. This erosion 
was mainly attributed to the high R-factor and LS-factor, as depicted in Figures 6a and 7a, 
respectively. In contrast, the western Amhara region exhibited lower susceptibility to soil loss from 
water erosion, likely attributable to reduced C-factor values (Figure 7b). In comparison, areas with 
gentle slopes (slope <2%) were found to have significantly lower soil loss rates, measured at only 
0.001 Mg ha-1 yr-1. Despite this, cultivated flat land remains at risk for high soil loss rates, 
particularly due to the formation of gullies. Such gullies tend to occur on lower slopes where water 
flow becomes concentrated, as noted by Vanmaercke et al. (2021). This phenomenon poses a 
significant threat to flat areas that are predominantly used for crop cultivation. Moreover, the 
activities associated with cropland cultivation can further exacerbate the vulnerability of these areas 
to soil loss, as highlighted by Fenta et al. (2021).  

Meanwhile, comparison with previous studies reveals a range of estimated mean soil loss rates 
across different areas of the region. For instance, Girmay et al. (2020) estimated the mean soil loss 
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rates to be 25 Mg ha-1 yr-1 in the Wag-Himira area, whereas our study revealed a slightly lower 
estimate of 20.2 Mg ha-1 yr-1 for this particular region. Similarly, Fenta et al. (2021) estimated a 
range of 20 to 50 Mg ha-1 yr-1 for the northeastern area, whereas our findings indicated 25.5 Mg ha-

1 yr-1 in that region. Furthermore, Ayalew and Selassie (2015) estimated the mean soil loss rates to 
be 24.95 Mg ha-1 yr-1 in the northwestern parts of the Amhara region, whereas our study revealed a 
slightly lower estimate of 15.7 Mg ha-1 yr-1 for that area. The comprehensive research conducted by 
Tamene et al. (2022) within the tepid sub-moist mid highlands area indicates soil erosion rates that 
vary from 20.9 to 26.3 Mg ha-1. However, this particular study presented a slightly elevated estimate, 
documenting an average soil erosion rate of 29.63 Mg ha-1 within the same geographical location. 
Lastly, in South Wollo, Shiferaw (2011) estimated a range of 10 to 80 Mg ha-1 yr-1 for soil loss rates, 
whereas our study suggested a specific estimate of 23.6 Mg ha-1 yr-1 within that region.  

The differences in soil loss estimates can be attributed to variations in the models, 
parameters, and data sources used (Addis et al., 2016), changes in land use (Zhao et al., 
2020; Masha et al., 2021; Nigussie et al., 2025), climate (Luvai et al., 2022; Woldemariam 
et al., 2024), and conservation practices (Alemayehu et al., 2020; Mwanake et al., 2023) 
variations in local topography (Malleswara Rao et al., 2005), soil types (Ganasri & Ramesh, 
2016), and rainfall patterns, which can differ significantly across regions (Woldemariam et 
al., 2024), and the implementation of soil and water conservation (SWC) measures over 
time (Alemayehu et al., 2020). These comparisons highlight the variations in soil loss rates 
within the study area, emphasizing the need for targeted soil conservation measures to 
mitigate erosion and enhance land productivity. 

Variation of soil loss from 2014 to 2022 

Soil loss severity in the Amhara region was categorized according to established soil loss severity 
classes. These categories include very slight, slight, moderate, moderately severe, severe, very 
severe, and extremely severe, as outlined in Table 5. The soil loss severity classes were determined 
by the magnitude of soil loss rates, ranging from 1.01 to >51.81 Mg ha-1 yr-1. The classification 
revealed that moderate to extremely severe soil loss severity classes accounted for 68.61% of the 
total soil loss, while the very slight to slight severity classes accounted for only 31.39%, as indicated 
in Table 5. Tolerable soil loss (TSL) was first widely used in 1962 when the U.S. Soil Conservation 
Service proposed TSL values ranging from 4.5 to 11.2 Mg ha−1 yr−1 for many American soils and 
defined soil loss tolerance as "the maximum level of soil erosion that will permit a high level of 
crop productivity to be sustained economically and indefinitely." (Lal, 2001; Di Stefano et al., 
2023). This concept was further expanded to include the normal tolerable soil loss (TSL) for 
Ethiopia, indicating that it ranges from 2 to 18 Mg ha−1 yr−1 according to the research conducted by 
Hurni (2015) and Molla and Sisheber (2017). Additionally, studies by Endalew and Biru (2022) and 
Moges and Bhat (2018) have shown that the TSL for Ethiopia falls within the range of 5 to 11 Mg 
ha−1 y−1, taking into consideration the specific environmental conditions and factors present in the 
country. Based on those scholars, this finding highlights the urgency of implementing soil and water 
mitigation measures, as more than two-thirds of the land in Amhara region requires immediate 
attention to protect against further soil loss, as emphasized by TSL.  

