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Abstract 
 

The frequency and magnitude of landslide occurrence in the Kigezi highlands of South Western 

Uganda has increased, but the key underpinnings of the occurrences are yet to be understood. The 

overall aim of this study was to characterize the parameters underpinning landslide occurrence in 

the Kigezi highlands. This information is important for predicting or identifying actual and 

potential landslide sites. This should inform policy, particularly in terms of developing early 

warning systems to landslide hazards in these highlands. The present study analysed the area’s 

topography, soil properties as well as land use and cover changes underpinning the spatial-

temporal distribution of landslide occurrence in the region. The present study focussed on selected 

topographic parameters including slope gradient, profile curvature, Topographic Wetness Index 

(TWI), Stream Power Index (SPI), and Topographic Position Index (TPI). These factors were 

parameterized in the field and GIS environment using a 10 m Digital Elevation Model. Sixty five 

landslide features were surveyed and mapped. Soil properties were characterised in relation to 

slope position. Onsite soil property analysis was conducted within the landslide scars, auger holes 

and full profile representative sites. Furthermore, soil infiltration and strength tests, as well as clay 

mineralogy analyses were also conducted. An analysis of the spatial-temporal land use and cover 

changes was undertaken using satellite imagery spanning the period between 1985 and 2015.  

Landslides were noted to concentrate along topographic hollows in the landscape. The occurrence 

is dominant where slope gradient is between 25˚ and 35˚, profile curvature between 0.1 and 5, TWI 

between 8 and 18, SPI >10 and TPI between -1 and 1. Landslides are less pronounced on slope 

zones where slope gradient is <15˚ and >45˚, profile curvature <0, TWI <8 and >18, SPI <10 and 

TPI >1. Deep soil profiles ranging between 2.5 and 7 meters are a major characteristic of the study 

area. Soils are characterized by clay pans at a depth ranging between 0.75 and 3 meters within the 

profiles. The study area is dominated by clay texture, except for the uppermost surface horizons, 

which are loamy sand. All surface horizons analysed had the percentage of sand, silt and clay 

ranging from 33 to 55%, 22 to 40% and 10 to 30% respectively. In the deeper horizons, sand was 

observed to reduce drastically to less than 23%, while clay increased to greater than 50%. The clay 

content is very high in the deeper horizons exceeding 35%. By implication, such soils with a very 

high clay content and plasticity index are considered as Vertisols, with a profound influence in the 
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occurrence of landslides. The top soil predominantly contains more quartz, while subsurface 

horizons have considerable amounts of illite/muscovite as the dominant clay minerals, ranging 

from 43% to 47 %. The liquid limit, plasticity index, computed weighted plasticity index (PIw), 

expansiveness (ɛex) and dispersion ranging from 50, 22, 17, 10 and 23 to 66, 44,34,54 and 64, 

respectively also have strong implications for landslide occurrence. Landslides are not normally 

experienced during or immediately after extreme rainfall events but occur later in the rainfall 

season. By implication, this time lag in landslide occurrence and rainfall distribution, is due to the 

initial infiltration through quartz dominated upper soil layers, before illite/muscovite clays in the 

lower soil horizons get saturated.  

Whereas forest cover reduced from 40 % in 1985 to 8% in 2015, cultivated land and settlements 

increased from 16% and 11% to 52% and 25% respectively during the same period. The 

distribution of cultivated land decreased in lower slope sections within gradient group < 15˚ by 

59%. It however increased in upper sections within gradient cluster 25˚ to 35˚ by over 85% during 

the study period. There is a shift of cultivated land to the steeper sensitive upper slope elements 

associated with landslides in the study area. More than 50% of the landslides are occurring on 

cultivated land, 20% on settlements while less than 15 % and 10% are occurring on grassland and 

forests with degraded areas respectively.  

