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ABSTRACT
Soil loss by runoff is severe ecological problem which is accelerated by human-induced soil degradation. Accordingly,
comprehensive methodology that integrates the revised universal soil loss equation (RUSLE) and Geographic
Information System (GIS) techniques were employed for estimating soil erosion at a typical watershed at around Tekeze
basin. The RUSLE factors were used to assess mean annual soil erosion by water in the area. The required GIS data layers
of RUSLE such as rainfall, soil characteristics, elevation, land use, cropping and management practices were prepared in
raster format. Using these layers as an input, raster calculator was employed to estimate the spatial pattern of annual
soil erosion in the watershed. Accordingly, most of the watershed experienced from low (0-6.7 tons/acre) to very low
(6.7-11.2 tons/acre) erosion levels, while a considerable area of the watershed has also manifestations of moderate
(11.2-22.4 tones/acre) to high (22.4-33.6 tons/acre) erosion levels. In some areas of the watershed, a severe erosion
level has been assessed by the model. Hence, the integrated RUSLE & GIS approach allows for relatively easy, fast, and
cost-effective estimation of spatially distributed soil erosion and sediment yield and prioritize which part of the
watershed to be treated early given the time and budget constraint. Therefore, different conservation support practices
and cropping systems should be employed to reduce the impact of water erosion on agricultural lands.
Key words: GIS, RUSLE, Soil loss and Raster calculator
INTRODUCTION
Despite the geomorphic process, soil loss by runoff is accelerated by human-induced degradation which is a severe
ecological problem occupying 56% of the worldwide area (Olsson and Schaepman, 2008). Rapid population growth,
deforestation, unsuitable land cultivation, uncontrolled and overgrazing have resulted in accelerated soil erosion in the
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world mainly in developing countries like Ethiopia (Zemenu and Minale, 2014). Speedy land use alteration because of
exhaustive agronomic practices in the Ethiopian high lands upshots intensifying rates of soil erosion (Aster, 2004). Soil
loss is also activated by an amalgamation of factors such as slope length-steepness, climate change, land cover patterns
and the intrinsic properties of a soil which makes the soil particles more prone to erosion. The economic effect of soil
loss is more in unindustrialized countries like Ethiopia because of lack of capability to withstand it and to replace the
nutrients (Tamene and Vlek, 2006). The Ethiopian countryside environment has been affected by an accelerated
deforestation leading to lessening soil fertility. This has accelerated soil loss, intensified the severity of the impact of
drought, and a decrease in the capacity to produce food and other biological resources (Bekele and Drake, 2002).
Soil loss and the consequent sedimentation still distress 50% of the agricultural area, and 88% of the total population of
the country (Keyzer and Albersen, 2011). Young (1998) stated that the world's most severe erosion is found in Ethiopia.
At national level, the overall soil loss from the whole land is estimated about 1.5 billion tons per year (FAO,1986; Tamene
and Vlek, 2006) with a mean of 42 t ha−1 accompanied with land loss of 25,000 ha year−1, of which 45% initiated from
cultivated land solely. On the other hand, soil loss in the high lands of Ethiopia was estimated about 200–
300 t ha−1 year−1 which makes a total soil loss of 23,400 million ton per year (Bewket, 2003). The annual rate of soil loss
(over 1.5 billion tons) in the nation is much greater than the rate of soil formation in annual basis (1.5 million
tons) Tamene and Vlek (2006) with an associated cost close to one billion Ethiopian birr each year by Alemu (2005), and
1.0 billion US$ by FAO (1986). Arequa watershed, which is part of Tekeze watershed, is characterized by the above
mentioned problems. If the current trends in soil erosion in the watershed persist, the farmer's agricultural production
in the watershed could be declined.
