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ABSTRACT 

In Ethiopia soil erosion and land degradation has become a key issue, because of roughed and 

steep slope topography that soil erosion become accelerating. The main objective of this study 

was to identify soil erosion hotspot areas in Dengora and Meno watersheds using Revised 

Universal Soil Loss Equation (RUSLE) and Multi Criteria Decision Analysis (MCDA) 

techniques. To achieve such objective RUSLE model was used to estimate potential soil losses 

by utilizing information on Soil, land use/cover, topography, and climatic data. MCDA technique 

considered land use, soil type, topographic wetness index, stream power index and potential 

location of gullies. The factors were weighted using pair-wise comparison matrix and weights 

were combined using Weighted Overlay. Based on RUSLE model, the average annual soil loss 

of Dengora and Meno watersheds were reaches up to 223.97and 256.09-ton ha-1yr-1 respectively. 

In Dengora watershed 70.4%, 18.7%, 10.74% and 0.14% and Meno watershed 76%, 16.54%, 

7.3% and 0.14% of the total watershed area slightly, moderately, highly and very highly sensitive 

to soil erosion respectively. On the other hand, GIS based MCDA technique reveals that in 

Dengora watershed 9.7%, 64.5%, 18% and 7.8% and Meno watershed 6.1%, 71.3%, 23.23% and 

0.375% of the total watershed area was highly, moderately, slightly and currently not sensitive to 

soil erosion respectively. Based on validation, field level observation, MCDA model prediction 
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was more accurate than RUSLE. Both of the watersheds were at moderate risk. Bottomlands of 

the watersheds under were highly sensitive areas for erosion. Therefore, immediate attention for 

soil and water conservation practices. 

Keywords: Dangora watershed, Erosion Hotspot, GIS, Meno Watershed, MCDA, RUSLE 

INTRODUCTION 

In Ethiopia soil erosion and land degradation has become a key issue, because of roughed and 

steep slope topography that soil erosion become accelerating. Poor land use practice particularly 

inadequate soil and water conservation practice and cultivation of steep slope significantly 

contributed to soil erosion and land degradation (Onyando et al., 2005). Soil erosion are 

increased due to deforestation, over grazing, poor farming practices and cultivating marginal 

lands (Valentin et al., 2005). It has on-site and off-site impacts, the on-site impacts includes loss 

of agricultural land leading to reduction in food production while off-site effects, siltation of 

rivers and reservoirs leading to water quality deterioration (Asquith et al., 2005). 

In the highlands of Ethiopia, soil erosion and land degradation is a serious and continues problem 

that resulted in the loss of fertile top soil leading to low agricultural productivity(Hurni, 

1993b).Lack of effective watershed management system and poor land use practices played 

significant role in land degradation in the region (Setegn et al., 2009). About 1.3 billion ton of 

fertile soil are lost each year and soil erosion and land degradation increase significantly due to 

undulation and irregular topography in the area (Hurni, 1989b). According to various study in the 

Ethiopia highlands, much of the lost land will economically insufficient in the near future. 

According to the Ethiopian highland reclamation study (Yilma and Awulachew, 2009), in the 

mid1980’s, 27 million hectare or almost 50% of the high land area was significantly eroded, 14 

million hectare seriously eroded and over 2 million hectare were beyond reclamation. Efforts 

have been made to manage this loss. However, a number of previous studies have pointed out 

that such arrangements were unsatisfactory and incompatible due to ineffective community 

participation in planning stage, improper intervention selection, poor management after 

construction, not integrated with biological conservation measures and others among the 

smallholder farmers (Hurni, 1989b). This requires immediate action to estimate soil erosion rate 

and identify high erosion source area in the watersheds. 
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In highlands of Ethiopia, in which Dengora and Meno watersheds was found, are facing severe 

problems arising from excessive erosion that results decreasing  agricultural productivity and 

decreasing storage capacity of reservoir and increasing environment degradation. Due to 

decreasing crop production community living in both watersheds categorized food insecure area 

since 1999 by the regional government (BoFE, 1999). In most watersheds, gully formation and 

sheet erosion with exposure of rock and stones on previously cultivated steep upper slopes are 

the most visible evidences to show erosion problems in this area (Birru, 2007). Excessive soil 

erosion from Dengora watershed Atilkanay artificial reservoir located at the outlet of the 

Dengora watershed reduced its storage capacity (Atikayina Earthen rock fill dam) closes its 

outlet. Soil and water conservation measure had been implemented in the watershed for the last 

decades. However, community as well as government blindly recommended different measures 

without any evidence on targeting as a result they aggravated instead of reducing soil erosion in 

both watersheds.  

The Revised Universal Soil Loss Equation (RUSLE) by (Renard et al., 1991) is the most widely 

used soil erosion models (Salehi et al., 1991 and Demesew et al.,2019). The RUSLE predicts 

long-term average-annual soil erosion for a range of sites where the mineral soil has been 

exposed to raindrop impacts and surface runoff. The RUSLE is computer-based which replaces 

the tables, monographs, and calculations with a keyboard entry (Dube et al., 2014, Demesew et 

al.,2019, Desmet and Govers, 1996). The Multi-Criteria Decision Analysis (MCDA), an 

instrument for improving GIS, could help users to improve their decision-making processes. 

Multi-criteria Decision Analysis often compares different alternatives based on specific criteria 

to identify sensitive areas of erosion. To explore a range of alternatives in terms of goal conflicts 

and multiple criteria, the MCDA technique is used (Voogd, 1983). In order to achieve this, a 

ranking of alternatives and compromise alternatives according to their attractiveness must be 

produced (Janssen and Rietveld, 1990). Numerous researchers have been study using MCDA 

techniques in particular areas to conserve natural resources management (Tecle A, 1990, 

Malczewski, 1996). In this outcome, GIS based MCDA technique helps to carry out the 

delineation of the most erosion prone area in study watersheds.  