Landslides in Kigezi highlands are triggered by a complex interaction of multiple- factors, 

including dynamic triggers and ground condition variables. Topographic hollows are convergence 

zones within the landscape where all the parameters interact to cause landslides. Topographic 

hollows are therefore potential and actual landslide sites in the study area. Characterized by deep 

soil horizons with high clay content dominated by illite/muscovite minerals in the sub soils and 

profile concave forms with moderately steep slopes, topographic hollows are the most vulnerable 

slope elements to landslide occurrence. The spatial temporal patterns of landslide occurrence in 

the study area has changed due to increased cultivation of steep middle and upper slopes. 

Characterized by deep soil horizons with high clay content dominated by illite/muscovite minerals 

in the sub soils and profile concave forms with moderately steep slopes, topographic 

hollows are the most vulnerable slope elements to landslide occurrence.The spatial-temporal      

patterns of landslide occurrence in the study area has changed due to increased cultivation of       

steep   middle and upper slopes. A close spatial and temporal correlation between land use/cover 
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changes and landslide occurrence is discernible. The understanding of these topographical, 

pedological and land use/cover parameters and their influence on landslide occurrence is important 

in land management. It is now possible to identify and predict actual and potential landslide zones, 

and also demarcate safer zones for community activities. The information generated about the 

area’s topographic, pedological and land cover characteristics should help in vulnerability 

mitigation and enhance community resilience to landslide hazards in this fragile highland 

ecosystem. This can be done through designating zones for community activities while avoiding 

potential landslide zones. It is also recommended that, tree cover restoration be done in the 

highlands and the farmers encouraged to re-establish terrace farming while avoiding cultivation of 

sensitive steep middle and upper slope sections. 
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CHAPTER ONE 

                                                             General Introduction 

 

  



 

2 

 

1.1 General Introduction 

 

Landslides are a global environmental hazard that are especially prevalent in mountainous and 

highland regions of the tropical world (Petley et al., 2005; Petley, 2008;  Broothaerts et al., 

2012; Kirschbaum and Zhou, 2015). Landslides are among the most widespread geological threats 

to lives and cause destruction of property globally (Broothaerts et al., 2012). In recent times, the 

risk from landslide related disasters in highland and montane ecosystems has increased both in 

frequency and intensity (Kirschbaum and Zhou, 2015). This is due to a combination of several 

attributes including geological, morphometric, climatic, and anthropogenic that directly or 

indirectly cause slope instability (Ayalew et al., 2004). Projections based on demographic changes 

in the midst of increasing variability in climatic conditions indicate that the situation may change 

for the worst (Petley, 2008). The expected increase in landslide disasters in future is due to over 

exploitation of natural resources, rapid deforestation, change in climate, an increase in hillslope 

population and uncontrolled excavation (Knapen et al., 2006 and Kitutu et al., 2009). An increase 

in the occurrence of landslides globally has affected human life and damage to socio-economic 

infrastructures. This heightens the anxiety on how to sustain livelihoods in montane and highland 

ecosystems (Petley et al., 2005).  

 

The most affected countries in terms of landslide occurrence and fatalities include India, China, 

Nepal, Indonesia, and the Philippines (Kirschbaum and Zhou, 2015). The number of  damaging 

landslides have increased worldwide during the second half of 20th century (Broothaerts et al., 

2012). For example in 2007 a total of 395 fatal landslide events were recorded, inducing a total of 

3017 deaths worldwide while the period between 2003 and 2006 experienced 4399 fatal landslides 

(Petley, 2008) showing an increasing trend in occurrence and fatalities (Fig 1.2). Geographically, 

whereas 39% of fatal landslide events and 36% of landslide deaths occurred in South Asia, 24% 

of landslide events and 20% of landslide death occurred in South East Asia (Fig. 1.1). East Asia 

including China, accounted for 15.2% of landslide events (Petley, 2008; Kirschbaum and Zhou, 

2015). In the coming years, landslides are expected to cause more damage to properties due to 

increasing highland and mountain population with associated degradation (Petley et al., 2005; 

Petley, 2008). 
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Figure 2.1: Global map of reported landslide events from 2007–2013, showing landslides with 

fatalities. The size and colour of the data point indicates the number of reported fatalities for 

each event (after Kirschbaum & Zhou, 2015). 