Information on soil loss is therefore, essential to plan and prioritize treatments of the watershed, and understand the
erosion process and their interaction. Soil erosion evaluation and mapping of soil loss susceptible area also helps to
understand soil conservation and ecosystem system management mechanisms in the watershed. The mean annual soil
loss information per unit land area could be ascertained by employing the Revised Universal Soil Loss Equation (Van
Remortel, et.al, 2001). Arequa watershed, where soil loss information and evaluation of risk of potential soil erosion
was very few and not assisted with GIS and Remote sensing techniques was preferred for this study. Thus, an attempt
was made to estimate and map the spatial pattern of annual soil loss rate by water using Revised Universal Soil Loss
Equation (RUSLE) simulated by GIS and Remote sensing techniques.
MATERIALS AND METHODS
Area description
The experiment was undertaken at Tanqua Abergelle Wereda at sub watershed of Tekeze basin. The study area is found
in central zone of Tigray regional state at about 120 kilometers away from the capital city of Tigray regional state,
Mekelle, to the west direction. The rainfall pattern of the district is monomodal with a wet season of about two months
occurring in July to August. It is located at 130 14’ 06’’ N latitude and 380 58’50’’E longitudes and agro ecologically
characterized as hot warm sub- moist low land (SM1- 4b) below 1500 Mean above Sea Level. The mean annual rainfall
of the district ranges from 350–700 mm. The temperature of the district ranges from 24 - 41 0c. It has diverse soil type
such as sandy loam (63.73%), clay loam (30.47%) and silt loam (5.8%) with low organic matter content (unpublished
data of OoARD of the Wereda, 2008).
Research methods
Input data such as soil, rainfall, digital elevation model (DEM) of 30 meter spatial resolution (ASTER) and Land use map
were used to drive the different factors of RUSLE. Using these input data’s GIS software specifically Arc Hydro tools was
used to delineate the watershed and develop flow direction, flow accumulation and streams and finally the area was
delineated and processed. Moreover, slope of the watershed was calculated using spatial analysis tools from the DEM
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model. The annual soil loss was estimated using RUSLE factors through raster calculator in Arc GIS environment (Kin,
2014).
A= R*K*LS*C*P--------------------------------------------- wischmrier and smith (1962)
Where A is mean annual soil loss (t/ha/yr), The factors in the equation are rainfall erosivity index, soil erodibility (K), the
crop factor (C), slope length and slope steepness (LS) and conservation practice (P), (Morgan, 1986). Ordinary Kriging
was used for spatial interpolation of the RUSLE factors (Eldrandaly and Abu-Zaid, 2011).
Data analysis and derivatives of RUSLE factors
Rainfall erosivity (R)
Rainfall erosivity depends on amount, intensity and distributions of rainfall. The soil loss is closely related to rainfall
partly through the detaching power of raindrop striking the soil surface and partly through the contribution of rain to
runoff (Morgan, 1994). Though there are a number of ways for analyzing the rainfall erosivity depending on the local
conditions of the place (country), the values of R factor for this study was estimated according to the equation adopted
from (Hurni, 1985) for Ethiopian conditions.
R = -8.12 + 0.562 * P
Where, R = Rainfall erosivity. P = mean annual rainfall (mm/yr).
To compute R factor, mean annual rainfall of multiple years were collected from six metrological stations of which three
of them (Yechila, Agbe and Tekeze stations) were found within the Wereda boundary, while the remaining three (Gijet,
Samre, and Finaruwa stations) were taken from neighboring Weredas. After calculating average rainfall of each station,
the R factor was computed and converted to raster surface using ordinary Kriging interpolation methods in Arc GIS
software (Meusburger et.al, 2012).
Erodibility (k)
The soil erodibility factor was derived from the soil K value Nomograph. This Nomograph needs percent of sand, clay
and silt so that you read the value of K at which the three soil textures meet (figure1). The soil texture was obtained
from the FAO digital soil map of the world (DSMW) which has associated basic files of soil in excel.

Figure1: Soil K value adopted from wischmrier and smith (1978) Nomo grap
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The obtained K values were then spatially interpolated using an ordinary Kriging method (Perez-Rodriguez et. al., 2007).