According to the RUSLE model, the study area witnessed a significant decrease in soil loss from 
22.67 Mg ha-1 yr-1 in 2014 to 20.75 Mg ha-1 yr-1 in 2022, representing a reduction of 1.92 Mg ha-1 
yr-1.  
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Table 5. Annual average soil loss at each erosion severity class for the 2014 and 2022 

SLOPE CLASS % AREA % 2014 AREA % 2022 AVERAGE SOIL LOSS 2014 AVERAGE SOIL LOSS 2022 
Very Slight (0-2.5) 7.76 9.92 1.86 1.70 
Slight (2.5-10) 21.80 21.47 5.57 5.82 
Moderate (10-15) 12.14 12.23 12.38 13.02 
Moderately Severe (15-20) 6.00 8.89 17.82 17.83 
Severe (20-25) 13.95 13.36 22.42 22.36 
Ver Severe (25-50) 36.20 33.21 36.68 34.42 
Extremely Severe (>50) 2.15 0.92 55.67 52.55 

 

 

Figure 9. Annual soil loss estimation in each district of Amhara region in 2014 and 2022. 

Soil loss estimates by slope class 

In the study area, steep slopes (>30%) account for 9.16% of the total land area, yet it is 
responsible for a significantly high percentage of soil loss. Specifically, in 2014, steep slopes 
contributed to a staggering 35.75% of the estimated soil loss, and this number increased to 37.99% 
in 2022 (Table 6). The mean soil loss rate on steep slopes was estimated at 70.16 Mg ha-1 yr-1 in 
2014 and slightly decreased to 67.37 Mg ha-1 yr-1 in 2022. On the other hand, the remaining slope 
classes combined contributed 64.25% of the total soil loss in 2014, and this percentage decreased 
to 62.01% in 2022. This finding further emphasizes the vulnerability of steeper terrains to erosion 
and highlights the need for effective management strategies in the area. In contrast, very gently 
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sloping and gently sloping terrains exhibited the lowest soil loss rates of 0.002 and 0.001 Mg ha-1 
yr-1 in 2014 and slightly higher rates of 1.17 and 0.81 Mg ha-1 yr-1 in 2022, respectively (Table 6). 
The positive linear relation observed between slope steepness and soil erosion was in conformity 
with the findings of many researchers (Liu et al., 2000; Jourgholami et al., 2020; Kumar et al., 2023) 
who also reported linear positive relations on steep slopes.  

 
Table 6. Soil loss estimates for each slope class of the study area for the years 2014 and 2022 

SLOPE CLASS % OF AREA 

MEAN SOIL 
LOSS IN 2014 
(MG HA−1 
YR−1) 

MEAN SOIL 
LOSS IN 2022 
(MG HA−1 
YR−1) 

% OF SOIL 
LOSS IN 2014 

% OF SOIL 
LOSS IN 2022 

Very gently sloping (0–2%) 7.91 0.001933 0.000933 0.00084519 0.000451 
Gently sloping (2–5%) 20.49 1.710882 0.80872 1.686099596 0.881949 
Sloping (5–10%) 23.45 8.81831 6.815831 9.497975986 8.123563 
Strongly sloping (10–15%) 13.57 19.32 16.498272 11.83690811 11.1854 
Moderately steep (15–30%) 25.43 36.0049 33.0066 41.2282616 41.8231 
Steep (>30%) 9.16 70.164 67.3714 35.74990952 37.98553 