 

 
Figure 1.2: Temporal trends in fatalities from landslides and global hotspot countries   

Source: American Geophysical Union, 2013. 
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The East African highlands, due to their wet climate, high population densities, steep topography, 

and high weathering rates, are prone to landslides (Knapen, 2003; Knapen et al., 2006). The 

highlands have experienced a number of landslide occurrences, some of which have been 

catastrophic (NEMA, 2014). Landslide studies in these highlands have been done by Bagoora 

(1988; 1989), Muwanga et al. (2001), Breugelmans (2003), Knapen (2003), Kitutu et al. (2004), 

Knapen et al. (2006), Claessens et al. (2007), Kitutu et al. (2009) Babirye (2010), Mugagga et al. 

(2010), Atuyambe et al.(2011), Kato and Mutonyi (2011), Kitutu et al. (2011), Juventine (2012), 

Mugagga et al. (2012), and Ainomughisa (2015) in Uganda; Christiansen and Westerberg (1999) 

in Tanzania; Ngecu and Ichangi (1989), Davies (1996), Westerberg and Christiansen (1998), 

Ngecu and Mathu (1999), Westerberg (1999), Inganga et al. (2001) and Ngecu et al. (2004) in 

Kenya; Rapp et al. (1972) and Moeyersons (1989, 2003) in Rwanda. These studies have, however, 

mainly focused on single parameters without analysing the convergence of several attributes in 

landslide occurrence. Whereas most of these studies have focused on primary parameters 

especially slope gradient, curvature and soil texture, the influence of complex topographic 

parameters, clay mineralogy and soil behaviour to water changes have not been well analysed. 

They have also concentrated on the socio-economic implications of landslides for the 

communities, with limited attention on the real conditions for landslide occurrence in these 

highlands. Furthermore, most of these studies have tended to focus on volcanic landscapes, with 

less attention on the non-volcanic highlands e.g. the Kigezi highlands which are also vulnerable to 

landslides.  

 

Landslides have become common phenomena in Uganda (NEMA, 2010; 2014). They are 

associated with extensive damage to property and the environment (Office of the Prime Minister 

for Uganda, 2005; Kitutu et al., 2009; Mugagga et al., 2012). They are common in the mountainous 

and highland areas of Eastern and Western parts of the country especially the Elgon ranges, 

Rwenzori ranges and Kigezi highlands (NEMA, 2014). Although landslide occurrence has 

increased in Uganda, limited systematic and scientific research has so far been conducted on the 

phenomena (Muwanga et al., 2001; Knapen et al., 2006). The increase in landslide occurrence in 

Uganda’s highlands and mountains is attributed to poor environmental management practices and 

global warming phenomenon which has resulted in high precipitation (NEMA 2010; 2012). 

Generally, the mountains and highland environments of Uganda are synonymous with landslide 



 

5 

 

hazards (NEMA, 2014). Uganda is therefore among the most affected countries by landslide 

occurrence and fatalities (Fig. 1.2). The Kigezi highland region of south western Uganda is one of 

the most affected by landslides due to its steep topography, high rainfall amounts and population 

densities. The Kigezi highlands are comparable to other mountainous and highland regions in 

tropical Africa where landslides are common disasters (Bagoora, 1998 and NEMA, 2012).  

 

The proximate and underlying causes of landslides are widely covered in literature (e.g. Ngecu 

and Mathu 1999; Muwanga et al., 2001; Breugelmans 2003; Knapen 2003; Glade and Crozier 

2004; Kitutu et al., 2004; Knapen et al., 2006; Kitutu et al., 2009 and Mugagga et al., 2012). 

