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Abstract 

The Gilgel Gibe catchment in SW Ethiopia is one of the areas in East Africa affected by 

landslides. To better understand the patterns and the causal factors of these landslides, all 

landslides in a small study area (14 km²) in the hilly parts of the Gilgel Gibe catchment were 

mapped and analyzed. In total, 60 landslides were mapped. These landslides caused a 

displacement of 1 million m³ slope material, which corresponds to a mean displaced volume 

of 50 ton ha
-1

 y
-1

 in the last 20 years. Moreover many landslides deliver directly sediment to 

the rivers and hence increase the sediment load in the rivers. This soil loss to the rivers was 

estimated at 11 ton ha
-1

 y
-1

 during the same period.   

High annual rainfall (ca. 2000 mm y
-1

), lithological and pedological properties and to a lesser 

extent steep (> 16°) slopes turn the area into an inherent unstable situation and can be 

indicated as preconditions for the landslides in the study area. Distance to rivers is 

significantly the most important precondition, as slopes near rivers are less stable than slopes 
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further away from the rivers. This is mainly caused by river incision and bank erosion which 

often occur in the area and which can be attributed to increased runoff due to deforestation 

over the past 20 years. Therefore recent deforestation caused more shallow landslides but also 

indirectly more deep-seated landslides close to the rivers. Heavy rainfall is indicated as the 

main triggering factor for almost all landslides.  

 

Keywords: Landslides; landslide inventory; causal factors; soil loss; East Africa; Ethiopia 

 

1. Introduction 

 

During the second half of the 20
th

 century the number of damaging landslides have been 

substantially increasing worldwide, as well as the number of studies on landslides (e.g. 

Gokceoglu and Sezer, 2009; Gutiérrez et al., 2010). However, research on landslides in East 

Africa is still rather restricted, although it is a region where landsliding is a widespread 

phenomenon. Steep slopes, high annual rainfall, increasing population pressure and 

deforestation, earthquakes and extreme rainfall make most areas in East Africa very sensitive 

to landslides (Glade and Crozier, 2005). Moreover, most of the landslides have a significant 

economic, social and geomorphologic impact (e.g. Ngecu and Mathu, 1999). There are still 

regions in East Africa where quantitative data of landslides are missing, although these data 

are necessary to undertake remedial measures and to restrict the negative consequences for the 

inhabitants. 

In East Africa, landslides have been reported in Uganda (e.g. Ngecu et al., 2004; Knapen, 

et al., 2006; Kitutu et al., 2009), Kenya (e.g. Davies, 1996; Ngecu and Ichang'i, 1999; Ngecu 

and Mathu, 1999; Westerberg and Christiansson, 1999; Ngecu et al., 2004), Tanzania (e.g. 

Temple and Rapp, 1972; Lundgren, 1978; Westerberg and Christiansson, 1999; Marwa and 

Kimaro, 2005), Rwanda (e.g. Moeyersons, 1989, 2003), D.R.Congo (e.g. Moeyersons et al., 

2004, 2010), and Ethiopia (e.g. Ayalew, 1999; Temesgen, et al., 2001; Nyssen et al., 2002, 

2004, 2006; Ayalew and Yamagishi, 2004; Ayenew and Barbieri, 2005; Woldearegay et al., 

2006;  Fubelli, et al., 2008; Moeyersons, et al., 2008; Coltorti et al., 2009;  Van Den 

Eeckhout, et al., 2009; Abebe et al., 2010; Vilimek et al., 2010). All these landslides are 

caused by various causal factors, however some factors are common for most of the landslide 

sensitive areas. These factors can be divide in preconditions, inherent static factors that act as 

catalysts to allow other factors to act more effectively; preparatory factors, which make the 

slope susceptible to movement without actually initializing it; and triggering factors, which 
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finally initiate the movement (Glade and Crozier, 2005). For East Africa, the most important 

preconditions for landslides are steep slopes, deep weathered soils with high clay content and 

high annual rainfall. The most important preparatory factors reported for landslides in East 

Africa are all kinds of human activities such as deforestation and other land use changes but 

also constructions and excavations. Finally, most important triggering factors are earthquakes 

and extreme rainfall.   