 

Soil loss estimates by land cover types 

In the Amhara region, cropland covers 39.73% of the land area, yet it is responsible for a 
significant 52.04% of the estimated soil loss, according to Table 7. The mean soil loss rate in 
cropland is 1.5 times that of the overall mean rate, reaching 32.8 Mg ha-1 yr-1 compared to 20.75 
Mg ha-1 yr-1. The mean soil loss rate for cropland (32.8 Mg ha−1 yr−1) is close to that of 33.3 Mg ha−1 
yr−1 reported by Fenta et al. (2020). On the other hand, shrubland and grassland areas experience 
mean annual soil loss rates of 20.64 and 27.82 Mg ha-1 yr-1, respectively, as indicated in Table 7. 
Together, these non-cropland covers contribute 40.49% of the total soil loss. In contrast, open water 
and wetland areas exhibit the lowest soil loss rates at 0.2 and 0.42 Mg ha-1 yr-1, respectively. This 
can be attributed to the low LS-factor and the resultant dense vegetation, as shown in Figures 7a 
and b. Importantly, cropland contribution to soil loss is approximately 2 to 47 times higher than 
non-cropland landuse types, proving that converting non-cropland to cropland would further worsen 
land degradation in the region. 

In the study area, cropland stands out as a significant contributor to total soil loss, occupying 
nearly 39.73% of the regional area and contributing a 52.04% share. Similarly, a study by Fenta et 
al. (2021) emphasizes that cropland is responsible for approximately 52% of the total soil erosion 
observed. These results highlight the pivotal role of cropland in soil erosion processes, emphasizing 
the urgent need for effective land management strategies to mitigate these adverse effects. 
Meanwhile, shrubland and grassland experience lower soil loss rates (20.64 and 27.82 Mg ha¹ yr¹, 
respectively) compared to cropland, highlighting the importance of maintaining natural vegetation 
to reduce erosion, as stated by Nigussie et al. (2025). Hence, a practical approach to mitigating 
erosion and maintaining soil health involves implementing strategies to limit the expansion of 
agricultural land. Various research studies, including the works by Shulstad & May (1980), Li et al. 
(2006), Zhang et al. (2021), and Wang et al. (2024), have underlined the detrimental impact of 
converting non-cropland areas into cropland. Such conversions not only contribute to the 
exacerbation of soil erosion but also disrupt the delicate ecological balance of these non-cropland 
regions (Galindo et al., 2022; Tian et al., 2023). 
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Table 7. Annual soil loss at each land use/land cover type for the 2022 

LAND COVER TYPE AREA (KM2) % OF LULC AREA MEAN SOIL LOSS (MG HA-1 YR-1) % OF SOIL LOSS 

Cropland 71532.67 39.73 32.8 52.04 
Built-up 648.17 0.36 38.6 0.55 
Barren 1602.42 0.89 35.95 1.28 
Forest 15340.00 8.52 16.51 5.62 
Shrubland 37161.70 20.64 19.67 16.21 
Grassland 50089.08 27.82 21.85 24.28 
Open water 3402.89 1.89 0.2 0.02 
Wetland 288.08 0.16 0.42 0.00 

 