Literature is however inconclusive on the geographical significance of the factors leading to 

landslides in space and time. Landslide occurrence depends on complex interactions among a large 

number of partially interrelated factors. The main landslide controlling parameters include i) 

geological makeup, especially the rock units (e.g., mudstone, shale's, phyllite, sandstone, 

limestone, greentuffes  etc.), tectonics and  bedrock structure, (ii) topography  including elevation, 

gradient, shape, aspect, curvature, (iii) soil parameters such as soil types, soil texture, soil depth; 

(iv) land cover and land use distribution; (v) hydrology especially rainfall, soil moisture, drainage 

density or flow accumulation, flow direction, and infiltration (Muwanga et al., 2001; Kitutu et al., 

2004; Knapen et al., 2006; Hong et al, 2007; Mugagga et al., 2012). 

 

According to Hong et al. (2007), slope gradient, soil types and texture are primary-level 

parameters, while elevation, land cover types, and drainage density are secondary in importance. 

These parameters however, have a spatial-temporal variation and therefore, site specific 

investigations are very important to understand the conditions for landslide occurrence in any 

given region. Most landslide studies on the East African highlands show that anthropogenic factors 

are the major cause of landslides (Ngecu and Mathu 1999; Muwanga et al., 2001; Breugelmans 

2003; Knapen 2003; Glade and Crozier 2004; Kitutu et al., 2004; Knapen et al., 2006). The human 

impact on the land cover e.g., urban build-up areas, road construction, burning, irrigation, mining, 

cultivation, and deforestation change hillslope hydrological characteristics and can result into 

slope failures (Glade, 2003; Beguería, 2006; Mugagga et al., 2012; Promper and Glade, 2012).  

 

https://link.springer.com/article/10.1007/s12665-015-4569-2#CR10
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Although landslide occurrence has increased (Fig. 1.3 ), the conditions underpinning landslide 

occurrence in Kigezi highlands are not well understood due to limited research on the subject. 

Lack of information on landslide occurrence has increased vulnerability of communities to 

landslide hazards in this highland region. Information on parameters underpinning landslide 

occurrence in this region is important for predicting and/or identifying potential landslide zones. 

In order to understand the spatial-temporal distribution of landslide occurrence, all the control 

parameters need to be evaluated in a holistic sense and interplay determined.  

 
Fig. 1.3: Landslide occurrence in  the Kigezi highlands 
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The fundamental hypothesis of this study was that ‘the spatial-temporal probability of landslide 

occurrence in the Kigezi highlands is dependent on the topographic, soil and land cover parameters 

which in turn influence the hydrological response of the hillslopes. Against this background 

therefore, the present study investigated the spatial-temporal landslide distribution in the Kigezi 

highlands. The major topographical and soil parameters were investigated to analyse their 

influence on landslide occurrence. The study also assessed the superimposition of the human factor 

over the other biophysical parameters in landslide occurrence. The present and past land use/ cover 

patterns and their influence on spatial-temporal landslide distribution were assessed. Given the 

fact that landslide occurrence in every region is unique, it is therefore important to characterize the 

phenomena in a particular region. This would serve to identify variations in the controls on 

landslide occurrence among the regions. 

1.2 Statement of the problem 

 

The disaster risk of Kigezi highland communities to landslide hazards is poorly understood due to 

paucity of information on landslide underpinnings, particularly  the topographical, pedological 

characteristics, as well as spatial and temporal variations in land use/cover. Most studies on 

landslide occurrence in Uganda have also largely focused on Mount Elgon in Eastern Uganda (e.g., 

Muwanga et al., 2001; Kitutu et al., 2004; Knapen et al., 2006; Claessens et al., 2007; Mugagga 

et al., 2011 and Mugagga et al., 2012) which is volcanic in nature and therefore with a different 

ecological and topographic setting. The Kigezi highlands which are largely non-volcanic in nature 

are covered by soil properties different from those of Mount Elgon (Bagoora, 1997). The present 

study therefore examines landslide occurrence in the uplifted non-volcanic environments of Kigezi 

highlands.  