The Gigel Gibe catchment (Fig. 1), located in the South-West of Ethiopia, is one of the 

regions in Ethiopia that are heavily affected by landslides (Fig. 2). Landslides in this region 

have been reported by Ayalew (1999) and Abebe et al. (2010). These landslides cause many 

social, economic and geomorphologic problems. One of the problems is the filling up with 

sediments of the Gilgel Gibe reservoir, constructed for the Gilgel Gibe I hydro-electric power 

plant (Devi et al., 2008), for which the landslides may be an important sediment source. 

However, quantitative data on the landslides in the Gilgel Gibe catchment are absent as well 

as clear insight into the local causes for the landslides. Hence, more research about these 

landslides is needed to undertake specific measures against the landslides and to restrict their 

consequences for the Gilgel Gibe reservoir and on the socio-economic level in general.   

Therefore this study investigate the spatial and temporal patterns, causes and 

consequences of landslides in the Gilgel Gibe catchment, and assesses the contribution of the 

landslides to the high sediment load in the rivers of the Gilgel Gibe catchment.  

 

2. Study area 

 

Landslides are reported in all hilly areas of the Gilgel Gibe catchment (Ayalew, 1999; 

Abebe et al., 2010). This research concentrates on a study area of 14 km², located in the upper 

parts of the Gilgel Gibe catchment (Fig. 1). The study area has altitudes ranging between 2000 

and 2800 m.a.s.l., and bounded by latitude 7°29’30” – 7°26’00” N and longitude 36°51’30” – 

36°53’00” E. According to the geological map of Ethiopia (Tadesse et al., 2003), the study 

area consists of volcanic rocks of the Eocene and Paleocene, rhyolites, trachytes, rhyolitic and 

trachytic tuffs, ignimbrites agglomerates and basalts. However, the spatial occurrence of the 

different geological materials is very complex and heterogeneous and not known in detail. 

The major soil types in the study area are Nitisols, Acrisols and Vertisols (FAO-Unesco, 

1974). Mean annual rainfall in the study area is ca. 2000 mm (National Meteorological 

Agency of Ethiopia, 2009). Around 60 % of the rainfall occurs in the rainy season, lasting  
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from May until September. Mean annual air temperature is ca. 19 °C (National 

Meteorological Agency of Ethiopia, 2009). 

In the study area, almost all the land has been taken into cultivation. The main land use 

type in the study area is agricultural cropping, mainly wheat, teff, barley, faba bean, sorghum 

and maize. Next to these cropping activities, the farmers keep certain plots as grazing land for 

their livestock. The plots are mostly small and enclosed by hedges or tree rows. Total forest 

cover in the study area is ca. 11%, however this is mainly bush vegetation which is 

extensively used by the farmers. Only the highest parts of the study area are still covered by 

forest. 

 

3. Materials and methods 

 

3.1. Data collection 

In order to get more insight in to the spatial pattern of the landslides in the study area, an 

intensive field survey was made during August and September 2009, at the end of the rainy 

season. The focus was on the recent landslides. They included active landslides, which are 

currently moving (which include first-time movements and reactivations), and landslides 

which were not moving at the moment of investigating (inactive landslides) but showed clear 

signs of movements within the last 20 years. In addition to these recent landslides, also 

ancient landslides could be observed in the field. They include all landslides that have not 

been active for a very long time (more than 20 years), but are still visible in the landscape 

(Cruden and Varnes, 1996). Although these ancient landslides were still visible in the 

landscape, it was very difficult to collect reliable quantitative data about these landslides 

because erosion processes and ploughing made them less clear and the local farmers could not 

give information about these landslides during the interviews. Therefore, the ancient 

landslides were not included in the analysis. 

All present landslides were mapped with GPS (Garmin eTrex Legend HCx). Landslides 

were classified during the fieldwork according to Varnes (1978), based on their visible 

morphological characteristics. The area of the landslides was obtained by GPS, the volume of 

displaced hillslope material was estimated as the product of the area and the estimated mean 

depth of the surface of rupture of the landslide. A relative volume-area scaling for the 

landslides in the study area was assessed, based on:   

V = α A
γ
  (1) 
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where V is the volume of a landslide, A is the area of a landslide, γ is the scaling exponent 

and α the intercept (Larsen et al., 2010). The mean soil loss (ton ha
-1

 y
-1

) due to landslides in 

the study area was based on estimations of the volume of landslide material that was eroded 

by the rivers. To illustrate the impact of the landslides in the study area on the river pattern, 

the gravel bars in one river section (Fig. 3) were mapped during the field survey, using GPS. 

