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Abstract 9 

Background: Information on soil loss and sediment export is essential to identify hotspots of soil 10 

erosion for conservation interventions in a given watershed. This study aims at investigating the 11 

dynamic of soil loss and sediment export associated with land use/land cover change and identifies 12 

soil loss hotspot areas in Winike watershed of Omo-gibe basin of Ethiopia. Spatial data collected 13 

from satellite images, topographic maps, meteorological and soil data were analyzed. Integrated 14 

Valuation of Ecosystem Services and Tradeoffs (InVEST) of sediment delivery ratio (SDR) model 15 

was used based on analysis of land use/land cover maps and RUSLE factors.  16 

Result: The results showed that total soil loss increased from 774.86 thousand tons in 1988 to 17 

951.21 thousand tons in 2018 while the corresponding sediment export increased by 3.85 thousand 18 

tons in the same period. These were subsequently investigated in each land-use type. Cultivated 19 

fields generated the highest soil erosion rate, which increased by 10.02 t/ha/year in 1988 to 43.48 20 

t/ha/year in 2018. This corresponds with the expansion of the cultivated area that increased from 21 

44.95 thousand ha in 1988 to 59.79 thousand ha in 2018. This is logical as the correlation between 22 

soil loss and sediment delivery and expansion of cultivated area is highly significant (p<0.01). 23 

Sub-watershed six (SW-6) generated the highest soil loss (62.77 t/ha/year) and sediment export 24 

16.69 t/ha/year, followed by Sub-watershed ten (SW-10) that are situated in the upland plateau. 25 

Conversely, the lower reaches of the watershed are under dense vegetation cover and experiencing 26 

less erosion.  27 

Conclusion: Overall, the changes in land use/land cover affect significantly the soil erosion and 28 

sediment export dynamism. This research is used to identify an area to prioritize the watershed for 29 
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immediate management practices.  Thus, land use policy measures need to be enforced to protect 30 

the hydropower generation dams at downstream and the ecosystem at the watershed. 31 

Key Words: InVEST model, Omo gibe basin, Sediment delivery, Soil loss, Winike watershed 32 

Background  33 

Watershed ecosystems provide multiple services including hydrological cycling, provisioning, 34 

regulating of climate and soil erosion (Guo et al., 2019; Seutloali and Beckedahl, 2015; Sun et al., 35 

2014). Soil erosion is a global environmental threat (Sun et al., 2013), which leads to a reduction 36 

of provisioning and regulating ecosystem services (Aneseyee et al., 2019; Bezabih et al., 37 

2016; Hassen and Assen, 2018). 38 

Land use and land cover change (LU/LCC) is the major causal factor for driving soil loss in upland 39 

watersheds particularly Sub-Saharan Africa (Seutloali and Beckedahl, 2015). Speedy land-use 40 

alteration because of exhaustive agronomic practices, population pressure, poverty, the absence of 41 

comprehensive land-use policies and land tenure systems upshots intensifying rates of soil erosion 42 

(Abebe and Sewnet, 2014; Aster, 2004; Tefera et al., 2002). This soil loss is also activated by an 43 

amalgamation of topographic factors such as slope length and steepness, and climate change along 44 

with land cover patterns and the intrinsic properties of soil (Gelagay and Minale, 2016). Reports 45 

indicate that soil erosion is highest in cultivated land and lowest under forest land suggesting, the 46 

importance of soil cover (C-factor of erosion) and land management (P factor) (Nigatu, 47 

2014; Tadesse et al., 2017). Many research reports show that land use/land cover change result in 48 

soil erosion and sedimentation processes that disrupt the hydrological balance of a watershed, e.g, 49 

Chaleleka wetland, Central Rift Valley of Ethiopia (Wolka et al., 2015) and the level of Hawassa 50 

lake has increased due to erosion and the sedimentation processes in the surrounding river 51 

watersheds (Ayenew et al., 2007; Kebede et al., 2014). 52 

Hence, quantifying soil erosion and sediment delivery (i.e., sediment that essentially arrives at the 53 

watershed outlet) is important to design appropriate conservation measures (Hamel et al., 2015). 54 

The study indicated that 10% of total soil erosion is delivered to an outlet that reaches a natural 55 

water body in Ethiopia high land (Constable and Belshaw, 1986). This exported soil offers the 56 

downstream influences of sediment deposition affecting the ecosystem and siltation of water 57 

reservoirs and hydroelectric dams (Baral et al., 2014). 58 

In Ethiopia, a large body of scientific literature and research reports are available on soil erosion 59 

(Bewket and Teferi, 2009; Haregeweyn et al., 2015; Hurni, 1988; Hurni et al., 2005). Although 60 
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variations in soil loss estimates vary depending on the methods used (measurement versus model 61 

estimation), the general agreement is that soil erosion in the Ethiopian highlands is among the 62 

highest in sub-Saharan Africa (Elias, 2017). The most of the report agreed that the average soil 63 

loss in Ethiopia high land is greater than 80 t/ha/year (Bewket and Teferi, 2009; Constable and 64 