The frequency and magnitude of landslide occurrence in the Kigezi highlands have increased 

(NEMA, 2014). Previous studies on the role of topography in landslide occurrence in this region 

have mainly focused on the steepness parameter without considering other compound topographic 

parameters. Attempts made by Bagoora (1988; 1989) and Ainomugisha (2015), focused on the 

role of primary topographic parameters such as gradient, aspect and altitude. These studies lacked 

depth in terms of the complexity of topography, especially its role in influencing hillslope 

hydrology and soil development. The role of topographic configuration has not been widely 
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investigated in these highlands, particularly its effect on surface and subsurface hillslope 

hydrology. Moreover, general conclusions (e.g., Bagoora 1988) seem to emerge from studies 

which are much more localized and where study sites were purposively selected (see Carswell, 

2002). Both studies (Bagoora, 1988 and Ainomugisha, 2015) concentrated on the steepness 

parameter and landslide spatial distribution but did not consider compound topographic, soil and 

land cover parameters underpinning landslide occurrence. 

Unlike the previous studies which concentrated on single parameters, the present study 

characterized the major conditions for landslide occurrence including topographic, soil and land 

use/cover attributes in a conceptual framework. An evaluation was done to determine the 

convergence of these parameters in landslide occurrence. This has been a major omission in most 

landslide studies in the Kigezi highlands as well as other highland and mountainous environments 

in Uganda. The present study developed a holistic conceptual model to explain landslide 

occurrence and susceptibility for the study area. The present study therefore provides greater 

insights into our understanding of landslide occurrence in the region and contributes to lessening 

the vulnerability and enhances disaster risk reduction of communities to landslide hazards. 

1.3 Aim and objectives of the study 

1.3.1 Overall aim of the study 

The overall aim of this study was to characterize the parameters underpinning landslide occurrence 

in the Kigezi highlands. This information is important for predicting or identifying actual and 

potential landslide sites. This should inform policy, particularly in terms of developing early 

warning systems to landslide hazards in these highlands.  

Specific Objectives 

1. To analyse the topographical parameters underpinning landslide occurrence in the Kigezi 

highlands of south western Uganda. This objective was achieved by examining selected 

topographic parameters that influence landslide occurrence, namely slope gradient, profile 

curvature, topographic wetness index, stream power index, and topographic position index. 

These parameters were obtained using a 10m DEM in ArcGIS 10.1 as well as field 

measurements using clinometers and GPS receivers. 
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2.  To assess the influence of soil properties on landslide occurrence in Kigezi highlands of 

South Western Uganda. This objective was achieved through field investigations, 

collection of soil samples at different depths and points along the slope profile for 

determination of soil physical properties, soil-water infiltration and laboratory analysis. 

Laboratory analyses comprised shear box, Atterberg limits, sieve and hydrometer analysis 

as well as XRD analysis.  

 

3. To assess land use/ cover changes and their implications for landslide occurrence in Kigezi 

highlands of South Western Uganda. This objective was achieved through analysis of the 

spatial-temporal land use and cover changes using satellite images spanning 1985 to 

2015. The Landsat imagery data used for land use and cover classification included; Land

sat 5TM, 7ETM+ scenes, Landsat 8 OLI/TIR of 30m spatial resolution, all obtained from 

path 173 and row 061. Other data sources included; aerial photographs, Google Earth 

images, topographic maps, historical and local government records, as well as field 

investigation conducted to verify the land cover distribution and landslide occurrence in 

the highlands. 

 

4. To develop a conceptual model for landslide occurrence in the study area. This objective 

was achieved by integrating all the parameters identified in a conceptual framework. The 

inherent topographic, soil and land use/ cover parameters were integrated to explain 

landslide occurrence in the study area. This conceptual model is important for predicting 

or identifying potential landslide sites in the study area. 