Soil loss estimates by agroecology 

Among the 14 agroecological zones in the Amhara region (Table 8), the warm moist lowlands, 
tepid sub-moist mid-highlands, and tepid moist mid-highlands agroecological zones constitute a 
significant portion, approximately 48.65% of the total area. Interestingly, these zones contribute a 
staggering 73.33% of the overall soil loss, this could be because of increasing human and livestock 
populations, continued farming, deforestation, and overgrazing. Within this group, the tepid moist 
mid-highlands zone holds the highest contribution, amounting to 25.4%, primarily due to its 
dominance in cropland with a high soil loss rate. It is also important to highlight that the warm moist 
lowlands, tepid sub-moist mid-highlands, and tepid moist mid-highlands agroecological zones 
occupy 25.95%, 13.83%, and 8.87% of the total area and contribute 22.42%, 25.75%, and 25.06% 
of the total soil loss, respectively. In comparison to their area coverage, other agroecological zones 
like the cool sub-humid mid-highlands, warm semi-arid lowlands, warm sub-humid lowlands, and 
tepid sub-humid mid-highlands have a lower contribution to the total soil loss. This is mainly 
attributed to their low LS-factor as depicted in Figure 7a. The very cold sub-moist mid highlands 
cover only 0.03% of the total area but exhibit the highest mean soil loss of 56.46 Mg ha-1 yr-1 in 
2022 (Table 8). This result further emphasizes the importance of considering the different 
agroecological zones when addressing soil erosion issues in the Amhara region. The study 
conducted by Fenta et al. (2021) also describes the significance of this factor for guiding effective 
and sustainable solutions in soil conservation practices to combat soil erosion. 
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Table 8. The major agroecology with area coverage, mean rates of soil loss by water, and percent of total soil loss in Amhara region.  

MAJOR AGROECOLOGY AREA (KM2) % OF TOTAL 
AREA 

SOIL LOSS 
(MG/HA) 2014 

% OF TOTAL 
SOIL LOSS 2014 

SOIL LOSS 
(MG/HA) 2022 

% OF TOTAL 
SOIL LOSS 2022 

Warm moist lowlands 171097.758 25.9466 21.24 22.42 19.61 22.86 
Tepid moist mid highlands 91168.569 13.82551 20.42 25.72 18.26 25.40 
Cool moist mid highlands 19631.093 2.977012 28.49 8.57 24.88 8.26 
Cold moist sub-afro-alpine to afro-alpine 788.294 0.119543 30.92 0.66 29.02 0.69 
Very cold moist sub-afro-alpine to afro-alpine 152.461 0.02312 22.48 0.11 21.79 0.12 
Warm semi-arid lowlands 31132.098 4.721114 2.28 0.33 2.19 0.35 
Warm sub-humid lowlands 80559.229 12.21663 2.88 0.19 2.69 0.20 
Tepid sub-humid mid highlands 75058.374 11.38244 2.00 0.21 1.62 0.18 
Cool sub-humid mid highlands 5890.485 0.893279 3.60 0.02 2.63 0.01 
Warm sub-moist lowlands 108918.802 16.5173 9.28 7.17 8.83 7.54 
Tepid sub-moist mid highlands 58523.571 8.874971 32.71 25.06 29.63 25.07 
Cool sub-moist mid highlands 13141.563 1.992889 32.06 8.20 28.16 7.95 
Cold sub-moist mid highlands 768.188 0.116494 48.90 1.02 44.72 1.03 
Very cold sub-moist mid highlands 180.213 0.027329 60.06 0.33 56.46 0.34 
Lake Tana 2,412 0.365774 n.a.    

Note: n.a = not addressed 
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Soil loss estimates by soil type 

The spatiotemporal distribution of soil erosion results in different soil types are presented 
in Table 9. The soil type that experiences extremely severe soil erosion is Leptosols, 
experiences extremely severe erosion, covering 7.14% of the total area. In 2014, the mean 
soil loss for Leptosols was estimated at 60.63 Mg ha-1 yr-1, which slightly decreased to 54.62 
Mg ha-1 yr-1 in 2022. Conversely, Cambisols, the dominant soil type in the region, cover an 
extensive area of 35.13% and contribute to approximately 44.87% of the total soil loss in 
2014, which declined slightly to 44.73% in 2022 (Table 9). On average, Cambisols 
experienced a soil loss of 38.98 Mg ha-1 yr-1 in 2014 and 36.19 Mg ha-1 yr-1 in 2022. This 
could be due to the Cambisol's poor aggregate stability and low permeability to water 
(Aquino et al., 2013; Heyder et al., 2023) and high erodibility (Tessema et al., 2020), which 
make this soil more susceptible to erosion. 