Belshaw, 1986; Haregeweyn et al., 2015; Haregeweyn et al., 2017). However, information on the 65 

soil loss and sediment export and its spatial variation associated with LULC change in a watershed 66 

is limited in Ethiopia (Sadeghi et al., 2008). 67 

Many soil erosion models such as the Revised Universal Soil Loss Equation (RUSLE) predict soil 68 

loss are not capable of predicting the sediment exported from a given watershed (De Vente et al., 69 

2013). Several studies have used the Revised Universal Soil Loss Equation (RUSLE) to examine 70 

soil loss (Hamel et al., 2015) but the factors of RUSLE are continuously changing conditions by 71 

the land use type. For instance, the different spatial distribution of the crop cover (C factor) and 72 

land management (P factor) are directly linked to changing land-use types. Often, reductions in C 73 

and P factors are reported to have increased soil loss and sediment export and it is related to higher 74 

loss of regulating functions of the ecosystem (Durigon et al., 2014). Conversely, models such as 75 

Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) sediment delivery ratio 76 

(SDR) model overcomes such limitations with the conventional soil erosion models and it enables 77 

characterizing the hydrological connectivity of the watershed (Sharp et al., 2018). InVEST model 78 

has followed a compressive approach by analysing the soil loss and loading sediment at the outlet 79 

of the watershed (sediment export) at the same times.  80 

Sediment delivery to watercourses in many areas of the world is increasing as catchments are 81 

progressively modified through human activities such as agriculture expansion, deforestation, 82 

construction, and the urbanization (Duerdoth et al., 2015). This increase of sediment has resulted 83 

in modification of the structure and chemical composition of the river bed (Gieswein et al., 2019), 84 

aquatic pollution (Dalu et al., 2019), habitat modifications (Ysebaert et al., 2019) and siltation and 85 

nutrient enrichment of the reservoirs and dams (Devi et al., 2008; Sutcliffe et al., 2012). Reports 86 

show that there is a loss of about 2% of the designed storage volume of reservoirs each year due 87 

to sedimentation (Aga et al., 2019). The soil erosion results in the decline of soil fertility in the 88 

upslope of land that is washed away (exported) from farmlands and these erosion-based constraints 89 

significantly reduce the agricultural productivity (Bashagaluke et al., 2018; Kurothe et al., 90 
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2014; Sahoo et al., 2015). The exported soil also affects in the downward ecosystem degradation 91 

like sedimentation of dams, the burial of fertilizing cultivation fields with boulders and stone etc. 92 

The Omo Gibe basin is one of the twelve major river basins in Ethiopia and it is the most important 93 

basins because of series of hydropower power dams that have been constructed on Omo and Gibe 94 

rivers. The dams (Gibe I, Gibe II and Gibe III and Gibe IV) have a total power generation capacity 95 

of more than 2600 MW thus contributing towards the green economic development of Ethiopia 96 

(Aneseyee et al., 2019) with the estimated life span of 70 years (Sutcliffe et al., 2012). However, 97 

sedimentation and nutrient enrichment emanating from high surface runoff in the surrounding 98 

watersheds are becoming the major threats to the dams (Sutcliffe et al., 2012; Takala et al., 99 

2016; Woldemariam et al., 2018). Winike watershed is located on the upper stream of the Omo 100 

River delivering sediment to Gibe II, IV and IV dams (Figure 1). In this watershed, the densely 101 

populated inhabitants depend on cereal cultivation of the rugged and rolling topography, which 102 

aggravates soil erosion and subsequent sediment yield in the area (Bezabih et al., 2016). Hence 103 

concerted effort in conserving and protecting the watershed is a high priority agenda for Ethiopia 104 

and to maintain soil fertility but abate siltation of the Gibe hydropower dams at the same time.  105 

Quantifying and documenting the extent and sediment implies of a case study watershed is a major 106 

priority for landscape managers (Demissie et al., 2013). Besides, to overcome the challenges of 107 

sedimentation in the reservoirs downstream, stakeholders require understanding where the 108 

sediment is produced in a given watershed. This was analyzed using the Sediment Delivery Ratio 109 

(SDR) of the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) (Sharp et al., 110 

2018). Therefore, the objectives of this study are (1) to explore the changes in land use and land 111 

cover and ensuing soil loss and sediment export under different land-use types; (2) to assess the 112 

influences of changes in individual land use/land cover types on soil loss and sediment export; 3) 113 

to prioritize the sub-watershed for immediate conservation action. 114 

Methods and Materials  115 

Description of the study area  116 

The study site is straddling the regions of South Nation and Nationalities People Region state 117 

(SNNRP) of Ethiopia in the Omo Gibe Basin within coordinate bounds of7°40’N to 8°20’N 118 

latitudes and 37°40’E to 38°10’E longitudes, covering an area of 1091.8 km2 (Figure 1). Winike 119 