1.4 Research questions  

 

1. How does the topography of the highlands influence landslide occurrence? 

2. Why are landslides occurring along topographic hollows and not on other slope elements? 

3. How does soil characteristics of the highlands influence landslide occurrence? 

4. What is the influence of land use and cover changes on landslide occurrence? 

5. Which land use and cover category is most affected by landslide occurrence? 
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1.5 Description of the study area 

 

1.5.1 Location 

 

The study was conducted in the non-volcanic Kigezi highlands of South-Western Uganda situated 

between 01˚ 21̍ 25 ̎ and 0˚ 58̍ 08̎ south; and 29˚ 43̍ 30̎ and 30˚ 05̍ 51̎ east. The highlands are 

bordered by the Republic of Congo to west, Rwanda to the South and Ankole highlands to the 

East. Rukiga catchment (Fig.1.4) was delineated for detailed study of the topographical, soil 

properties, land use/cover characteristics and their influence on landslide occurrence.  

 
Fig. 1.4: The location of the study area. 
 

http://en.wikipedia.org/wiki/Republic_of_Rwanda
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In order to decide on the study area, a landslide inventory was carried out with the guidance of 

local people. During this inventory, landslide scars were identified mapped and characterized. The 

study area was demarcated using water delineation tools in ArcGIS. The drainage network and 

topography served as baseline information for establishment of catchment area and micro 

watersheds in the region. The drainage network and watershed used in this study were delineated 

automatically from a 10m DEM using the Arc Hydro tools in ArcGIS 10.1.  

 

The area was also selected on the basis of its unique topography which is extremely rugged, 

consisting of narrow steep convex slopes and topographic hollows between hills, many of which 

constitute drainage lines. This topography is different from what is observed elsewhere in the 

region. It is also an area where landslide scars are still visible and therefore easy to map and 

characterize. In other parts of the highlands, landslide scars are no longer visible on the landscape 

due to the high rates of vegetation regeneration. The landslide scars are easily concealed by soil 

materials mobilized from the hilltops and spur slopes into topographic hollows where landslide 

occurrence is dominant. The soils accumulating within the landslide scars encourage high 

vegetation regeneration owing to the high rainfall amounts in the study area. 

 

1.5.2 Relief and Topography 

 

The relief of Kigezi highlands varies from about 1,436 meters above sea level in Kamwezi sub-

county in the extreme South-East, to about 2,264 m a.s.l. in Rwemucucu sub-county (e.g. 

Rurengere ridge), 2,352 m a.s.l in Kashambya sub-county (e.g. Buchundura ridge), 2,606 m a.s.l. 

in Bwindi ridges (e.g. Rwamunyonyi ridge) and 2,529 m a.s.l. in Echuya ridges (e.g., Karengyere 

ridge) for the non-volcanic highlands (Fig. 1.5).  
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Fig. 1.5: Relief and topography of the study area. 

 

The topography comprises mainly extensive flat-topped ridges and hills (Fig. 1.6), broken by short 

numerous steep-sided deep subsidiary strike valleys separated by fluted spurs, usually 3-6 km 

(Bagoora, 1993). The topography is extremely rugged, consisting of narrow steep convex (20-45˚) 

and gentle (10-15˚) slopes (Bagoora, 1998). The origin of this complex and intriguing landscape 

can generally be described in terms of both structure and climamorphogenesis (Bagoora, 1997). 

Due to the prevalent tropical humid conditions characterized by aggressive weathering, as well as 

fluvial and non-fluvial denudation processes, the highlands have been sculptured into deeply 

incised landscape (Tukahirwa, 1999). The landscape has steep slopes and deep narrow valleys 

(Fig. 1.5) with an amplitude of 600-700m or greater with very little arable land available on the 

less steep and gentle pediment slopes (NEMA, 2008).   
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Fig. 1.6: The landscape of the study area 

1.5.3 Geomorphology 

 

The geomorphology of Kigezi highlands was described by Wayland (1934), as belonging to the 

African surface formed during the Jurassic and Cretaceous times (180-135 and 135-65 million 

years B.P). By the mid-Tertiary (about 35 million years before present), most of the African surface 

including Uganda is thought to have been destroyed by denudation processes to a single peneplain. 