Topographic factor
According to Morgan, (1986) the factor of slope length (L) and slope steepness (S) are combined in a single index and
hence, the formula below was used to calculate slope length. Here, the slope length (L), slope steepness (S) and the
topographic factor (LS) were computed using raster calculator in Arc GIS environment from the DEM of the watershed.
LS = √L/22.13 (.065+.045S+0.0065s2)
Crop management factor and conservation practice
The crop and conservation practice were derived from the land use land cover map obtained from FAO. This was
crosschecked with the field and then C and P values were obtained by referring the values provided by (Morgan, 1986)
and (schwab, 1993). The obtained C and P values of each crop factor and conservation practice were changed to raster
format in Arc GIS environment.
RESULT AND DISCUSSION

Figure2. Processed DEM out puts of the selected sub watershed at Tekeze basin
Where: The maps are DEM, flow direction, flow accumulation and drainage lines respectively.
Watershed delineation and processing
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The elevation of the selected watershed ranges between 1149 and 2392 meter with a mean above sea level elevation
of 1480 meters. The digital elevation model (DEM) of the intended watershed was subjected to terrain preprocessing to
identify the surface drainage pattern. Once preprocessed, the DEM and its derivatives were used for watershed
delineation and stream network generation. The steps in the terrain preprocessing menu were performed in sequential
order, from top to bottom.
The values in the cells of the flow direction grid indicate the direction of the steepest descent from that cell and the flow
accumulation grid contains the accumulated number of cells upstream of a cell, for each cell in the input grid. The filled
DEM was used to generate the flow accumulation of the watershed. Catchment polygon processing also functions in
converting catchment grid to a catchment polygon feature class. This function converts the input stream link grid usually
created with the stream segmentation function into a drainage line feature class.
Estimation of RUSLE factors
Slope Length factor
The 𝐿 and 𝑆 factors represent the effects of slope length (𝐿) and slope steepness (𝑆) on the erosion of a slope. In general
RUSLE model calculation, the L and S factor can be calculated by different equations. For this study; LS was calculated
by the USPED (Unit Stream Power Erosion and Deposition) method, which is using the raster calculation between flow
accumulation and slope of watershed. Percent slope data was derived from topographic maps in the GIS procedures
used to extract the percent slope data. The LS factor was also estimated from the DEM by using Arc GIS. The technique
described here for computing LS requires a flow accumulation theme. Flow accumulation was computed from a
DEM using the watershed delineation techniques. From these results, it can be deduced that the dominant overland
flow length ranges between 0 and 58.1m. The minimum value is zero and the maximum overland flow length is 58.1m
as shown on figure 3. The mean value is 0.53m with a standard deviation of 1.2m. However, it is also evident from the
figure that a larger area has lower LS values. From figure 3 it is clear that LS values greater than the mean occur along
the valleys with steep slopes.

Figure3. Slope length of the selected sub watershed at Tekeze basin
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Rainfall erosivity and soil erodibility
The spatial distribution of the rainfall erosivity and soil erodibility factors is as shown in Figure 4.The results showed that
in the watershed the R values range between 357.4 and 183.8 MJ/ha.mm/h with the highest values being in the upper
part and the lower values in the lower part of the watershed. The mean value of rainfall erosivity was 269.7 with a
standard deviation of 38.7 MJ/ha.mm/h.

Figure4. Rainfall erosivity (R) and soil erodiblity (K) of the watershed
According to Wischmeier and Smith (1978) soil erodibility factor is a function of complex interaction of a substantial
number of its physical and chemical properties. Soil erodability factor (K) is defined as mean annual rainfall soil loss
per unit of R for a standard condition of bare soil, recently tilled up and down with slope with no conservation practices
and on a slope of 5˚ and 22m length (Morgan, 1994). The main determinants of soil erodability are soil structural stability
and the soils ability to absorb rain fall. These properties in turn depends on a number of characteristics of the soil, such
as texture, structure, organic matter content, soil depth and other physical and chemical properties of the topsoil. The
soil erodibility of this watershed ranges from the highest 0.29 to the lowest 0.085. As it can be seen from the above
figure the soil erodibility is high at the lower part of the watershed which is dominated by vertic cambisols and dystric
nitisols.