Generally, this study explains that RUSLE model was used to estimate the soil loss and GIS 

based Multi Criteria Decision Analysis (MCDA) was used for identification of erosion hotspot 
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source areas from the watersheds. This helps to apply different soil and water conservation 

measures in the watershed. Therefore, the purpose of this study concerns on identifying soil 

erosion source areas of Dengora and Meno watersheds for conservation priority. 

2. MATERIALS AND METHODS 

2.1. Description of the study area 

The study area Dengora and Meno watersheds were located in the Tekeze basin of Amhara 

National Regional State in East and West Belesa Woredas respectively (Figure 1). The 

Geographical coordinate of the Dengora watershed is ranges from 38o2’35” to 38o3’15” E and 

12o23’0” to 12o23’30” N and Meno watershed is ranges from 37o46’2”to 37o46’45” E and 

12o26’50”to 12o27’25” N. Both watersheds were characterized by highly rugged and undulating 

topography on the upper part and gently flat in the valley bottom land. The elevation difference 

of Dengora and Meno watersheds varies from 1898 to 2172 m and 1888 to 2091 m above mean 

sea level respectively based on digital elevation model. The climate of watersheds can be 

characterized as semi-arid agro climate with a mean annual rainfall of Dengora and Meno 

watersheds 949.5 and 841.85 mm/year and average temperature of above 31.5OC and 30OC based 

on the data available in Dengora and Meno watersheds respectively. Most rainfall occurs 

between July and August season. 
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Figure 1 Location of Study area map 

2.2. Data Source and Method of data collection  

RUSLE model and GIS based MCDA technique requires spatial data input. These data include 

rainfall, gully location, land use, digital elevation model (DEM) and soil. Thus, Necessary data 

were collected from both primary and secondary source (Table 1).  

Table 1 Type, purpose and sources of data/material 

S.N Data type                   Purposes Sources 

1 DEM To delineate watershed and 

generate slope 

Website: http://gdex.cr.usgs.gov/gdex/ 

2  Landsat8 

image 

To generate land use land cover 

map(LULC) 

Website: http://landsat.usgs.gov/landsat8.php 

3 Soil type To produce soil map Ministry of Water and Energy (MoWE), 

Addis Ababa 

http://gdex.cr.usgs.gov/gdex/
http://landsat.usgs.gov/landsat8.php
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4 Rainfall To generate Rainfall map National Meteorological Agency (NMA), 

Sanka, Mersa and Kobo metrological  branch 

5 GPS For ground control points (LULC 

and gully location)               

- 

6 ArcGIS 10.1 For analyzing, Displaying, 

overlaying the criteria and spatial 

data 

- 

2.3. Group Discussion and participatory Transect Walk 

Focus group discussion is a qualitative research method and data collection technique in which a 

selected group of people discusses on a given topic or issue in depth, facilitated by professional, 

external moderator (Twinn, 1998). For the study, a total of four focus group discussion was made 

with a group member of women and men independently in both watersheds.  A total of 8 women 

and 10 men per the focus group discussion were attended. Additionally, in-depth interview with 

Kebele level development agents were made in each watershed. A total of four development 

agents were interviewed and two development agents per watershed. After the discussion on 

community and the development agents understanding soil erosion risk and resources status 

(vegetation density, soil and water) and identified factors contributed to soil erosion in the 

watersheds. After focus group discussion, members also participated in transect walk across the 

watersheds, east to west and south to north direction. During the transect walk land-use/land 

cover types, slope gradient, highly erodible area/gully location, slope length, soil color, and 

drainage patterns were documented. For validation of hotspot areas, the transect walk 

information was applied.  

2.4. Data Analysis 

After collecting the required data, spatial analysis was made to prepare MCDA criteria map and 

RUSLE factors for the source area investigation and soil loss estimation respectively. Landsat 8 

image together with intensive field point data collection was used to perform supervised land use 

classification in ArcGIS environment. The output map is validated and used to produce land use 

criteria map based on land use suitability classes. Soil map from Ministry of Water, Irrigation 

and Energy (MoWIE) was directly used to produce soil criteria map based on soil type suitability 
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classes. DEM with 30m resolution were used to produce three criteria maps: Topographic 

wetness index, stream power index and   potential location of gullies. Topographic wetness index 

and stream power index of the catchment was predicted based on flow accumulation and slope of 

the particular pixel. 

Potential locations of gullies were predicted based on threshold concept of two criteria 

topographic wetness index and stream power index. The parameters were identified and 

classified in to sub classes to get the relative weights using pair wise comparison method and the 

soil erosion factors were weighted overlay to produce final soil erosion source areas in terms 

spatial representation in the watershed. 

2.5. RUSLE Model Description  

Modeling of soil erosion and estimation of soil loss was done using revised Universal Soil Loss 

Equation (RUSLE). This method is the newly emerged model from Universal Soil Loss Equation 

(USLE) (Renard et al., 1991 and Demesew et al.,2019). RUSLE has the same formula with 

USLE but has several improvements in determining factors. Hurni (1985) has modified the 

USLE to fit the Ethiopian conditions. RUSLE model parameters such as, the potential ability of 

the rain to cause erosion was a function of physical characteristics of the rainfall represented by 

Rainfall Erosivity (R), the resistance of soil to detachment from parent material and transport 

from its original position represented by Soil Erodibility Factor (K), The effect of soil erosion on 

topography on soil erosion is accounted by slope steepness length factor (LS), Cover (C) factor 

represents the ratio of soil loss under a given cover to that of bare soil and Conservation practice 

(P) reflecting the positive impacts of management through the control of runoff was estimated 

and used for the estimation of mean annual soil erosion loss rate in Dengora and Meno 

watersheds. All the five RUSLE parameters were overlaid by using the above equation in 

ArcGIS with spatial analysis package of raster calculator. A = R ∗ K ∗ LS ∗ C ∗ P        − − − − − − − − − − − − − − − − − − − −(   2.1) 

where; A is the computed spatial average soil loss rate (t ha-1yr-1), R is the rainfall runoff 

erosivity factor (MJ.mm.ha-1yr-1), K is the soil erodibility factor (Mgh MJ-1mm-1), L is the slope 

length factor (dimensionless), S is the slope steepness factor (dimensionless), C is the cover 

management factor (dimensionless), and P is the conservation support practice factor  
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2.6. RUSLE Factors Generation 

2.6.1. Rainfall Erosivity (R) factor 

To determine the erosivity factor, the maximum 30-minute intensity is required. But, for the 

study area it is difficult to find the 30 minutes’ intensity. R can be calculated by (Hurni, 1985) 

which is derived from a spatial regression analysis by (Helldén, 1987)for Ethiopian conditions.            