A frequency-area distribution, which indicates the number of landslides that occur at different 

size-intervals, was constructed for the landslides in the study area. The frequency density, 

f(AL), was derived as: 

f(AL) = δNL / δAL (2) 

where δNL / δAL is the number of landslides with areas between AL and AL + δAL (Van Den 

Eeckhaut et al., 2007). 

Based on field investigations and interviews with local farmers, the year of first activation 

of the landslides - which allows us to discuss the temporal pattern of the landslides - and the 

socio-economic consequences were determined. 

 

3.2. Statistical analysis 

A digital elevation model (DEM) of the study area was created by digitising the contour 

lines of the 1:50 000-scale topographic map (Ethiopian Mapping Agency, 1980). The contour 

lines have a vertical interval of 20 m. The created DEM has a spatial resolution of 33 m. In 

order to assess the importance of the topographic factors (distance to rivers, altitude a.s.l., 

planimetric curvature, aspect and slope gradient) as precondition for landslides in the study 

area, the values of these factors for slopes affected by landslides were compared with the 

values for the whole study area. Both values were deduced from the DEM of the study area. 

Based on the differences between these values, the importance of the topographic factors as 

causal factors for landslides was determined. Chi-square tests were used to test whether the 

differences are significant or not. Cramer’s V tests were calculated to test the strength of the 

association. 

 

 

4. Results and discussion 

 

4.1. Spatial distribution 
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Sixty recent landslides were mapped and characterized in the study area of 14 km² (Fig. 

3) Most of the recent landslides are located near rivers and at the lowest points in the 

landscape. Next to the recent landslides, also 23 ancient landslides were mapped in the study 

area, although the database of the latter is not complete as it was difficult to distinguish them 

in the field and to collect reliable data. Therefore, the ancient landslides will not be included 

in the further analyses. 

 

4.2. Landslide characteristics 

 

All recent landslides were classified according to the classification of Varnes (1978) (Fig. 

4).  75 % of the landslides occurred in debris material - a mixture of fine earth and rock 

fragments, resulting from weathering processes and ancient landslides. Most of the landslides 

in the study area are debris slides, debris falls and debris slumps. Together with the complex 

landslides they represent more than 75% of all mapped landslides. These landslide types are 

also reported in other areas in the Ethiopian Highlands, although rock fall, which has also 

been reported to occur in the Ethiopian Highlands, does not occur in this study area (e.g. 

Ayalew, 1999; Nyssen e.a., 2002, 2006; Ayalew and Yamagishi, 2004; Ayenew and Barbieri, 

2005; Woldearegay e.a., 2006; Fubelli, e.a., 2008; Abebe e.a., 2009; Van Den Eeckhout, e.a., 

2009). 

The mean area of all landslides was around 5 000 m², with a standard deviation of 11 000 

m² (Fig. 5). In total, the mapped landslides occupy ca. 0.275 km², which is almost 2% of the 

study area (14 km²). Because it is expected that not all recent landslides that occurred in the 

study area are still visible up to now, this figure is an underestimation of the total area 

occupied by landslides occurring in the last 20 years. The volume of hillslope material 

displaced by the individual landslides varies widely in the study area and is summarized in 

Fig. 5. The smallest landslide displaced only 20 m³ of material, the largest around 250 000 m³. 

The average is 19 000 m³, with a standard deviation of 42 000 m³. Together, the 60 landslides 

in the study area of 14 km² displaced about 1 million m³ of slope material, which is for the 

same reason as above an underestimation of the real cumulative displaced volume of slope 

material of the last 20 years. Based on equation (1), the relative volume-area scaling for the 

landslides in the study area was assessed as V = 1.9 *A
1.1

 (R² = 0.9 ; N = 51) (Fig. 5).  This 

compares well with the exponent γ between 1.1 and 1.3 found by Larsen et al. (2010) for the 

shallow soil-based landslides. Indeed, all mapped landslides were soil based landslides 

according to the subdivision of Larsen et al. (2010) (Fig. 4). 
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The frequency-area distribution for the landslides in the study area is shown in Fig. 6 

together with the theoretical curves proposed by Malamud et al. (2004). These theoretical 

curves are based on three complete landslide inventories which were all approximated by the 

same probability density function (Malamud et al., 2004). The frequency-area distribution of 

the recent landslides in the study area is best described by a negative power-law relation with 

an exponent of -1.02. This distribution deviates from the theoretical curves proposed by 