After mid-Tertiary, the peneplain suffered slow regional uplift and consequent dissection by 

erosion processes (Bagoora, 1997). In the south-west (location of the study area), this landscape 

was further up-warped to well above the general plateau by later structural movements associated 

with the formation of the western rift valley (Harrop, 1960; Bagoora, 1993). Therefore, the flat 

crested hills and ridges of Kigezi highlands belong to the remnants of the older upland erosion 

surfaces of the Jurassic and upper Cretaceous times (Bagoora, 1998). It is part of the Uganda 
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plateau which Wayland (1934) classified as peneplain 1. The highlands are characterized by 

distinctive advanced erosion surfaces represented particularly by the main steeply rising slopes 

and flat- topped ridges that rise between 1,500 and 2,600 m above sea level (NEMA, 2010). 

Through time, some parts of the highlands have become lateralized, but the contribution of 

duricrust and near laterite conditions is very complex (Langlands, 1974). 

1.5.4 Geology and soils 

 

The geology of Kigezi highlands and other parts of South Western Uganda is composed of 

sedimentary rock system of the pre-Cambrian age (Ollier, 1969; Bagoora, 1993; 1997). Except for 

the Pleistocene (1-2 million years B.P) volcanic system which underlie the volcanic mountains in 

the extreme South-West, most of South-Western Uganda is founded on a sedimentary rock system. 

They are of the pre-Cambrian age dated between 390 and 3,235 million years old (Langlands, 

1977). In some places, however, metamorphosed products such as schists and gneisses and later 

intrusions of granites exist (NEMA, 2004). The rocks have been collectively grouped into 

Karagwe-Ankolean system. The rock system is named after an extensive region in South-Western 

Uganda and North-Western Tanzania where it is dominantly underlain by this system (Bagoora, 

1993). The Karagwe-Ankolean phyllite and shale’s with quartzite and occasional metamorphic-

like schists form the characteristic long crested ridges. The ridges are characterized by steep middle 

slopes and gentle pediments that end in flat valley bottoms (Langlands, 1972). Phyllite and shale’s 

(mostly arenaceous) dominate the middle slopes. Towards the top, sediments normally become 

more arenaceous and are overlain by thick sandstones and sandy micaceous shale’s (Bagoora, 

1988; 1989). Miscellaneous alluvia of sands and clay occupy many drowned water courses in the 

highlands, the texture of which depends on the rock in the area. For example sands and coarse 

sands occur in the warped valleys flanked or underlain by gneiss and granite intrusions, while 

shale’s and phyllite have given rise to clay deposits (NEMA, 2010). 
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Fig. 1.7: Rock types and landslide distribution. 

Source; Department of Geology for Uganda, 1965. 

 

The rocks underlying slopes in the study area have been categorized by Ollier (1969) and Bagoora 

(1988; 1993), as phyllite, shale’s, sandstones, quartzite, granites and gneisses of granitic 

composition. Other rock types include various grades of schists such as quartz-schists and fine 

textured mica-schists belonging to the Ankole-Karagwe rock system and the Achaean basement 

complex. Slopes which are dominantly underlined by quartzite and granitic intrusions are not very 

prone to landslide occurrence (Bagoora, 1988). During field investigations, it was observed that 

slope zones underlain by intrusive rocks experience only shallow soil slips. Landslides mainly 

occur on ridges underlined by shale and phyllite rocks (Fig. 1.7), but more dominant on sections 
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underlined by shale than those with phyllite. A relationship exists between rock type and soil depth. 

Slope sections underlain by relatively weaker rocks like shale have deep soil profiles due to the 

high weathering rates (Bagoora, 1997). Slopes underlain by quartzite and granitic intrusions are 

covered by very shallow soils and in some cases bare rocks making them less prone to landslide 

occurrence. Soil development also determines the nature, magnitude and return period for 

landslide occurrence (Bagoora, 1993).  