                      R = -8.12 + 0.8562P-------------------------------------------------- (2.2)  

                                  Where, P is mean annual rainfall in mm 

2.6.2. Soil Erodibility (K) factor 

In this study, FAO standard classification of soil type was obtained from MoWIE . Therefore 

based on (FAO, 1989) the K-factor of the study area was developed using this suggestion(Table 

2). 

 

 

 

Table 2 Soil types with K values 

S/N Dengora watershed     K-factor Meno watershed K-factor 

1 Eutric leptosols                 0.15               Hyperskeletic Leptosols 0.2 

2 Leptic Luvisols                   0.2 Lithic Leptosols 0.1 

 3 Heplic Luvisols                  0.2 Eutric leptosols 0.15 

 4 Exposed Rock                 constraint   

2.6.3. Topographic (LS) factor 

LS factor was estimated by using in the (equ 2.3) using raster calculator proposed by Wischmeier 

and Smith (1978). LS = power (flow accum∗cell value22.1 ) 0.6 ∗ power (sin (slope) ∗ 0.017450.09 ) 1.34 − − − − − (2.3) 
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Where LS is slope steepness length factor, the cell value is the resolution of DEM which is 30 m 

resolution and S is slope in percent generated from DEM. 

2.6.4. Land Cover Factor (C) 

Land use land cover types identified from the Landsat 8 satellite imagery using GIS tool. For this 

specific study, the land use land cover classifications were classified using a supervised 

classification algorithm. The supervised classification involved the selection of a number of 

known sites for each class throughout each image and 30 ground control point were taken from 

each land use land cover type. Once these sites were identified Maximum Likelihood supervised 

classification was made in Arc GIS 10.1. By using supervised image classification of Dengora 

and Meno watersheds were categorized under seven classes (Table 3). The dominant land use 

land covers for both of the watersheds were cultivated land. 

Table 3 land cover factor of study area 

S/N Land use land cover C-factor value     Source 

1 Forest 0.01 Hurni,1985 

2 Cultivated land 0.2 FAO,1984 

3 Cultivated with terrace 0.15  Hurni,1985 

4  Bush  land                                            0.1   Hurni,1985 

5 Close shrub  0.05 Hurni,1985        

5 Grazing land                               0.01 Hurni,1985 

6 Road                                          0 Hurni,1985 

2.6.5. Land Management Practice Factor (P) 

For this specific study, P factor were generated from land use land cover map corresponding to 

slope by using raster calculator in Arc GIS. 

Table 4 Land management factors (Wischmeier and Smith, 1978) 

Land use type Slope (%) P-Factor 

Cultivated Land 0-5 0.1 
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5-10 0.12 

10-20 0.14 

20-30 0.19 

30-50 0.25 

50-100 0.33 

Other land use All 1 

 

 

Figure 2 General flow charts for RUSLE Generation 
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2.7. Multi- Criteria Decision Analysis (MCDA) 

Multi-criteria analysis often compares various alternatives with the help of certain criteria. These 

criteria are often a translation of the study objectives. MCDA helps for watershed prioritization for 

the process of identification of soil erosion risk areas or pockets for taking up soil conservation 

practice on the priority basis. The outcomes are not in the form of a valuation but more often in 

the form of selection, classification or ranking of alternatives. It often compares various 

alternatives with the help of certain criteria to identify erosion hotspot areas. 

In this study, used MCDA technique within GIS environment to identify the actual source of 

erosion and map sensitive areas based on spatial dataset analysis. Weight of decision factors are 

assigned based on their relative effect to erosion process. To perform MCDA by using GIS for 

hotspot area identification in Dengora and Meno watersheds land use/cover, Soil type, 

topographic wetness index ,Stream power index (SPI) and potential gully location were as 

factors and GIS aided analysis has been done to obtain a map for each criterion. For multi criteria 

evaluation of factor generation, three main types of data inputs were used. Those includes land 

cover, DEM and soil type which used to generate soil erosion factor maps such as land use land 

cover map, soil map, slope and potential gully location map of Dengora and Meno watersheds. 

Finally, those factors were reclassified and sensitivity analysis undergo as presented in Table 5. 

Table 5 Factor sensitivity classes 

Sensitivity classes Notation                       Explanation  

Highly sensitive    S1 Factors significantly accelerate erosion 

Moderately sensitive    S2 Factors clearly sensitive but has opportunity to reduce  

Marginally sensitive    S3 Factors significantly reduce erosion 

Currently not sensitive    S4 Factors that cannot support erosion  

Source: (FAO, 1981) 

The weights of factors were assigned based on their relative effect on erosion and ranked according to 

their relative importance order (Wale et al., 2012). Pairwise comparison based on (Saaty, 1977) was 

adopted to calculate the total weight of each factor. It provides a powerful and simplified selection 

criterion by reducing bias in decision making (Wale et al., 2012). It refers to the process of comparing 



 

12 

 

factors in pairs to evaluate which one is preferred. Equal interval range method was applied to distribute 

the overall weight of factor maps.  

After soil erosion factor maps were generated for each factor maps (land use land cover map, soil 

map, TWI, STI and potential locations of gullies) were reclassified based on sensitivity classes. 