In 2014, very severe erosion covered the largest area, followed by extremely severe 
erosion, accounting for 71.69% and 14.18%, respectively. Over the period from 2014–2022, 
the average value of very severe erosion was dominant, followed by extremely severe 
erosion, accounting for 69.82% and 13.95%, respectively. Generally, the total areas of very 
severe and extremely severe erosion were dominant, accounting for 85.88% in 2014 and 
81.67% in 2022. This suggests that the situation of erosion in Amhara region has slightly 
declined over the past decade, and this could be the result of the implementation of SWC 
interventions and the enhancement of vegetation coverage. Similarly, SWC practices, as 
highlighted in the study by Mwanake et al. (2023), play a crucial role in preventing soil 
erosion.  Additionally, vegetation cover improvement, as discussed in the studies by Zhao et 
al. (2020) and Masha et al. (2021), also contributes significantly to reducing soil erosion. 

 
Table 9. Annual soil loss at each soil type in Amhara region 

SOIL TYPE PERCENTAGE 
OF TOTAL 
AREA 

SOIL LOSS 
(MG/HA) 2014 

% OF 
TOTAL SOIL 
LOSS 2014 

SOIL LOSS 
(MG/HA) 2022 

% OF TOTAL 
SOIL LOSS 
2022 

EROSION RATE FOR 
2022 

Leptosols 7.14 60.63 14.18 54.62 13.72 Extremely Severe 
Regosols 14.21 26.66 12.41 25.42 12.71 Very Severe 

Solonchacks 2.27 9.36 0.70 9.23 0.74 Slight 
Nitosols 4.18 16.32 2.24 15.07 2.22 Moderately Severe 

Acrisols 0.4 40.19 0.53 39.92 0.56 Very Severe 
Open Water 1.89 0.25 0.02 0.21 0.01 Very Slight 

Arenosols 0.85 26.54 0.74 24.96 0.75 Severe 
Yermosols 0.04 5.81 0.01 4.95 0.01 Slight 

Luvisols 8.05 36.74 9.69 35.16 9.96 Very Severe 
Histosols 0.003 22.91 0.00 18.22 0.00 Moderately Severe 

Xerosols 4.02 26.12 3.44 24.60 3.48 Severe 
Cambisols 35.13 38.98 44.87 36.19 44.73 Very Severe 

Vertisols 17.14 16.61 9.33 15.73 9.48 Moderately Severe 
Gleysols 1.23 6.50 0.26 3.94 0.17 Slight 

Phaeozems 0.02 26.92 0.02 24.78 0.02 Severe 
Fluvisols 2.477 16.09 1.31 14.80 1.29 Moderate 

Andosols 0.95 8.73 0.27 5.00 0.17 Slight 
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Effectiveness of Conservation Measures 

Since 2011, community mobilization efforts in the Amhara region lead by the regional 
government have been successful, with 4 million participants contributing 8 hours a day for 
20-30 days annually in the form of free labor, demonstrating their commitment and 
willingness in a campaign-based SWC intervention for sustainable land management 
practices (BoA, 2023; Addis et al., 2024). These SWC measures encompassed 128,726.28 
hectares of gully rehabilitation, indicating efforts to restore degraded land and prevent 
erosion in vulnerable areas. Moreover, a vast expanse of 4,436,096.3033 hectares of 
cultivated fields received SWC measures, indicating a focus on preserving the productivity 
of agricultural lands. Additionally, 817,104.7 hectares of communal land in the study area 
were also subjected to SWC interventions (Addis et al., 2024). This highlights the 
collaborative efforts of the local community in safeguarding their shared resources. 
Moreover, approximately 7,849.1 hectares were stabilized through bench terracing, while 
128,726.28 hectares underwent gully rehabilitation using check-dams—both key soil 
conservation strategies that contributed significantly to reducing soil loss (Addis et al., 2024). 
This community-driven approach has been crucial in reducing soil erosion and promoting 
sustainable land management (SLM) practices. Particularly, the implementation of SWC 
measures contributed to a significant reduction in soil loss, representing a reduction of 1.92 
Mg ha-1 yr-1. Therefore, this study highlights the collaborative efforts of local communities 
in implementing SWC measures to reduce degradation, particularly in communal lands, as 
stated by Siraw et al. (2018). Extensive physical soil and water conservation (SWC) 
structures have played a vital role in reducing soil loss and advancing SLM practices, as 
evidenced by studies conducted by Nyesheja et al. (2019), Kebede et al. (2021), and Kayode 
et al. (2025). 