River is one of the tributaries of the Omo Gibe basin, which found in five districts of the Guraghe 120 

zone (Cheha, Ezha, Gumer, Geta, Enemor) and one district of Silte zone (Merab Azernet Berbere). 121 
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The entire watershed is divided into 10 sub-watersheds based on altitude and drainage density 122 

using ArcSWAT for further spatial analysis and identification of priority watersheds for immediate 123 

interventions (Figure 1).  124 

The altitude ranges between 1022 m and 3324 having a wide range of slope gradient from the 125 

lowest of zero to the highest of 89.9°. Average annual rainfall for a period of 30 years (1988–2018) 126 

for the five weather stations (Agena, Emdiber, Enemore, Gumer and Merab Azernet) varies from 127 

856 mm to 1,600 mm with a bimodal distribution. The main rainy season Kiremt, which extends 128 

from June to September and the short season (the Belg) between from March to April. The annual 129 

mean temperature is 19.1°C, where the maximum and minimum values are given by 22.5 °C & 130 

6.7 °C, respectively. Acacia vegetation (Acacia polyacantha) is dominantly found in the lower part 131 

of the watershed, whereas Eucalyptus plantation is found dominantly in the upper part of the 132 

watershed.   133 

Analysis of Land Use/Land Cover Change  134 

Based on the existing land use type in the watershed, the area was initially categorized into eight 135 

broad LULC classes. These are cultivated land, built-up area, woodland, forest land, grazing land, 136 

bare land, shrubland, and water body. GPS coordinates of the target eight LULC types were 137 

collected, with 320 total Ground Control Points (GCPs). Thematic layers of towns, topographic 138 

maps, regional administration maps, and roads were used to collect the information in the 139 

watershed.  140 

Satellite images were obtained from the United States Geological Survey (USGS) 141 

(https://earthexplorer.usgs.gov) of earth explorer, for the years 1988, 1998, 2008, and 2018. All 142 

the images were projected to the Universal Transverse Mercator (UTM) of WGS84 with the 143 

location of 37 N, and Ethio GIS data were used to clip the study area. The multi-date multi-sensor 144 

satellite imagery was collected for successive cropping seasons during the study years. Dataset 145 

selections were fixed in the dry season (February and January), with the lowest percent monthly 146 

cloud cover (0-3%). A 30 m resolution digital elevation model (DEM) was used, which is 147 

downloaded from the ASTER GLOBAL DEM site (https://earthexplorer.usgs.gov). 148 

The supervised image classification method was employed using Mahalanobis distance 149 

classification and the region of interest (ROI) has been a signature for the analysis in each LULC 150 

type. The radiometric correction was applied to reduce haze removal, sensor noise, loss of data 151 

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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correction, solar position effect on missing line and calibration of the satellite (Hilker et al., 152 

2012; Lyapustin et al., 2012).  153 

 Confusion matrix was employed to measure the reliability of the LULC classification. The overall 154 

accuracy for the land use classification was 87.23% in 1988, 90.45% in 1998, 92.21% in 2008 and 155 

95.3% in 2018 for land use. Besides, the Kappa coefficient, 0.88 in 1988, 0.89 in 1998, 0.92 in 156 

2008 and 0.95 in 2018, was found to be an agreement with the classified image and the referenced 157 

data was applied. 158 

According to Hassen and Assen (2018), the rates of change of LULC classes (proportion) for each 159 

land use/land cover overtimes were calculated by Eq. (1).  160 

                                            𝐶 = 𝐴𝑓2−𝐴𝑓1𝐴𝑓1 × 100                                                            Eq. (1) 161 

Where Af 1= the area of one type of land use in f1 time; Af2 = the area of the same type in f2 time 162 

and C = the rate of change in percent.  163 

Estimation of soil loss and sediment delivery analysis 164 

The Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST 3.3.6) and sediment 165 

delivery ratio (SDR) modelling is used to model sediment delivery and soil loss (Hamel et al., 166 

2017; Sharp et al., 2018). The rationale for employing this model include (1) the model is relatively 167 

less data-intensive and flexible than other models like SWAT; and (2) it can easily be adapted to 168 

a specific context (Gao et al., 2017). The unique characteristics of the InVEST model can analyze 169 

land-use types of soil loss and sediment export independently based on RUSLE factors, DEM, 170 

Maximum SDR and Borselli parameters. 171 

Potential soil loss in the watershed was estimated using the Universal soil loss equation 172 

(Wischmeier and Smith, 1978) based on six factors - rainfall erosivity (R), soil erodibility (K), 173 

topographic factors (length and gradient – LS), cover (C) simulated by means of Normalized 174 

Vegetation Index (NDV) as shown in Eq. (6) and management (P). 175 𝑈𝑆𝐿𝐸𝑖 = (𝑅 ∗ 𝐾 ∗ 𝐿𝑆 ∗ 𝐶 ∗ 𝑃)𝑖                                                                Eq. (2) 176 

Where, R is the rainfall erosivity factor (MJ Mm/ha/year), K is the soil erodibility (MJ mm/t/ha), 177 

LS is the topographic factor (dimensionless), C is the crop management (dimensionless) and P is 178 

the conservation practices (dimensionless). Each RUSLE parameter was prepared for the InVEST 179 

model input according to the model’s requirement. To be perfectly run the model, the input RUSLE 180 

parameters were projected to UTM of WGS84 with the location of 37 N. 181 

Rainfall erosivity factor (R)  182 
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The erosivity factor was calculated according to the Eq. (3), as given in Hurni (1985) derived from 183 

spatial regression analysis for Ethiopian conditions, based on the available mean annual rainfall 184 