Relative weights were assigned to each factor depending on the relevance of each factor. Values 

were assigned to each factors based on pair wise comparison criteria. Pair wise comparison 

method was used to acquire the final weight of each factor. Based on factors final weight, the 

reclassified map was overlaid to identify erosion sensitive areas (Yesuph and Dagnew, 2019) to 

obtain the combined effect of all factors and produce the final soil erosion hotspot area map of 

Dengora and Meno watersheds.  

Table 6 Saaty’s 1977 Fundamental weighting scale of pair wise comparison 

Rating scale 

1/9 1/7 1/5 1/3 1 3 5 7 9 

Extremely  

 

Very 

strongly 

Strongly Moderately Equally  

 

Moderately 

 

Strongly Very 

strongly 

Extremely 

                     less important                                            Very important  

The consistency of subjective judgment can be checked by estimating consistency ratio which is 

the comparison between consistency index and random consistency index.  The consistency 

index (CR) can be computed by using equation 2.4: 

                                 CR=CI/RI --------------------------------------------------------- (2.4) 

Where, CI is the consistency index and RI is the random consistency index.   

The consistency index is a measure of consistency can be estimated using equation  

1

max





n

n
CI


---------------------------------------------------------------------------- (2.5) 

Where, λmaxis the principal Eigen value obtained from priority matrix and n is size of 

comparison matrix. 
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After consistency is checked and pair wise comparison was done, then final weight could 

overlaid to produce map of soil erosion source areas and identify soil erosion hotspot areas of the 

Dengora and Meno watersheds. 

Table 7 RI on the basis of various sample size 

N 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 

       Source: (Saaty, 1977)  

This study was used a pairwise comparison technique to assign the weights of the decision 

factors since; it is less bias than other techniques like ranking technique. In pairwise comparison 

technique, each factor was matched head-to-head (one-to-one) with each other and a comparison 

matrix was prepared to express the relative importance.  

2.8. Identification of Potential Gully location   

For the prediction of potential gully location, the wetness of the catchment or topographic 

wetness index and stream power index have been predicted based on flow accumulation and 

slope of the particular pixel on the Dengora and Meno watersheds boundary to drive gully 

locations respectively. The potential locations of gullies was predict where the two thresholds 

have satisfied that is Stream Power Index (SPI) (eq 2.7 ) grater than16.8 and Topographic 

Wetness Index(TWI) (eq 2.6) greater than 6.8 (Lulseged and Vlek, 2005). SPI indicates locations 

where gullies might be more likely to form on the landscape. A higher value of SPI indicates a 

possible source of soil erosion due to concentrated runoff. Topographic wetness index predicts 

zones of saturation encountered along drainage paths and in zones of water concentration in 

landscapes. Gully occurs where surface water flow has become trapped in a small concentrated 

stream and begins to erode channels in the ground surface. Therefore, we consider the effect of 

stream power index in combination with the TWI to identify the gully prone area which is 

included in the pairwise matrix named as gully. Thus, possible locations of gullies were 

predicted depending on the two criteria; SPI and TWI. TWI and SPI map were overlaid to 

generate combined map of gully potential locations (Fig 3).  
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To compare with the actual gully site sample of gullies digitized from Google earth and gully 

track to validate the mapping by SPI and TWI. High SPI values are the characteristics of hilly 

and upper parts of the area and it shows areas of high erosion. Thus, reclassification was done to 

indicate low to high gully potential. Mathematically the two equations are described below. 

  𝑇𝑊𝐼 = ln ( 𝐴𝑠𝑡𝑎𝑛 𝐵) − − − − − − − − − − − − − − − − − − − − − − − − − −(2.6)    
 SPI = ln(As ∗ tanB) − − − − − − − − − − − − − − − − − − − − − − − − − (2.7) 

Where TWI is topographic wetness index, SPI is stream power index, As is a local upslope 

contributing area (m2) from flow accumulation raster, and B is local slope angle (degree).  

 

Figure 3 Workflow charts of the criteria weighting using MCDA in Arc GIS 10.1. 
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3. RESULTS AND DISCUSSIONS 

3.1. Soil Loss factors 

3.1.1. Rainfall Erosivity Factor (R) 

The contribution of the erosive agent water (precipitation) is represented by the rainfall erosivity 

factor R. The R as RUSLE factor is estimated originally from both rainfall and rainfall intensity. 

However, as these data are usually unavailable in developing countries unless there are standard 

meteorological stations, a common solution was to use correlations between the R-factor and 

annual rainfall to estimate erosivity factor as derived by (Hurni, 1985) for Ethiopian condition 

(Equ 2.2) with in a mean annual rainfall of 949.5 and 841.85mm/year for Dengora and Meno 

watersheds which gives 804.84 and 712.67 mm respectively. 

3.1.2. Soil Erodibility Factor (K) 

Soil erodibility represents the effect of soil properties on soil erosion. The high k factor value 

indicates the more vulnerable soil types to soil erosion and the smaller value shows less 

vulnerable soil to soil erosion. In this study, FAO standard classification of soil type was 

obtained from Ministry of Water, Irrigation and Electric (MoWIE). Therefore based on (FAO, 

1989) the K-factor of the study area was developed using this suggestion (Table 2), the soils 

were converted to vector format in to grid; and then analysis of K factor.  
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Figure 4 K-Factor map of Dengora (top) and Meno(bottom)watersheds 

Based on soil erodibility map, Leptic Luvisols, Heplic Luvisols and Hyperskeletic Leptosols 

were higher K values (0.2) indicated more sensitive to soil erosion, the other two soil types 

(Eutric leptosols and Eutric leptosols) have medium k values (0.15) and Lithic Leptosols have 

small k values (0.1) and Exposed Rock has constraint to soil erosion. Generally based on soil 

erodibility capacity (K) values the upper and lower parts of Dengora watershed was relatively 

highly sensitive, while the lower part of the Meno watershed was highly sensitive to soil erosion. 