Malamud et al. (2004) and from the distribution found by different authors for landslides in 

mountainous regions which found a positive power-law relation for landslides of the same 

magnitude (for an overview, see Van Den Eeckhaut et al., 2007). Following Van Den 

Eeckhaut et al. (2007), this negative power-law relation suggests that the recent landslides in 

the study area are mainly caused by anthropogenic factors which have an impact at a local 

scale. Such factors, acting at a local scale, decrease the stability of only a limited part of 

hillslopes. Therefore, smaller landslides are more likely to occur and the number of landslides 

decreases with increasing landslide area, following a negative power-law relation. This is in 

contrast with landslides caused by natural factors which have a regional impact such as heavy 

rainfall, rapid snowmelt or earthquakes, causing a positive power-law relation for small 

landslides. 

 

4.3. Temporal distribution 

 

The year of first activation of the recent landslides was determined based on field 

observations and interviews with local farmers. Landslides are grouped per decade due to 

uncertainties in the data provided by the local farmers. For the landslides which were first 

activated in the last 10 years, more reliable data could be collected (Fig. 7). Most of the recent 

landslides remain active up to now, with different phases of activity and phases of inactivity 

within one rainy season. No significant relation could be found between the number of 

activated landslides in a particular year and the annual rainfall, the occurrence of rainfall 

peaks in a year or El Niño years.  

Some authors (e.g. Ayalew, 1999; Davies, 1996) indicate an increase in landslide 

frequency in East Africa during the last decades. Based on our data (Fig. 7) this could not 

been confirmed for this study area. The larger number of landslides after the year 2000, 

compared to the previous periods, only indicates a larger number of reported landslides as the 

older landslides are not always visible anymore in the landscape. 
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4.4. Causal factors 

4.4.1. Preconditions 

4.4.1.1. Topographic factors 

The frequency distributions (Fig. 8) show that the distribution of most of the topographic 

values for slopes exhibiting landslides deviated from those for the whole study area. Chi-

square tests confirm that the differences are significant (significance level 0.95) for the 

topographic factors distance to river, altitude, aspect, and plan curvature. Cramer’s V tests 

indicate the distance to the rivers as the most important topographic factor. The distance to 

rivers is important in the study area because of the high river density with rivers occurring in 

narrow V-shaped valleys which may lead to slope instability near the rivers and finally to a 

landslide. There is also a significant overrepresentation of recent landslides at lower altitudes. 

This is caused by the negative correlation between altitude and distance to rivers; therefore 

altitude is not a direct precondition. Next, significantly more landslides occurred on slopes 

oriented towards the north-west and north-east. However, a good reason for the 

overrepresentation of landslides oriented towards the north-west and north-east could not be 

found. Also the plan curvature of a slope is indicated as a precondition for landslides. At 

planconcave slope segments, water can stagnate, infiltrate and accumulate, which can 

facilitate landsliding. Further, there is a significant overrepresentation of landslides on slopes 

with low slope gradients. This is remarkable, as most studies in East Africa found an 

overrepresentation of landslides on steep slopes (e.g. Ayalew, 1999; Knapen et al., 2006). The 

overrepresentation of recent landslides on low slope gradients found here is caused by the fact 

that those slopes are located near the rivers. River incisions and bank erosion make slopes 

unstable, even slopes with low slope gradient. Therefore, it is clear that in our study area slope 

gradient is less important as a precondition than the distance to rivers. However further away 

from the rivers, the slope gradient becomes important. When excluding the areas lying closer 

than 100 m to the rivers, a significant (significance level 0.90) overrepresentation of recent 

landslides on steep slopes appears, which indicates steep slopes as a precondition further 

away from the rivers. Compared to landslides in other East African regions (Table 1), the 

critical slope for landslides in the study area is rather low. Landslides in the study area occur 

on slopes with a gradient between 8.5° and 45°, as determined during fieldwork. The recent 

landslides that occurred on a very low slope gradient (<  20°) are almost all landslides that 

occurred near to a river channel. Because of a river incision, the lateral support of the river 

banks disappears and the slope next to the river becomes unstable, even with a low slope 

gradient. This indicates again that river incision is an important factor in causing landslides in 
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the study area. Further away from the rivers, landslides occur on steeper slopes, with slope 

gradients between 16° and 45°. These are gradients which are comparable with other studies 

in East Africa (Table 1). 