(P). Thirty-year of monthly total rainfall data were obtained from five meteorological stations in 185 

the watershed (Emdiber, Gubre, Gunchre, Agena and Gumer). The interpolation techniques of 186 

IDW (Inverse Distance weighted interpolation) was used to create spatial raster map. The raster 187 

interpolated R factor was used as input for InVEST model for the year 1988, 1998, 2008 and 2018. 188 

R = -8.12 + 0.562P                                                                          Eq. (3) 189 

Where R is the erosivity factor and P is the mean annual rainfall in mm/year. 190 

Soil erodibility (K factor)  191 

The FAO (1984) soil and geomorphological map of Ethiopia (1: 2 million scales) was used to 192 

identify major soil types in the watershed. The shapefile of the legacy soil map was obtained from 193 

the FAO and complimented by the Omo - Gibe river basin master plan soil database that was made 194 

available by the Ethiopia Water, Irrigation and Electric Ministry. Accordingly, five soil types were 195 

identified Chromic Luvisols, Pellic Vertisols, Eutric Nitosols, Leptosols, and Orthic Acrisols. In 196 

each soil type, plot soil samples were taken to determine the K factor using Eq. (4), based on the 197 

four soil characteristics that determine erodibility (sand, clay, silt, and soil organic matter content). 198 

After calculating the soil erodibility, its value was assigned for each soil type and soil map of the 199 

watershed was delineated for the watershed. The K factor values of watershed ranged from 0.33 200 

to 0.62 (Table 1). 201 

According to, soil erodibility (K factor) were calculated using Eq. (4)  202 𝑆𝑜𝑖𝑙 𝐸𝑟𝑜𝑑𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (𝐾) = 2.1𝑀1.14(10−4(12−𝑂𝑀)7.59                                          Eq. (4) 203 

Where, K = soil erodibility, OM = soil organic content (%) and  204 𝑀 = ((%silt +  %sand) × 100 − %clay)                                       Eq. (5) 205 

Cover Factor (C)  206 

The corresponding average C-value was determined for each land use/land cover classes of the 207 

years (1988, 1998, 2008 and 2018) based on NDVI value Eq. (6), suggested by Durigon et al. 208 

(2014). 209 𝐶 = (−𝑁𝐷𝑉𝐼+1)2                                                                                         Eq. (6) 210 𝑁𝐷𝑉𝐼 = (𝑁𝐼𝑅−𝑅𝐸𝐷)(𝑅𝐸𝐷+𝑁𝐼𝑅)                                                                                 Eq. (7) 211 
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Where NIR is the surface spectral reflectance in the near-infrared band and RED is surface spectral 212 

reflectance in the red band. The C-value ranged from 0.0 to 0.27 in the watershed (Table 2).  213 

Land management Practices (P factor) 214 

Management practices (P) were determined based field observation in the upper, middle and lower 215 

sub-watersheds of the area focusing on the practices of conservation. The various soil and water 216 

conservation practices employed by farmers were identified and documented in treated or 217 

untreated areas of the watershed. Depending on the different conservation practices, the value of 218 

the P factor ranges from 0 to 1, as suggested by Hurni (1985) and Ganasri and Ramesh (2016). 219 

Assigning highest P-value indicates good conservation practices while the lowest values associated 220 

with the land required conservation practices. The agricultural land p-value is assigned based on 221 

slop classification (Annex 1), using ArcGIS.  222 

Sediment export  223 

The sediment load or export from given pixel i, 𝐸𝑖 (𝑡 h𝑎−1𝑦𝑟−1) is given in Eq. (8)  224 𝐸𝑖= USLEi* 𝑆𝐷𝑅𝑖                                                     Eq. (8) 225 

 Where, 226 

SDRi= sediment delivery ratio (SDR) for a pixel i 227 

The sediment delivery ratio (SDR) is the proportion of fine sediment produced in a given area that 228 

travels with the overland flow and researches natural waterways (Hamel et al., 2015; Sharp et al., 229 

2016). It is computed as a function of the hydrologic connectivity of the area following an approach 230 

proposed by Vigiak et al. (2012). It has a default value of 0.8 to reduce the number of parameters 231 

(Hamel et al., 2015; Vigiak et al., 2012) and the Borselli k and Borselli ICo parameters are taken 232 

the default value of 0.5 and 0.2, respectively (Sharp et al., 2016).  233 

 234 

The total catchment sediment export /load, (𝑡h𝑎-1𝑦𝑟-1) is given by Eq. (9). 235 E = ∑ 𝐸𝑖𝑛𝑖=0                                                                 Eq. (9) 236 

Where, Ei= sediment export/load, calculated from Eq. (8) 237 

Model Validation  238 

For validation, the observed data obtained from Ethiopia Ministry of Irrigation, Water and Electric 239 

Ministry was compared against with InVEST model output. To determine the observed data, the 240 

empirical relationship between streamflow and associated sediment concentration was estimated 241 