The soil physical properties such as soil wetness, water holding capacity and infiltration rate 

plays a great influence for the erodibility of soil.    



 

17 

 

3.1.3. Topographic (LS) factor 

Topographic factors (LS) were one of the major contributors to soil erosion rate. The 

topographic factor map which was developed from slope length and slope steepness as shown in 

the above (equ 2.3). The values of LS factor ranges from 0 to 41.19 and 0 to 46.69 for Dengora 

and Meno watersheds respectively as indicated in Figure 5.  

 

Figure 5 Topographic (LS) factor of Dengora (top) and Meno(bottom)watersheds 

3.1.4. Land Cover Factor (C) 

A land-use and land-cover map of the study area was prepared from Landsat 8 satellite image 

acquired on 2019 and Maximum Likelihood supervised land use land cover classification type 

was employed using ArcGIS software. In addition, ground truth data were used as a vital 

reference for supervised classification, accuracy assessment and validation of the result. In 

supervised image classifications technique, land use and land cover types were classified so as to 
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use the classified images as inputs for generating crop management (C) factor and support 

practice (P) factor.  

Based on the land cover classification map, a corresponding C value suggested by Hurni 

(1985)as presented in Table 6 above was assigned in a GIS environment. The land cover factor 

map was presented in figure 6. 

 

Figure 6 Land Cover (C) Factor map for Dengora (top) and Meno(bottom) watersheds 
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3.1.5. Land Management Practice Factor (P) 

The P-factor was assessed using major land cover and slope interaction adopted by Wischmeier 

and Smith (1978) for Ethiopia condition. The data related to management practices of the study 

watershed were collected during the field work. Therefore, values for this factor were assigned 

considering local management practices based on slope ranges and taken the weighed value for 

similar land use types. As indicated in Table 4 above the conservation practice (P) factor value 

ranges from 0.1 to 0.33 for cultivated land and 1 for other land uses since no influence to soil 

erosion. Based on conservation practice (P) values, P factor map was developed on GIS by 

intersecting land use land cover type and slope for both watersheds (figure 7). 

 

Figure 7 Land management factor Dengora (top) and Meno(bottom)watersheds 
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Soil erosion controlling measures predominantly are practiced in sloping and cultivated area. The 

lower the P value, the more effective the conservation practice is supposed to be at reducing soil 

erosion. Cultivated lands were the dominant land use scattered at lower part and slope classes of 

the watershed. Since conservation (management) practice reflects the effect of the management 

at a catchment that minimize rate of soil erosion, so the high value of conservation practice (P) at 

cultivated lands were indicated more sensitivity while small values showed less effect to soil 

erosion. 

3.2. Soil Loss Estimation 

The annual Soil loss rate was computed spatially by multiplying the RUSLE factors over the 

watersheds by using raster calculator in ArcGIS. Based on the analysis, the magnitude of annual 

soil loss of the watersheds was estimated to 0 – 223.97 and 0 – 256.09-ton ha-1year-1 and their 

mean annual soil loss 16.34 and 23.26-ton ha-1year-1for Dengora and Meno watersheds 

respectively. The result of RUSLE model indicated that the upper part of the watersheds is the 

most sensitive area with higher soil erosion rate (Table 8 and 9). The estimated soil loss both of 

the watersheds is within the range of soil loss estimated for the Ethiopian highlands by the Soil 

Conservation Research Program (SCRP), which was in the range of 0 to 300 ton ha_1 yr_1 (Hurni, 

1985). In the highlands of Ethiopia and Eritrea soil losses are extremely high with an estimated 

average of 20 metric tons ha-1 year-1 (Hurni, 1985) such that soil loss rate and the spatial patterns 

are good argument and relatively conforms well compared to what can be observed from 

literature. Therefore, this model gives good estimate of soil loss at Dengora and Meno watershed 

as it is parts of Ethiopian highlands. 

RUSLE prediction has a limitation of considering gully erosion which is the main contributor to 

soil loss in the Ethiopian highlands. A recent study by Tamene et al. (2017) in Tigray indicated 

that the RUSLE model predicted higher soil loss rates at steep slopes and middle slope positions 

as well as along gullies. The predicted soil loss in the Dengora and Meno watersheds was 

relatively smaller on lower slope positions. This is due to the fact that; the slope of the watershed 

is more dominating factor for the model. However, in bottom land of the watersheds indicated 

that several active gully erosions, gully head, bank collapse and more cultivated practice were 

found on the valley bottomlands. This observation is in line with what has been reported by 

Tebebu et al. (2010) and Zegeye et al. (2016) in which the rise of perched groundwater table in 
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the saturated bottomland areas of the Debre Mawi watershed resulted in the formation and 

expansion of gullies. Since as the observation of the watersheds the gullies were found in the 

bottomlands of the watersheds.  This study was to identify erosion hotspot areas from watersheds 

so as to consider gully susceptible areas in the watersheds. 

Based on (FAO, 1984) soil loss classification, the soil loss was classified into four major severity 

classes. The severity class for both of the watersheds area indicated in Table 8/9 below 

respectively.  

Table 8 RUSLE based soil loss severity class for Dengora watershed 

Class Soil loss (t ha-1yr-1) Area (ha) Percentage  Description 

I 0-15 34 70.4 Slight 

II 15-50 9 18.7 Moderate 

III 50-200 5.2 10.74 High 

IV > 200 0.07 0.14 Very high  

  Total  48.3 100   

Source: (FAO, 1984) 

Table 9   RUSLE based soil loss severity class for Meno watershed 

Class Soil loss (t ha-1yr-1) Area (ha) Percentage  Description 

I 0-15 72.6 76 Slight 

II 15-50 15.8 16.54 Moderate 

III 50-200 6.7 7.3 High 

IV > 200 0.15 0.15 Very high  

  Total  96.2 100   

Source: (FAO, 1984) 
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Figure 8 Estimated annual soil loss for Dengora (top) and Meno(bottom)watershed 

Based on the results of this study (Table 8/9 and Figure 8), the soil loss were distributed to all 

parts of the watershed and it is at slight to moderate risk. According to Hurni (1983) and Morgan 

(2005) the tolerable soil loss is maximum soil loss which occurs from a land without resulting 

land degradation (11 t ha-1yr-1). Analysis of the result show that; 70.4% and 72.6 % of the 

Dengora and Meno watershed respectively soil loss rate within the range of the tolerable soil loss 

rate and most parts of uplands of the watersheds area were exceeded the tolerable soil loss rate. 