 

4.4.1.2. Lithology and soils 

The geological and pedological properties of the study area are important preconditions 

for the recent landslides in the study area for different reasons. (i) According to the FAO-

Unesco soil map (1974) the major soil types in the study area are Acrisols, Vertisols and 

especially Nitisols. The latter can be a precondition for landslides because of their swell 

shrink properties (e.g. Inganga et al., 2001; Knapen et al., 2006). Because the distribution of 

the soil types in the study area is not known, it was impossible to detect a possible 

overrepresentation of landslides on the Nitisols. (ii) For 16 landslides, the clay content of the 

surface of rupture was determined (Fig. 9). For 10 out of 16 landslides, the clay content is 

above 30 %. This high clay content in the soil can be an important precondition for landslides, 

because of the chemical and physical properties of clay minerals (e.g. Yalcin, 2007). (iii) On 

most places in the study area, there exists a distinct boundary between different geological 

layers and between weathered and less weathered material. This change in texture and 

material may cause a perched water table around their contact during a high rainfall event, 

which can result in favourable conditions for landslides (e.g. Temesgen et al., 2001). (iv) 

According to Schelstraete (2010), differences in clay-mineralogy in the subsoil can be 

preconditions for recent landslides. At some soil profiles in the study area, there is a change 

from a dominance of 1:1 phyllosilicate like kaolinite towards a dominance of 1:2 

phyllosilicate like smectite underneath. It is assumed that this change can be a precondition 

for the landslides in the study area. Namely, in the material above the surface of rupture, 

infiltrating rainwater is less retained due to the dominance of the 1:1 phyllosilicate. The 

material beneath is dominated by 1:2 phyllosilicate, clay that starts to swell when wetted. This 

swelling layer can form the surface of rupture of the landslide. The water is retained above the 

swelling clays, and a landslide can occur (Schelstraete, 2010). (v) In order to get a rough idea 

of the underlying geology of the landslides, during the fieldwork the underlying bedrock for 

19 out of 60 recent landslides was determined by a preliminary visual analysis. The lithology 

of 11 of these 19 landslides was determined as trachyte, 2 as trachyte tuff and 6 as basalt. This 

suggests that landslides occur more on trachyte than on basalt. Indeed, as trachyte contains 

more silica than basalt, trachyte can weather more easily to 2:1 phyllosilicate with typical 

swell-shrink capacities which may cause landslides. To confirm that the occurrence of 
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trachyte is a precondition for landslides, a more detailed geological map is needed to estimate 

the distribution of trachyte in the study area and to compare it with the location of landslides. 

 

4.4.1.3. Annual rainfall 

In the study area, annual rainfall is rather high: around 2000 mm y
-1

 (National 

Meteorological Agency of Ethiopia, 2009). The high annual rainfall and the concentration of 

the rain in one rainy season (from May till September) causes saturation of the soil, and 

positive pore pressure in the soil during the rainy season which can then serve as a catalyst to 

allow other causal factors to act more effectively in causing a landslide. The high annual 

rainfall should therefore be seen as a precondition for landslides in the study area. 

 

4.4.1.4. Land use 

In the study area 65% of the landslides occurred on cropland, 21% on so-called bush land 

– land with shrub and few trees extensively used by the farmers – and 10% on grazing land.  

The exact distribution of land use in the whole study area is unknown, only an estimation of 

the total cropland area as 40% of the total area is available (Tadesse et al., 2006). This 

indicates an overrepresentation of landslides on cropland. Moreover, no landslides have been 

observed or reported to occur on slopes with forest vegetation, mostly located at the highest 

points in the study area. Therefore, land use can indeed be a precondition for recent, shallow 

landslides in the study area. Also deep-seated landslides (>3 m deep) in the study area may be 

influenced by the land use and cultivation, as intensive agriculture causes higher runoff 

coefficients, higher peak flow discharges and hence more river incisions which may 

destabilize slopes close to the rivers. This interaction will be further addressed in the next two 

paragraphs.  