Land use and soil types
The land use classes include Agriculture, barren/grazing lands, open forest and shrubs/bushes. The spatial distribution
of all land use classes is given in figure5. The cover management factor represents the ratio of soil loss under a given
cover to that of the base soil (Morgan, 1994). Land cover has a profound impact on erosion and deposition. Surface
cover, such as vegetation or plant residue may intercept and reduce raindrop erosivity, increase infiltration, slow down
runoff and reduce transporting capacity of water flow. The land use/land cover map was used for the estimation of Cvalue. The raster land use/land cover map was converted to a vector format and a corresponding C-value was assigned
to each land use classes based on cover values proposed by (Hurni, 1985). Finally, using reclassification and vector to
raster conversion the land use/ land cover map was converted to C factor map (Figure 5).
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Where the numbers in the LULC indicates swamp forest (4), savanna forest (7), deciduous wood land (9), deciduous shrub
land with scarce trees (10), open deciduous shrub land (11), closed grass land (12), open grass land with sparse shrubs
(13), open grass land (14), swamp bush land and grass land (16), crop lands (>50%) (17), crop lands with open woody
vegetation (18) and irrigated crop lands (19)
Figure5. Soil type and land use land cover change of the watershed
For the analysis of K factor, FAO standard classification of soil type was employed. According to FAO soil classification
seven major soil types namely, Calcic xerosols, Chromic Luvisols, dystric Nitosols, Eutric cambisols, Eutric gleysols,
Leptosols, Orthic solon chaks and Vertic cambisols were identified in the study watershed. However, the dominant soil
types of the watershed are dystric nitosols, eutric cambisols and vertic cambisols.
Crop management factor and conservation practice
Conservation practice and land management directly affects the overall soil erosion problem of a farm. In RUSLE, P factor
is the ratio of soil loss with a specific conservation practice to the corresponding loss with up and down slope cultivation,
which has a value of one. The P value ranges from 0 - 1 depending on the soil management activities employed in the
specific plot of land. These management activities highly depends on the slope of the area. To derive the P factor,
frequent fieled observation and interviews from the Wereda office of agriculture and natural resource was undertaken.
Conservation practice undertaken in agricultural field and a little bit in bare lands are only counter ploughing and
terracing which are especially practiced in hilly and mountainous areas of the watershed. After assessing the conservation
practice and their respective values, P factor map was developed in Arc GIS using land use/land cover map of the study
area (Figure 6).
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Figure6. Crop management factor (c) and conservation practice (p)
The highest crop management factor (C) was observed at the lower and center part of the watershed (figure 6 left)
while it was contrary at the steep part of the watershed. Similar to the C values the highest P factor was obtained mostly
at the lower part of the watershed.
Soil Loss Estimation
Soil erosion is a function of spatial and temporal variation and interaction of different natural and anthropogenic factors.
Topography (slope and elevation), soil type, land use/land cover, drainage pattern, rainfall are the most important
parameters for soil loss estimation. The highest raster values indicate areas that are extremely vulnerable to soil erosion
whereas lowest raster values imply areas in a very less vulnerable to soil erosion. According to the Anjeni research unit
of SCRP (1988) measured annual soil loss from Northwestern Highlands of Gojjam reach up to 320 t/ha/year which is
much higher that the result of this study. In addition to its steep terrain features, poor land management, over
cultivation, over grazing and absence of soil cover during the first periods of rain drops as well as water flows are the
major driving forces for recording the highest soil loss in the steep parts of the watershed.