3.3. Multi- Criteria Decision Analysis (MCDA) 

3.3.1. Land use land cover map 

From Dengora and Meno watersheds different land use land cover types were identified. The 

image classification accuracy was conducted on classified images to determine how well the 
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classification process accomplished using error matrix. The overall accuracy for Dengora and 

Meno watersheds  land use land cover map were 83.33% and 90%  and also kappa coefficient 

82% and 86% respectively, which were under acceptable limit according to (Anderson, 1976). 

Land use land cover map of the watersheds were weighted based on AHP comparison to evaluate 

effects on soil erosion. Major land use land cover categories were reclassified and weighted 

based on pairwise comparison to evaluate effects on soil erosion (Table 10 / 11). 

Table 10 Dengora watershed LULC sensitivity class to soil erosion 

S/N 
Land use/ land cover Area (%) Severity class 

1 Cultivated land 21.72  S1 

2 Cultivated land with trace 39.19   S2 

3 Bush land 9.23  S3 

4 Shrub land 26.3  S3 

5 Forest land 3.41  S4 

Table 11 Meno-watershed watershed LULC sensitivity class to soil erosion 

S/N 
Land use/land cover Area (%) Severity class 

1 Cultivated land 48 S1 

2 Shrub land 35 S2 

3 Bush land 16 S2 

4 Forest land 0.5 S3 

5 Grazing land 0.46 S3 

The sensitivity classes were developed by regarding on land cover factors in Table 13 above, this 

means a land which have high cover factor was assigned to highly sensitive (S1) and Vis versa.  

As indicated in Table, cultivated land and bush land were more sensitive to soil erosion, while 

forest lands were less sensitive to soil erosion. Roads were constraint for the soil erosion.  
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Figure 9 LULC sensitivity map 

Accuracy assessment is necessary for validation of image classification process by evaluating 

how effectively pixels were correctly grouped. Error matrix is the basic for accuracy assessment. 

The matrix give a cross tabulation of the class label predicted against the ground truth GPS data. 

The error matrixes give very important information on image classification to both map user and 

producer’s community. 

Kappa is used to measure the accuracy between the remote sensing derived classification map 

and the reference data indicated by the major diagonals and the chance agreement, which is 

indicated by the row and column totals (Janssen and Rietveld, 1990). The Kappa coefficient was 

computed by equ 3.1. Kappa coefficient =  Observed accuracy−Expected accuracy1−Expected accuracy − − − − − − − − − − − − −(3.1) 
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The overall accuracy (Table 12)  is often the only accuracy statistic reported with predictive 

landscape models (Congalton, 1991), but the error matrix provides a means to calculate 

numerous additional metrics describing model performance. 

Over all accuracy = (Number of pixels correctly classified) / (total number of pixel) 

Table 12 land use land cover accuracy assessment of study area  

Land Use/Dengora 

watershed 

Producer 

Accuracy(%) 

Omission 

Error(%) 

User 

Accuracy (%) 

Commission 

Error (%) 

Overall 

Accuracy(%) 

Kappa  

Coefficient (%) 

Forest Area 1 0 0.67 0.33 0.83 0.82 

Cultivated land 0.72 0.28 0.83 0.17 

Cultivated   terrace 0.72 0.29 0.83 0.17 

 Bush land 0.86 

 

1 0 

 Shrub land 0.83 0.27 0.83 0.17 

Land Use/Meno 

watershed 

Producer 

Accuracy(%) 

Omission 

Error (%) 

User 

Accuracy (%) 

Commission 

Error (%) 

Overall 

Accuracy(%) 

Kappa  

Coefficient (%) 

Forest Area 0.8 0.2 0.67 0.33 0.9 0.86 

Cultivated land 0.83 0.17 0.83 0.17 

Grazing land 0.67 0.33 0.67 0.33 

Bush land 0.72 0.28 0.83 0.17 

Shrub land 0.67 0.33 0.67 0.33 

Road  1 0 1 0 

3.3.2. Soil map 

The other criterion in MCDA to estimate potential soil erosion risk area is erodibility, which is 

vulnerability of the soils to get eroded. The value of K-factor has been classified in the above 

(Table 2). The soil with low K-factor value is less susceptible to erosion agents and with high K-

factor value more susceptible. The major soil types which were obtained in both of the watershed 

were reclassified and weighted based on their sensitivity classes to soil erosion using pairwise 

comparison method in the Table below. 
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Table 13 Dengora watershed soil type sensitivity class 

Soil type Area (%) Sensitivity class 

Heplic Luvisols 18.1 S1 

Leptic Luvisols 31.2 S1 

Eutric Leptosols 48.7 S2 

Exposed Rock 2 Constraint 

   Table 14 Meno-watershed soil type sensitivity classes 

Soil type Area (%) Sensitivity class 

Hyperskeletic Leptosols 19.34 S1 

Lithic Leptosols 0.82 S3 

Eutric Leptosols 79.91 S2 

As presented in Table above, Leptic Luvisols, Heplic Luvisols and Hyperskeletic Leptosols were 

highly sensitive (S1), Eutric Leptosols have the dominant soil in the watershed which were 

moderately sensitive (S2) and Lithic Leptosols were slightly sensitive (S3) to soil erosion based 

on soil erodibility and exposed rock was constraint in soil erosion due to the properties of each 

soil.  
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Figure 10 soil type sensitivity maps 