(Asselman, 2000; Sadeghi et al., 2008) using Eq. (10) of six stations.  242 
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𝑆𝐶 = 𝑏 × 𝑄𝑐                                                       Eq. (11) 243 

Where SC (t/day) = Suspended sediment concentration (g/ml), Q is stream flow rate (m3/s), b & c 244 

are constant to be determined from the observed sediment concentration and streamflow.  245 

The InVEST model output was compared against the observed data (Eq. 10) to obtain the accuracy 246 

of the model using Eq. (12). 247 

                           𝑅𝑅𝑀𝑆𝐸 = 𝑅𝑀𝑆𝐸∑ 𝑂𝑖𝑛𝑛𝑖=1                                                                        Eq. (11) 248 

𝑅𝑀𝑆𝐸 = √1𝑛 ∑ (𝑃𝑖 − 𝑂𝑓)2𝑛𝑗=1                                                          Eq. (12) 249 

Where, O= Observed data, P=predicted and n= number of samples  250 

Results 251 

Land Use/Land Cover dynamisms  252 

Land conversion and cover change between 1988 and 2018 resulted in the expansion of cultivated 253 

lands and built-up areas at the expense of forest, grazing land, and shrubland (Table 3). This is 254 

consistent with the ever-increasing number of human populations in the area needing more land 255 

for food production habitation (residence). The conversion of grazing, forest and shrubland into 256 

cultivated land over 30 years was by 19%, and 1.84%, 0.28%, respectively. As a result of 257 

deforestation and overgrazing, there is a steady increase in the area of bare land was increased by 258 

0.91% suggesting the ensuing problem of desertification. The waterbody like constructed ponds, 259 

lakes (Areket, Dweshe and Yezebeze) and rivers are insignificant declined by -0.01%. The portion 260 

of the watershed that remained enact was 45.89% that remained under forest, shrub, wood and 261 

grazing land. The most dramatic land-use conversion and cover change took place from the 1990 262 

to 2018 period. This is partly associated with the fall of the Dergue regime in 1991 and the 263 

subsequent disbandment of the military who returned from the civil war and started clearing forests 264 

and expanded the settlement. Besides, there was a population boom during this period, compared 265 

with the period before 1988 when the nation was on civil war. After the fall of Dergue regime, the 266 

EPRDF government implement agricultural policy (ADLI) that help for investment expansion and 267 

motivate the farmer to increase agricultural production. This was contributed to the degradation of 268 

the forest and pristine environment for searching for land.   269 

Change in soil loss and sediment export  270 

 Change in soil loss  271 
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As would be expected, the drastic change in the land use and cover from the forest, grazing and 272 

shrubland to cultivated land resulted in corresponding high soil loss compared to other land-use 273 

types. The estimated total soil loss of the watershed increased from 774.86 thousand metric ton in 274 

1988 to 951.21 thousand metric tons in 2018 with the mean annual soil loss 11.88 t/ha/year (Table 275 

4). Major soil loss occurred within 2008 to 2018 With the maximum soil loss of 270.6 t/ha/year 276 

recorded in 2018 suggesting progressively increasing levels of soil loss in the watershed. 277 

The major source of increase means soil loss was from cultivated land that ranged between 10.02 278 

t/ha/year in 1988 to 43.48 t/ha/year in 2018. This is followed by an average loss of 33.47 t/ha/year, 279 

from the bare land in the same period. The data suggests that cultivated land make the most 280 

significant contribution to the total soil loss in the watershed due to poor cultural practices 281 

including cultivation of steep slopes (>34% gradient) without appropriate conservation measures. 282 

Repeated cultivation of the land with the last pass up and down the slope to facilitate drainage of 283 

excess water contributes to the large soil loss in the cultivated fields, it implies the need for 284 

immediate conservation intervention in this land-use type. Comparing the sub-watershed, the 285 

maximum soil loss was observed in the sub-watersheds (SW-6) situated within the eastern part of 286 

Winike watershed. This is related to the expansive area of cultivated land in the upland plateau 287 

with high slope gradient, compared to the western and central part of the watershed that is 288 

characterized by a relatively higher vegetative cover and little cultivation. Moreover, soil erosion 289 

rate decreased in grazing and forest lands by 1.92 t/ha/year in grazing land 0.12 t/ha/year in the 290 

forest land when reference years (1998) is compared with the experimental year (2018). This is 291 

related to expanding canopy cover of the maturing above-ground vegetation.    292 

Change of sediment export  293 

Sediment export is the net losses to the stream network and considers the soil loss potential 294 

mitigation effects of topography and land cover. Between 1988 to 2018, the proportion of soil loss 295 

increased by 9.79% and sediment export increased by 3.45% (Figure 2, B and C). In other words, 296 

the data suggest an increasing trend in the sediment export which is consistent with the increasing 297 

trend of soil loss. The total sediment exported from the watershed was 0.050 t/ha/year and total 298 

export was 3.85 thousand metric ton over the past 30 years (Table 4). Consistent with the soil loss 299 

pattern, the largest contributor to the total sediment export (0.42 t/ha/year) is the cultivated land 300 

followed by bare land (0.37 t/ha/year) while forestland woodland, grazing land and shrubland had 301 

the lowest 0.01 t/ha/year. This is the amount of sediment that directly joins the hydropower dams 302 
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thus contributing towards their siltation. Eventually, this can threaten the life span of the dams and 303 

significantly compromise the hydropower generation capacity of the nation over time. 304 