Management Implications 

Annual soil loss estimates for each district in 2014 and 2022 (Figure 9) formed a source 
of the regional government's environmental monitoring framework. These estimates offered 
critical insights into spatial variations in soil erosion rates, enabling the identification of 
districts most susceptible to soil erosion. The temporal comparison between 2014 and 2022 
allowed development agents to evaluate trends and measure the effectiveness of conservation 
interventions over time, as stated by Maximus (2025). This map served as a vital resource 
for informing policymakers, refining land management strategies, and designing targeted 
measures to curb soil erosion and improve ecosystem services. The adoption of community-
driven approaches, mainly the implementation of soil and water conservation (SWC) 
measures between 2014 and 2022, led to a measurable reduction in erosion, amounting to a 
decline of 1.92 Mg ha¹ yr¹. 

Meanwhile, 68.61% of the study area experienced moderate to extremely severe soil loss, 
underlining the urgency for immediate remedial actions. Steep slopes exceeding 30% 
accounted for 37.99% of total soil loss in 2022, emphasizing the importance of implementing 
slope-specific conservation approaches, as indicated by Nyesheja et al. (2019). Furthermore, 
agroecological zones—including warm moist lowlands, tepid sub-moist mid-highlands, and 
tepid moist mid-highlands—collectively contributed approximately 75% of the total soil 
loss, despite comprising only half of the study area. In general, the study emphasizes the need 
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for targeted conservation efforts, particularly in areas with steep slopes, high rainfall 
erosivity, and vulnerable soil types, as stated by Arega et al. (2024). This aligns with the 
conclusions of Fenta et al. (2021), who similarly highlight the role of these factors in shaping 
effective and sustainable soil conservation practices. 

Conclusions  

This in-depth study was carried out specifically in the Amhara region of Ethiopia, a well-
known area that plays a crucial role in sustainable community-mobilized SWC interventions. 
The main objective is to estimate the effectiveness of campaign-based community watershed 
management practices in reducing soil erosion over different periods using the RUSLE 
model. The study showed that the average annual soil erosion rate in Amhara region was 
approximately 20.75 Mg ha-1 yr-1, meaning that 3,157,345,527 Mg yr-1 of soil had been lost 
by 2022. As a result of ICWM interventions, there was a noticeable decrease in soil loss from 
22.67 Mg ha-1 yr-1 in 2014 to 20.75 Mg ha-1 yr-1 in 2022. The adoption of community-
mobilized SWC measures since 2011 is responsible for this decline. However, it is 
concerning that 68.61% of the region falls into high-risk categories, emphasizing the urgent 
need for immediate implementation of conservation measures. Analyzing the distribution of 
soil loss across the region, it is evident that the cropland, which covers 39.73% of the land 
area, is responsible for a significant 52.04% of the estimated soil loss. Among the 14 
agroecological zones in the Amhara region, the warm moist lowlands, tepid sub-moist mid-
highlands, and tepid moist mid-highlands agroecological zones stand out, accounting for 
approximately 48.65% of the total area. Astonishingly, these zones also contribute a 
staggering 73.33% of the overall soil loss. Therefore, it becomes crucial to utilize severity 
mapping to identify specific areas requiring targeted conservation practices and investments 
to combat soil erosion across the entire study area. Understanding the spatial pattern of 
erosion severity can facilitate the allocation of resources and monitoring of progress on a 
regional scale, enabling comprehensive and sustainable management of the Amhara region. 
Therefore, through the implementation of a community-mobilized SWC program, coupled 
with appropriate policy measures, it is possible to reverse the trend of land degradation and 
promote sustainable land management practices in Amhara region. This will not only 
contribute to protecting the environment and natural resources in the region but also improve 
the livelihoods of the local communities who heavily rely on conventional agriculture.  
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