3.3.3. Topographic Wetness Index  Factor 

Another important factor considered for identification of erosion hotspot area was TWI which 

can be used to quantitatively simulate upslope contributing area on soil erosion and soil moisture 

conditions in a watershed and it is used as an indicator of static soil moisture content. It is also 

useful for distributed hydrological modeling for describes the effect of topography, mapping 

drainage, soil type, soil infiltration and crop or vegetation distribution on soil erosion. In this 

study the TWI was extracted from Digital Elevation Model (DEM). Determining the saturated 

excess runoff generation over the land represented with topographic wetness index. The re-

classified TWI map indicated (Figure 12 below and Table 11) below. 
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Table 15 Topographic wetness index sensitivity class 

TWI Erosion sensitivity class 

Up to 11.5 S3 

11.5 to 16.5 S2 

16.5  to high S1 

Higher elevation areas have low WI values whereas lowest elevation areas high TWI. Hill slopes 

in the watershed were characterized as low TWI values indicating dry areas whereas TWI values 

increases at lower reaches of the watershed i.e., in piedmont and flood plains indicating as 

possible source areas for saturated overland flow. 

 

Figure 11 TWI sensitivity class 
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3.3.4. Stream power index (STI) Factor 

The Stream Power Index (SPI) is a measure of the erosive power of flowing water. SPI is 

calculated based upon slope and contributing area. SPI approximates locations where gullies 

might be more likely to form on the landscape. As designated in the earlier methodological 

sections of this study the Stream power index (SPI) factor was considered as the major factor 

contributed to soil erosion in the study area. It is the rate of the energy of flowing water 

expended on the bed and banks of a stream line. The re-classified SPI map indicated (Figure 12 

below and Table 16) as shown below.  

Higher SPI values has been also observed along both sides of streams in the watershed indicating 

possible source of soil erosion due to concentrated flow of runoff. 

Table 16 stream power index sensitivity class 

SPI Erosion sensitivity class 

Up to 5 S3 

5 to 12 S2 

12  to high S1 



 

30 

 

 

Figure 12 SPI sensitivity class 

3.3.5. Gully potential location map 

In this study gully locations were found water flow concentrated as small streams and at 

waterway sides of the ground surfaces (stream routs). The potential locations of gullies both of 

the watersheds were identified based on SPI and TWI threshold values by overlaying their maps 

with “AND” Boolean operation in ArcGIS raster calculator using the expression SPI >12 and 

TWI >6.8 to get best and realistic locations of gullies in the watershed. The resulted map (Figure 

13) shows areas with no gully and with gully formation. 
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Figure 13 Potential Location of Gully  

Gully formation follows almost along stream lines of the watersheds and the map clearly shows 

that small gullies (plot level) were not captured by the threshold. Gully locations were high 

sensitive class (S1) while no gully location less sensitive class (S3). The sensitivity classes were 

used to reclassify gully map (Figure 13). 

3.3.6. Validation of potential Gully location 

Gully sites and density was identified from stream power index within the range of   12 to 16.47 

and topographic wetness index of 6.8 to 15.38 value for Dengora watershed and Stream Power 

Index values 12 to 16.84 and topographic wetness Index of 6.8 to 17.92 for Meno watershed 

were overlaid to get potential gully location. The results of stream power index analysis for the 

Dengora and Meno watershed indicated in the range of 0.72 to 16.48 and 2.88 to 16.84 

respectively. According to Lulseged and Vlek (2005), areas in a watershed with a stream power 
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index of greater than 18 are susceptible to gully formation. However; the watershed gully 

location indicated that up to the stream power index value of 12 which can be taken as a 

threshold value of gully prone area in the study watershed. Similarly, the topographic wetness 

index  of the watershed can be used the threshold value of 6.8 and greater(Lulseged and Vlek, 

2005) for susceptibility to gully erosion risk. This result can be taken as a good indicator of 

threshold variability for gully susceptible area identification in the watershed. The overlaid map 

of topographic wetness index and stream power index (Figure 13) indicated that gullies were 

found. Based on the result, gullies were found along the natural streams lines within higher 

stream power index (SPI) both of the watersheds. This can be validated during the transect walk 

gullies are occurring in the rout of the stream of the two watersheds as shown in figure below 

 

Figure 14 Sample Gully of Dengora watersheds 
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active 

Gully

 

Figure 15 Photo of sample gully on Meno watershed 

Randomly Sampled gullies were digitalized and its location was collected by GPS and cross 

tabulated with gully location. Therefore, the validation was made to cross check gully potential 

sites by overlaying on the watershed boundary and the validation were 78.6 % and 86.7% for 

Dengora and Meno watersheds respectively accurate as indicated in Table 17. 

Table 17 Accuracy assessment of gully area  

Dengora  watershed  Meno-watershed 

Potential areas No. ground points No. ground points 

Potential to  Gully  22 26 

       Not potential to gully 6 4 

         Total  28 30 

     Overall accuracy (%) 78.6 86.7 

4.4. Pairwise comparison for parameters 

For assigning weights in this study, pairwise comparison method was used so as to reduce the 

complexity of decision making since two components are considered at a time. The highest value 

indicates absolute important and the reciprocal kept in the transpose position indicating absolute 

insignificant. The weights of factors were computed after normalizing the Eigen vector by its 

cumulative and multiplied by 100%. The reliabilities of weights were checked by computing the 
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consistency of comparison matrix which was 9.03% and 4.6% for Dengora and Meno watersheds 

respectively which is under the accepted Consistency Ratio (<10%). Accordingly, the pairwise 

weights were accepted and consistent, so, the process was continued. Finally, the MCDA erosion 

intensity map of the area has been produced by multiplying the four criterion layers by their 

weight derived from pair wise comparison (Table 18) and then sum up the results by Weighted 

Linear Combination (WLC) equation in raster calculator operation of ArcGIS. 