Sub-watersheds that contributed the largest share of the sediment export were those that are 305 

situated on the upper sub-watershed including Megecha river (SW-6), Fugiro river (SW-10), 306 

Gogob river (SW-8), Kecher river (SW-9), Mitirekat river (SW-7) (Figure 1).The highest sediment 307 

export in these sub-watersheds is associated with expansion in cultivation in these upland plateaus 308 

by clearing the natural vegetation. Sub-watersheds in the downstream catchments such as Chat, 309 

Zizat, Gotam, and Wuze river catchments are less accessible for cultivation due to alternative 310 

economic sources of the farmer rather dependent crops cultivation and hence remain covered with 311 

forests resulting in little soil loss in these sub-watersheds. 312 

Land-use/land cover change associated with soil loss and sediment export change 313 

Soil loss and sediment expert is directly proportional to the land conversion. Relationships between 314 

the proportion of change in soil loss within land use/land cover showed that the soil loss increased 315 

as land use/land cover change increased except in the shrubland (Figure 2, A). There was a 316 

consistent increase in sediment export rate (0.01 t/ha/year) in all the land use/land cover types 317 

except for the cultivated and bare lands.  318 

The soil loss and sediment export increased as the proportion of cultivated land increased. 319 

Conversely, shrubland proportion decreased and soil loss increased. The extent of forest and 320 

shrubland were inversely related to soil loss, but it has no relation with sediment export. Moreover, 321 

a woodland and bare land proportion showed a significant positive correlation with the proportion 322 

of soil loss and sediment export. The overall result showed that soil loss was lower in the watershed 323 

dominated by forest, grazing and shrubland and high in the cultivating and shrubland. Land 324 

conversion and clearing of forests to expand cultivated land was highest between 1998 and 2018 325 

resulting in concurrent high soil loss and sediment export for the period.  326 

Correlation analysis between land use type and sediment export showed a strong positive 327 

correlation (R2 = 0.89, P < 0.001) between cultivated land and soil loss and sediment export a 328 

(Figure 3 a & b). The forest land change had a weak correlation with soil loss (inversely 329 

proportional) but no correlation with sediment export (Figure 3 c & d). The existing grazing land 330 

had also a correlation with soil loss but weak correlation sediment export. This is expected due to 331 

large canopy cover effect under the forest cover and root regulating capacity of the vegetation. On 332 

the contrary, there was an inverse relationship between changes in soil loss and shrubland 333 
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(R2=0.02, P= -0.41) due to degradation of vegetation by fire and dry out but its sediment export 334 

did not correlate (land (R2=0.031, P= 0.26). The dynamics of sediment export is also a significant 335 

correlation with changes in LULC of bare land (R2=0.72, P< 0.01) and built-up area (R2=0.61, P 336 

< 0.01). 337 

Priority sub-watersheds for soil and water conservation  338 

Erosion severity was rated as slight (<5 t/ha/year), moderate (5-15 t/ha/year), high (15-30 t/ha) and 339 

severe (>50 t/ha) based ratings suggested by Haregeweyn et al. (2017). The InVEST model 340 

analysis identified erosion severity and priority areas for immediate intervention. As shown in 341 

Table 5 there is a significant variation of the vulnerability of soil erosion among sub-watersheds. 342 

Very high vulnerability to soil erosion is observed in the Megecha river catchment (SW-6) 343 

accounting for about 21.02% of the entire watershed. The soil loss and sediment export in this sub-344 

watershed is 62.77 t/ha/year and 16.69 t/ha/year, respectively. Since this watershed is situated in 345 

the upland plateau encompassing cultivated, cultivation is the major land-use accounting for 346 

47.05% of the entire watershed. For this reason, it warrants immediate attention for soil waters 347 

conservation intervention.  348 

Mitirekat (SW-7), Gogeb (SW-8), Kecher (SW-9), and Fugiro (SW-10) rivers represent 42.04% 349 

of the entire watershed, showing severe soil loss and sediment export from these watersheds which 350 

have huge implications for the entire river basin by contributing dam’s siltation and ecosystem 351 

degradation. The average soil erosion and sediment export of the SW-7, SW-8, SW-9 and SW-10 352 

is soil loss (45.47 t/ha/year) and sediment export (10.77 t/ha/year) followed by those moderate soil 353 

erosion rates of SW-3 and SW-5 at Zizat river, with soil average soil loss and sediment export of 354 

23.19 t/ha/year and 3.77 t/ha/year. 355 

The study also found that Yechat (SW-2), Gotam River (SW-4) and Wuze River (SW-1), 356 

catchments had shown a slight and very slight soil erosion rate (15.66 t/ha/year) and sediment 357 

export (1.77 t/ha/year) (Table 5 and Figure 4), that are situated in the lower reaches of the river 358 

which are less accessible for people and they are under permanent vegetative cover.  359 