 

4.4.2. Preparatory factors 

4.4.2.1. Deforestation 

The impact of a forest cover on slope stability is complex. However in general one could 

say that a forest cover has a positive effect on the slope stability, especially for shallow 

landslides. The most important effect is the extra cohesion of the soil, given by the roots of 

the trees. Deforestation can therefore lower the stability of a slope, and can shift the slope to a 

marginally stable state (Selby, 1993). Deforestation has been reported as one of the main 

preparatory factors for landslides in East Africa (e.g. Davies, 1996; Inganga et al., 2001; 

Nyssen et al., 2002; Knapen et al., 2006). A comparison of Landsat images of 1984 and 2005 
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by Getahun et al. (2010) shows a significant deforestation in the study area in this period. The 

forest cover drops from 7.8 km² (56 % of the study area) in 1984 to only 1.6 km² (11% of the 

study area) in 2005; a decline in forest cover of almost 80 % in a period of 21 years. No 

information is available about the rates of deforestation before 1984 and after 2005. When 

comparing the places which are deforestated between 1984 and 2005 and the position of the 

recent landslides which occurred since 1984 (Fig. 10), it is clear that there is a significant 

(significance level 0,90) overrepresentation of landslides on areas without forest, and 

especially on recently deforestated areas. Deforestation can therefore be indicated as a 

preparatory factor for recent, shallow landslides (< 3 m deep) in the study area by removal of 

the stabilizing forest vegetation. Deforestation in the study area not only have an impact on 

shallow landslides but also on deep-seated landslides ( >3 m deep), as deforestation increases 

runoff and hence increases the occurrence of peak flow discharges in the rivers, which causes 

bank erosion leading to deep-seated landslides close to the rivers. This interaction will further 

be addressed in the next paragraph.  

 

4.4.2.2. Bank erosion and river incision 

As shown above, there is a significant  overrepresentation of landslides very close to the 

rivers (Fig. 8). 42 out of 60 recent landslides (70%) are located next to a river, from which 32 

landslides (which is 53% of all landslides in the study area) are directly influenced by river 

incision or bank erosion. River incision or bank erosion shifts the slopes next to a river to a 

marginally stable state by removing the lateral support and can therefore be seen as an 

important preparatory factor for 53% of the recent landslides. River incision and bank erosion 

frequently occur in the study area especially in the last 20 years, according to local farmers. 

This is probably related to deforestation and intensification of agriculture in the last 20 years, 

as these land use changes increased the runoff and finally initiated bank erosion. Therefore 

deforestation not only caused more shallow landslides, but also a lot of deep-seated landslides 

close to the rivers. A similar relation between deforestation, river incisions and landslides was 

found in other areas in East Africa (e.g. Moeyersons et al., 2004, 2009; Woldearegay et al., 

2005). 

 

4.4.2.3. Terraces 

Three landslides (5% of all landslides in the study area) are reported to have been 

preceded by the construction of terraces.  The construction of terraces is not widespread in the 

study area. However at sites where they have been constructed, it may cause water stagnation 
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and increased infiltration, which can lead to an increased pore water pressure and a higher 

landslide risk. During a long period of heavy rainfall, these places become extremely unstable 

and landslides can occur. 

 

4.4.3. Triggering factors 

4.4.3.1. Heavy rainfall 

Ninety percent of the landslides occurred during or after a heavy rainfall event, therefore 

heavy rainfall is considered to be the main triggering factor for recent landslides in the study 

area. Heavy rainfall increases the total weight of the slope material, causes the water table to 

rise and increases the pore pressure in fine-grained sediments, and can therefore trigger a 

landslide (e.g. Abebe et al., 2010). It was not possible to assess a rainfall threshold for 

triggering a landslide in the study area, because of lack of detailed landslide dates. 

 

4.4.3.2. Seismicity 

Although the dates of occurrence of recent landslides and earthquakes in the study area 

cannot be compared due to lack of temporal detail in the data, earthquakes are not thought to 

be an important triggering factor for recent landslides in the study area. First, the frequency of 

the earthquakes in the study area (EELPA, 1997) is much smaller than the frequency of the 

recent landslides. Moreover, the study area is at least at a distance of 90 km from the most 

active seismic centres, namely the East African Rift structures. Finally, during the interviews 

none of the respondents indicated that a landslide occurred during or immediately after an 

earthquake. 

 

4.4.3.3. Bank erosion and river incision 

Four recent landslides (7% of all recent landslides) were mainly triggered by bank erosion 

and river incision, and these factors can therefore be seen as the triggering factor for these 

landslides. However bank erosion and river incision is mainly a preparatory factor for the 

recent landslides in the study area. 