Table 18 AHP pair wise comparison matrix for Dengora watershed 

Criteria STI Land use Soil type TWI Gully Weight (%) 

STI 1 3 2 2 3 34 

Land use 0.33 1 3 0.33 0.2 11 

soil type 0.2 0.33 1 0.2 0.33 6.4 

TWI 0.5 3 5 1 3 29 

Gully 0.33 5 3 0.33 1 19.6 

Table 19 AHP pair wise comparison matrix for Meno watershed 

Criteria STI Land use Soil type TWI Gully Weight (%) 

STI 1 3 3 0.5 0.33 17.5 

Land use  0.33 1 0.33 0.2 0.2 8.1 

Soil type 0.33 3 1 0.33 0.33 10.6 

TWI 2 5 3 1 0.5 26.8 

Gully 3 5 3 2 1 37 
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Figure 16 Overall contributions of parameters for soil erosion. 

4.5. Identification of Soil Erosion Hotspot Areas 

Based on the methodology designed for identification of soil erosion hotspot area all selected 

factors were overlaid to identify the area sensitive to erosion as Highly, Moderate, slightly and 

currently not sensitive (constraint). The sensitivity map (Figure 17) shows the relative ranking of 

the erosion potential sites, generated by weighted overlay mapping, according to the weight of 

concerned criteria, the most sensitive areas to erosion under the multi-criteria evaluation (S1) 

spatially coincided with the actual gully locations. Therefore, MCDA technique indicates more 

accurate than RUSLE prediction as a result of RUSLE model were more sensitive with slope and 

not considering gully but MCDA considering pairwise comparison of all factors that affect soil 

erosion. This is consistent with the findings reported by Zegeye et al. (2016) and Poesen et al. 

(2003) in that gullies are critical sediment source areas in the Ethiopian highlands and accurate 

soil erosion prediction should properly address estimating gully erosion. Weighted overly of all 

factors was important for soil erosion source area assessments to obtain the most sever sites at 

Dengora and Meno watersheds. The combined overall results were presented in the Table below. 
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               Table 20 Overall Dengora watershed Erosion sensitivity 

S.N Area (ha) Area (%) Severity classes 

1 4.7 9.7 Highly (S1)  

2 19.64 64.5 Moderate (S2) 

3 8.73 18 Slight (S3) 

4 3.8 7.8 Currently not sensitive (S4) 

Total  48.5 100   

           Table 21 Overall Meno- watershed Erosion sensitivity 

S.N Area (ha) Area (%) Severity classes 

1 5.9 6.1 Highly (S1)  

2 68.5 71.3 Moderate (S2) 

3 22.3 23.23 Slight (S3) 

4 0.36 0.375 Currently not sensitive (S4) 

Total  96 100   

 

Figure 17 overall soil erosion risk map 
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The result showed that, for Dengora watershed 9.7% of the total watershed area was highly 

sensitive, 64.5% moderate, 18 % slight and 7.8% were currently not sensitive (exposed rocky 

areas) and for Meno watershed 6.1 % of the total watershed area was highly sensitive, 71.3 % 

moderate, 23.23 % slightly sensitive and 0.375% of the total area were currently not sensitive to 

soil erosion based on the combined effect of annual soil loss class and MCDA technique of soil 

erosion hotspot  area identification in the watershed. Generally, the result indicated that the 

Dengora and Meno watersheds were at moderate risk. Moreover, the MCDA revealed that the 

upper part of the watersheds is slightly sensitive (S3) for soil erosion and this could be explained 

by the fact that in the upland areas there are no gullies and also forest, shrub and bush land 

covers. 
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4. CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions 

In this specific study, RUSLE model and MCDA technique were used to identify erosion hotspot 

areas in the Dengora and Meno watersheds. RUSLE model prediction indicated that the upslope 

portion of the watersheds is highly sensitive to erosion. Whereas the multi criteria decision 

analysis (MCDA) technique indicated that the bottom slope or the saturated bottomland is highly 

sensitive to erosion. Topographic wetness index and stream power index (SPI) were powerful 

predictors for the potential gully formation, which coincided with our field gully mapping. The 

results from model prediction in combination with a gully validation indicated that the Dengora 

and Meno watersheds were overlay of TWI ≥ 6.8 and SPI ≥12 to be sensitive to gully erosion. 

The overall result of this study, the bottomlands were the most important erosion- prone areas of 

the watershed. Thus, these areas should be given priority in the intervention of integrated 

watershed management practices focused on gully erosion areas.  

The overall study indicated that most erosion hotspot areas were found in the valley bottomlands 

(gully) of the watersheds, which was extremely important to consider valley bottom as 

intervention areas during design of watershed intervention. Erosion prone area identification was 

useful information for the evaluation and decision making about implementation of intervention 

in the watersheds due to resource and manpower scarcity to treat the watershed at a time. From 

the validation of results, MCDA technique is more powerful tool than RUSEL for planning and 

targeting of intervention area. 
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5.2. Recommendations 

The study was vital to reduce excessive soil erosion from lower part of Dengora and Meno 

watersheds to an artificial reservoir Atikayina dam and Meno gravity dam respectively by 

boosting sediment concentration close to the outlet. This study will provide detail information for 

planners, decision makers and other concerned stakeholders to take effective soil and water 

conservation practices in order to reduce soil loss by improving the water holding capacity of the 

watershed. Based on the present research outlook, the following recommendations were drawn for 

the sustainable watershed monitoring practice in the area; 

 Valley bottomlands of the watersheds characterized by high soil erosion prone area   need 

immediate attention to soil and water conservation practice. The local people should be 

aware about the loss and encourage them to apply the effective intervention mechanisms to 

tackle the problem.  

 In planning of watershed development programs, identifying the targeting area and 

technology options is very important. 

 Better to use models that used compressive watershed characteristics (MCDA better than 

RUSLE. 
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