The analysis shows that soil loss and sediment export in the sub-watersheds have a significant 360 

difference in altitude (P<0.01). SW-6 is found in the higher altitude (2,707 m), has average soil 361 

loss of 25.2%), and its total sediment export was 41.65%, while SW-1 found in the lower altitude 362 

(1,772 m) has soil loss and sediment export of 13 thousand t/year and 0.5 t/year, respectively, 363 
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(Figure 4). Therefore, the sub-watersheds found in the high altitude had a higher soil loss and 364 

sediment export than lower altitudes.  365 

Validation of the model 366 

The watershed which was susceptible to erosion of the soil was validated using the resulted of 367 

InVEST model output of sediment export and the calculated observed sediment form daily 368 

streamflow and sediment concentration. Therefore, the accuracy of the model’s R2 is 0.82 and 369 

RRMSE is 0.39 (39%) (Figure 5). This analysis shows that the observed data of sediment export 370 

from the hydrological station of the watershed have been provided with a good fit with the InVEST 371 

model output (P>0.001).  372 

Discussion  373 

The results of the current study highlight the increasing trends in soil erosion and sediment export 374 

which is aggravated by land conversion and LULC changes over the past 30 years. This is 375 

consistent with the findings of Hassen and Assen (2018) that showed that land-use changes result 376 

in the corresponding change in soil erosion rates. Conversion of forest, shrub and grassland into 377 

cultivated land is the major driver of the soil erosion. Research undertaken in one of the basin 378 

tributaries of Gilgel Gibe river headwaters found that the average soil loss for cultivated fields was 379 

39 t/ha/year (Demissie et al. (2013). This is in agreement with this current study in Winike 380 

watershed that found average soil loss of 43.48 t/ha/year for cultivated fields, which is the major 381 

contributor for soil erosion in the basin. Compared to Hurni (1983) soil loss tolerance (SLT) rate 382 

of 6–10 t/ha/year, the erosion rate reported in the study can be rated as severe. We have reported 383 

17.91 t/ha/year in the watershed and maximum soil loss rate of 270 t/ha/year in sub-watersheds 384 

(SW-6). This is associated with the accelerated conversion of natural vegetation into cultivated 385 

land for stakholder farmers to have their ends met. To meet domestic food demands, farmers are 386 

clearing natural forests, shrub and grassland and it is supported with extension service that provides 387 

seed and fertilizer inputs to boost agricultural production (Aneseyee et al., 2019). However, the 388 

cultivation of steep slopes (as high as 34%) without installing soil and water conservation measures 389 

is detrimental. Downstream effects of sediment delivered from the watershed is siltation of the 390 

hydropower dams. The total soil loss and sediment export increased by 176.35 thousand ton and 391 

3.85 thousand ton, respectively, in the last three decades (1988 to 2018) of the study watershed. 392 

This is consistent with previous research in the basin that suggested accelerated soil erosion in the 393 

catchments resulting in siltation of dams (Getahun et al., 2013; Karki et al., 2018) According 394 
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to Devi et al. (2008), Gilgel Gibe river catchment has been contributing 277 thousand tons of silt 395 

per year to the Gibe dam I. 396 

The eastern part of the watershed is situated on the upland plateau (higher altitude) and is more 397 

prone to soil erosion than the western part of the watershed (lower altitude). The high altitude 398 

upland eastern half of the watershed is conducive for agricultural activities and is highly populated. 399 

This along with high rainfall in the area leads to severe soil erosion loss and sediment export 400 

compared to the western half. The western half of the watershed is part of the Gibe Sheleko 401 

National Park with the natural vegetation remains intact, as result, it contributes much lesser tot eh 402 

overall soil loss and sediment export of the watershed.  403 

In the study watershed, the woodland is increased by 783.1 hectares in the last 30 years, which is 404 

encroached by eucalyptus plantation. Farmers are obtaining their short-term economic benefit 405 

from eucalyptus by selling the wood (pole) of Eucalyptus. Therefore, they are planting this tree in 406 

their parcel of land at the edge of the farm plot, road, and riverside. Studies showed that soil quality 407 

reduced due to eucalyptus plantation (Dessie, 2011; Zewdie, 2008). This is supported by Zerga 408 

(2015), soil erosion and gully formation are increased in eucalyptus woodlots. Therefore, due to 409 

Eucalyptus plantation couple with continuous cultivation and undulating topography, the eastern 410 

part of the watershed is highly affected by soil erosion than the western and central part of the 411 

watershed.  412 

Soil loss in the watershed has a downstream effect of sediment deposition in the hydropower dams. 413 

The InVEST model output of this study indicates that the sediment delivery is controlled by the 414 

cover (C), rainfall erosivity (R) and soil erodibility (K) factors in that order of C, R, K and P 415 

factors. The sensitivity of each RUSLE factor to cause soil erosion is not similar and the parameters 416 

are changed over time as the LULC has changed. As a result, the RUSLE parameter uncertainties 417 

have been widely observed in many study areas (Merritt et al., 2003; Wang et al., 2001). For 418 

example, a land-use has a lower C factor, shows the higher capability of reducing soil erosion 419 

possibility. According to Hamel et al. (2017), the C values for cultivated land had the highest C 420 

values among all LULC types. However, in the study area, the C value is highest in the bare land 421 