 

4.5. Consequences 

 

Although no fatalities due to landslides are reported in the study area, the impact on the 

inhabitants is enormous and calls for measures. First, most landslides occur on cropland and 

make the land partly useless for several years. Consequently, land becomes scarcer and the 
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pressure on the remaining land becomes higher. Land shortage is indeed one of the main 

problems farmers in the Gilgel Gibe catchment are faced with. In total, during the last 20 

years at least 0.2 km² of cropland has been damaged, which is 3% of the total cropland area in 

the study area. Because the reported landslides are an underestimation of the real amount of 

landslides, this damage is an underestimation of the real percentage of damage to cropland. 

Secondly, some landslides are reported to cause damage to houses and roads. Finally, the 

landslides caused the death of some cattle, which can be a disaster for the families involved. 

Next to these socio-economic consequences, landslides in the study area have important 

geomorphic consequences. In total the recent landslides occupied an area of around 275 000 

m², which is almost 2 % of the total study area. Together, the 60 recent landslides in the study 

area of 14 km² replaced about 1 million m³ of slope material during the last 20 years, which 

equals a displaced volume of 50 ton ha
-1

 y
-1

. This is an underestimation because not all 

landslides that happened during the last 20 years are still visible in the landscape. Further, the 

recent landslides have an important impact on the river channels. The accumulation zone of 

45 recent landslides (which is 75 % of the total number of recent landslides) enters directly 

into a (small) river, where the river can pick up material from these landslide. In order to 

quantify the effects of these landslides on the suspended sediment load in the rivers, the 

suspended sediment concentration upstream and downstream the landslide was determined 

and compared (Table 2). For 3 out of the 10 samples the difference is clearly visible and 

significant. Especially during rainfall events the increase in sediment load was high during 

rainfall events. These three samples indicate that especially during rainfall events, when the 

discharge of the rivers is higher, the increase in sediment load can be very high. This increase 

can be attributed to landslides, because no other important sediment sources could be detected 

in the surroundings. It was estimated that all rivers together in the study area eroded ca. 225 

000 m³ of soil in total, which was delivered to the rivers by those 45 recent landslides during 

the last 20 years. This volume corresponds to a total soil loss by river erosion of 11 ton ha
-1

 y
-

1
. This is even an underestimation because the reported number of landslides in the study area 

is an underestimation of the true number of landslides in the last 20 years.  

Further, the recent landslides have an import impact on the river patterns. The landslides 

can also deliver large rock fragments (up to 80 cm in diameter), originating from the 

underlying regolith, into the rivers. The rivers can pick up these rock fragments during peak 

flows and transport them over a short distance. Most of these large rock fragments are 

deposited just downstream the landslide zone, where gravel bars are formed. These gravel 
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bars can totally change the river pattern. Examples of large gravel bars can be found just 

downstream the study area (Fig. 11), where many large rock fragments are deposited.  

 

5. Conclusions 

 

The study area within the Gilgel Gibe catchment is an unstable region, intensively 

affected by landslides. These landslides are the result of a complex combination of 

preconditions, preparatory factors and triggering factors. The typical lithological and 

pedological properties, the high annual rainfall, the cultivation of most parts of the land and to 

a lesser extent steep slopes, make the study area very sensitive to landslides and act as 

catalysts to allow other factors to act more effectively. However the main precondition for the 

recent landslides is the distance to rivers. Hillslopes close to a river are less stable than the 

slopes further away from the rivers. This is mainly caused by the river incisions and bank 

erosion, which in turn is probably related to land use changes in the catchment like 

deforestation and intensification of agriculture. Therefore, deforestation not only caused 

shallow landslides, but also deep-seated landslides close to rivers. Finally, almost all 

landslides are triggered by heavy rainfall. 

It is clear that the landslides in the study area are a significant problem for the local 

farmers. Therefore, it is important to look for reliable and sustainable measures. Total 

reforestation with deep-rooted trees can possibly reduce the landslide risk, although this is not 

a realistic measure due to the shortage of arable land in this highly populated area. Partly 

reforestation of the riparian zone can locally enhance stability, and can protect slopes from 

destabilization by river incisions and bank erosion. Further deforestation of the riparian zone 

in this type of regions should be avoided in any case. 