The overall result of the study was similar with the findings of (Gete, 2000; SCRP, 1988; Solomon, 1994). According to
FAO (1986), and Solomon Abate (Solomon, 1994) analysis and estimations, the Northern Highlands of Ethiopia including
the study area has been affected by severe to moderate soil loss. In the same context different researchers indicated
that, measured annual soil loss from Northwestern Highlands of Gojjam reaches up to 320 t/ha/year (SCRP, 1988), 243
t/ha/year (Gete, 2000) and 300 t/ha/year (Hurni, 1993) from bare and agricultural lands of the area.
As expected, soil loss is maximum on cropland and minimum on forestland. This land use was hence, assigned the first
priorities for conservation planning and this is similar with the results of (Tripathi et al., 2003). This suggests that soils
covered with forest and grasses are less vulnerable to erosion than cropland. Further, the result of this study clearly
shows that nearly the whole study area needs execution of different types of soil and water conservation measures for
a sustainable land use (Angima et al., 2003). In resource constraint areas, carrying out land management measures in
only chosen hotspots of erosion can significantly decrease total soil loss (Berhan and Mekonnen, 2009). The result of this
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study implies that soil erosion is the most urgent agricultural problems, which present a major jeopardy to land
productivity in the study area. In the face of escalating population pressure, the land is constantly cultivated with cereal
crops such as Sorghum, Tef and Maize. Croplands are characterized by lack of comprehensive land management practices,
which can contribute to high erosion hazard. Minimum or zero tillage is an important soil conservation technology in SubSaharan African countries as it reduces soil erodibility (Ndah et al., 2015). This form of tillage results in long-term
maintenance of the soil structure and an increase in water retention and hydraulic conductivity.

Figure7. Estimated annual soil loss of the watershed
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As noted in Gowing and Palmer (2008), if ridges are covered with crops, farmers will take the advantage of accumulated
soil fertility being broken down for cultivation. The current study as well as other studies carried out elsewhere reveals
that undertaking cropland management appears to be more personal responsibility and demands a long-term
perspective on maintaining land productivity. Another explanation for severity of soil erosion on cultivated land could be
diminished application of manure and compost in the study area. Results from a study by Bizoza (2014) showed that soil
amendments through animal wastes reduce bulk density and compaction, increase pore spaces and infiltration capacity,
which ultimately reduce runoff and soil erosion.
As discussed earlier, RUSLE is the preferred model for assessing soil erosion risk at watershed level. From the results
shown in figure 7 it can be deduced that the minimum average annual soil loss is 0 tons/acre and the maximum value is
283.7 tons/acre/year. On the other hand, the highest soil loss was found to occur along the river banks with steep slopes.
However, it is evident from the figure that large area of the catchment experiences average annual soil loss of less than
6.7 tons/acre/year which could be categorized as very low erosion level. However, a considerable area of the watershed
experiences moderate (11.2-22.4 tons/acre) to high (22.4-33.6 tons/acre) erosion levels. Only very small part of the
watershed was classified as severe erosion level which is greater than 33.6 tons/acre/year. In general, the mean annual
soil loss of the watershed is about 3.65 tons/acre with a standard deviation of 10.3 t/acre/year.
CONCLUSION AND RECOMMENDATION
From this study, it was able to deduce that GIS techniques can be successfully integrated with RUSLE factors to determine
soil erosion levels of any watershed. Using the RUSLE factors, thematic maps of these parameters and the estimated
potential soil erosion were determined spatially. With this information, management interventions can be precisely
focused and priority could be given to areas with severe erosion along the watershed. In general, it is clear from the
results of this study that RUSLE coupled with GIS is a powerful model for the qualitative as well as quantitative assessment
of soil erosion risk at a given watershed. The results indicate that the average annual soil loss within the watershed ranges
from 0 to 6.7 tons/acre which is very low erosion risk in category. On the other hand, moderate to high soil erosion by
water was also assessed in the considerable area of the watershed. Based on the results of this study, it is recommended
that ground survey should be held on areas showing high risk of soil erosion for undertaking suitable conservation
measures to curb acceleration of the soil erosion by water.
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