(0.27) next to cultivated land (0.25). The C- factor depends on the resistance of soil loss by 422 

vegetation, it is determined by NDVI and it has a significant influence on soil loss and sediment 423 

export. The lower NDVI value, the C factor is higher (e. g, In the bare land NDVI=-0.142 and C 424 
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=0.27 and the forest land NDVI=0.073 and C=0.01). In other words, the forest has a lower C value 425 

than cultivated land but it has a higher resistance to erosion.  426 

Soil erodibility (K) is influenced by land conversion due to the conversion of soil erodibility 427 

parameters. For example, the loss of forest land leads to loss of the soil organic matter (SOM). If 428 

the soil is become lost its organic matter, it is susceptible to soil erosion. Regarding the study 429 

watershed, the SOM value in the Leptosols soil types (eastern part of the watershed) is 1.5% and 430 

its K value is 0.62 and the SOM in Eutric Nitosols (central part) is 3.21% and its K value is 0.44 431 

(Table 1). The Orthic Acrisols (western part of the watershed) SOM and K value is 2.87% and 432 

0.33, respectively. This indicates that the higher SOM, the lower soil erosion (lower soil 433 

erodibility). Organic matter of the soil decreases K’s values because it can bind particles of soil 434 

together and increases cohesiveness by decreasing the detaching effect of rainfall droplet, 435 

decreasing runoff and increasing infiltration (Hassen and Assen, 2018; Renard et al., 436 

1997; Wischmeier and Smith).  437 

The average annual rainfall for the years 1988 and 2018 was 1129 mm and 1234 mm, respectively. 438 

Over some time, the erosion power of the high rainfall is strong to cause erosion, due to the 439 

increased amount of runoff (Pimentel, 2006). Thus, erosion changed from 1988 to 2018 in the 440 

watershed. However, Gumer station has higher rainfall. This is supported by Makaya et al. 441 

(2019),which showed higher rainfall characterized the higher vulnerability of soil erosion. As a 442 

result, Gumer station (eastern part of the watershed) is showing high soil erosion and sediment 443 

export rate than other stations (Emdiber, Agena, Gubre, Enemore and Geta). 444 

The government of Ethiopian implemented exhaustive soil and water conservation structure at the 445 

national level in recent times like Productive Safety Net Programs (PSNP), Community 446 

Mobilization through free-labour days, and the National Sustainable Land Management Project 447 

(SLM) (Haregeweyn et al., 2015; Okereke et al., 2019). These are supported by the extension 448 

program of the government and the mass participation of the community. These mass movement 449 

of Soil Water Conservation (SWC) by the cooperation of the society is showing important progress 450 

in the land management practices in the study area. However, the maintenance of the SWC 451 

structures and following a scientific methodology to implement SWC is still left to achieve 452 

sustainable ecosystem services conservation in the area. 453 

 Conclusion 454 
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The InVEST model analysis indicated that a historical fluctuation of soil loss and sediment export 455 

due to the considerable conversion of land use/land cover changes. The study analysis shows that 456 

the reduction of the forest, grazing and shrubland were predominantly substituted by cultivated 457 

lands in the last 30 years (1988 to 2018). This resulted in the reduction of regulatory capacity of 458 

the land which aggravates increased soil erosion. The total soil loss and export in the watershed 459 

increased by 176.35 thousand tons and 3.85 thousand tons, respectively, in the last 30 years.  460 

Soil loss and sediment export have largely increased in the cultivated land and bare land while soil 461 

loss of forest and grazing land decreased, but sediment was constantly exported in the forest, 462 

grazing and shrubland. This show that soil erosion change is directly proportional to each land 463 

use/land cover except for shrubland. However, the shrubland was an inversely proportional and 464 

negative correlation with soil loss and the non-significant correlation with sediment export.  465 

Soil loss and sediment export are found more in the eastern than the western and central part of 466 

the watershed. Sub-watersheds (SW-6) at Megecha river was the most severely affected by soil 467 

erosion and sediment export among the sub-watershed found in the watershed. Therefore, the 468 

research finding suggests need more conservation practices in the highly vulnerable sub-watershed 469 

and reduce continuous cultivation in the higher altitude of the watershed to overcome the 470 

challenges of dam siltation and ecosystem degradation in the lower part of the watershed. The 471 

research finding also suggests policy instruments need to be enforced by making a buffer zone and 472 

urgent conservation activities in the Omo-river so that the dams will not get silted up. 473 
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Figures

Figure 1

Map of the study watershed showing the sub-watersheds (bottom) and hydropower dams



Figure 2

The proportion (%) of soil loss and land use/land cover changes.



Figure 3

Area of proportion for LULC changes associated with soil loss and sediment export change: (a) Cultivated
land proportion vs soil loss;(b) Cultivated land proportion vs sediment export;(c) forest land proportion vs
soil loss; (d) forest land proportion vs soil loss



Figure 4

Sub-watershed soil loss, sediment export and severity rate

Figure 5

Validation of the InVEST model