Moreover the landslides caused an overall displaced volume of 50 ton ha
-1

 y
-1

during the 

last 20 years. Many landslides transport soil material directly into the river and cause a higher 

sediment load in the rivers. The total soil loss to the rivers was estimated at 11 ton ha
-1

 y
-

1
during the last 20 years. Both measurements are underestimations. Knowing that the study 

area is only 14 km² and that also in other places of the Gilgel Gibe catchment landslides do 

occur (Ayalew, 1999; Abebe et al., 2010; own observations), the landslides need to be 

considered as an important sediment source for the Gilgel Gibe reservoir. However, more 

research is needed on other landslide areas in the catchment and especially on the contribution 

of the landslides to the increased sediment load in the rivers, so that the impact of landslides 

on the sediment delivery into the Gigel Gibe reservoir can be calculated. If one wants to 
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extend the lifespan of the reservoir, effective measures to control landsliding in the catchment 

need to be undertaken, especially because other hydro-electric dams are planned to be built in 

this catchment in the near future. 
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Fig. 1. Location of the study area in Ethiopia and in the Gilgel Gibe catchment. 
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Fig. 2. Example of a recent, shallow landslide in the Gilgel Gibe catchment. Landslide area is 

ca. 700 m², landslide volume is ca. 1400 m³. (August 24, 2009)  
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Fig. 3. Spatial pattern of landslides (n=60) in the study area. Each dot refers to the centre of a 

landslide recorded during the field survey in the rainy season of 2009. Dotted rectangle 

indicates location of Fig. 11 B. 
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Fig. 4. Classification of the mapped landslides (n=60) occurring in the study area, according 

to the classification of Varnes (1978). 
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Fig. 5. Volume hillslope material displaced by the mapped landslides, versus landslide area 

(n=51). 
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Fig. 6. Landslide frequency density as a function of landslide area for 55 mapped recent 

landslides; and the general landslide probability distributions proposed by Malamud et al. 

(2004) for landslide magnitude (ml) 1 to 5. 
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Fig. 7. Number of landslides activated per year (n=60). 
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Fig. 8. Graphical and statistical comparison of the topographic factors distance to river, 

altitude, planimetric curvature, aspect, slope gradient and slope gradient for slopes more than 

100 m away from a river; both for slopes with landslides and all slopes in the study area. All 

values of the topographic factors where deduced from a DEM (spatial resolution 33m). 
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Fig. 9. Fine-earth particle-size distribution of the soil material at or near the surface of 

rupture, for 16 recent landslides. 
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Fig. 10. Graphical and statistical comparison of the forest and other land cover types (no 

forest) in 1984 and 2005, for the landslides formed since 1984 (n=49) and the whole study 

area. 
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Fig. 11. Illustration of the impact of landslides on sediment supply to a river and its resulting 

change of a river channel.  A. Location of the river section (B) just downstream the study area 

with indication of the mapped landslides.     B. Detailed map of the gravel bars as mapped on 

August 31, 2009. Stream direction is from left to right. C. Downstream view of the river 

section shown in (B).  
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Table 1. Slope gradients for landslide occurrence in East Africa (based on Knapen et al., 

2006). 

Region (Country) 
Slope 

gradient 
Source 

Tropics 28 - 45° Thomas, 1994 

Ethiopian Highlands 20 - 45° Ayalew, 1999 

Northern Ethiopian 

Highlands 
19 - 56° Nyssen et al., 2002 

 
10 - 45° Woldearegay et al., 2005 

 
> 2° Van Den Eeckhout et al.., 2009 

Wendo Genet (Ethiopia) 10 - 20° Temesgen et al.., 2001 

Central Kenyan 

Highlands  
2 - 53° Westerberg and Christiansson, 1999 

 
> 20° Ngecu and Ichangi, 1999 

 
> 35° Davies, 1996 

Western Uluguru 

(Tanzania)  
30 - 40° Lundgren, 1987 

 
28 - 44° Temple and Rapp, 1972 

Mount Elgon (Uganda) 14 - 41° Knapen et al., 2006 

Gilgel Gibe catchment 

(Ethiopia) 
8 - 45 ° This study 
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Table 2. Suspended sediment load upstream and downstream landslide (ls) zone for 10 

sampling places. 

Disharge (m³/s) at 

moment of 

sampling 

Suspended sediment 

concetration (g/l) 

before ls zone after ls zone 

3.5 0.2 0.3 

4.5 3.1 3.1 

4 2.4 2.6 

3 0.2 0.1 

4.5 2.7 6.8 

0.06 0.2 7.6 

0.03 0.1 0.2 

0.06 0.1 1.0 

0.07 1.3 4.6 

0.08 1.1 0.7 

 

 