 

The rates of weathering of the rocks and the physical and chemical characteristics of most soils 

are strongly related to geology of the area (Bagoora, 1997). By implication, the local geology has 

an important influence on the problem of landslides in the highlands. Rock type also has direct 

influence on slope factors such as slope angle and slope stability. Slopes underlain by phyllite and 

shale’s are more affected by instability processes than those underlain by quarzitic and micaceous 

sandstones (Bagoora, 1988; 1989). The latter characterizes much of the steep slopes, and have 

more rock outcrops and cliffs. This indicates relatively greater stability with less landslide activity. 

The shallow sandy loam and sandy soils that have developed on such rocks are however highly 

susceptible to erosion and sliding (Bagoora, 1998). It has been observed elsewhere by Kirkby and 

Morgan (1980) that in humid areas sandstones are typically stable up to 30˚ whereas shale’s are 

stable up to only 8-15˚. This indicates a much lower angle of repose from the latter. 

 

In the study area, relief and geology strongly influence soil characteristics (NEMA, 2012). The 

soils of the study area are associated with the geological system of the south-western highlands 

(Ollier, 1969). They are largely a product of climate, pedogenic and geomorphological processes 

that have taken place on an uplifted African surface (Langlands, 1972). The soil types in the study 

area include Luvisols, Histosols, Acric Ferralsols and Dystric Regosols (Bagoora, 1993). Acric 

Ferralsols and Luvisols are the most dominant soil types in the study area (Fig. 1.8). Other soil 

types include Latosols, which are either yellow or red. These are old soils representing almost the 

final stage of weathering and have little mineral reserves left (Langlands, 1974; Morgan, 1986). 

Landslide occurrence is dominant on Acric Ferralsols and Luvisols while Histosols and Dystric 

Regosols are not susceptible to slope failures (Fig. 1.8). Out of the 65 landslide scars investigated, 

63% occurred on slope sections dominated by Acric Ferralsols while 37% occurred on zones 

covered by Luvisols.  
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Fig. 1.8: Distribution of soil types and landslide occurrence 

Source: National Agricultural Research Laboratories for Uganda, 2008. 

In a high moisture environment like the Kigezi highlands with a short dry season (June to August), 

pedogenic processes have produced a variety of soil textures and structures (Bagoora, 1998). The 

soil texture range from sandy loams, loams to sandy clay loams. Furthermore, the soils possess a 

granular and porous structure, including sandy clays which are fairly fertile (Tukahirwa, 1995). 

The soils are deepest in the hollows, hill folds, and more importantly on the pediment slopes in the 

valleys (Bagoora, 1998), where the soils form prime agricultural land in the highland (Siriri et al., 

2002). 

 

1.5. 5 Climate and Hydrology 

The Kigezi highlands have a warm to cool humid climate and the average annual rainfall at 01˚ 

15’ south and 29˚ 59’east  (1867m a.s.l) is 994mm (Kabale Meteorological Department, 2015), 

which can be classified as moderate. Rainfall however increases to 1250-1500mm or more in 
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higher areas. The study area experiences a bimodal rainfall pattern. The main rainfall season is 

from mid-February to late May with a peak in March-April (NEMA, 2012). The second season is 

from September to December with a peak in October-November (Fig. 1.9). The rainfall received 

in most of the Kigezi highlands is orographic and it is  influenced by incursion of westerlies (an 

air stream from Democratic Republic of Congo) but with much cloud cover (Tukahirwa, 2000). 

There is a marked dry season from June to August mainly characterized by dry winds and clear 

skies with small rainfall totals of about 16mm and a lesser one from December to February (Fig. 

1.9). Landslide occurrence in the study area is experienced during the MAM and SON seasons 

especially during the months of April, May, October and November (NEMA, 2012). 

 

 
Fig. 1.9: Mean monthly rainfall distribution 

 

Whereas rains in Kigezi highlands are generally of moderate to low intensity, occasional extreme 

rainfall events are also experienced, especially in the eastern part of the highlands (location of the 

study area). Events of over 25mm in 24 hours are not infrequent (Bagoora, 1997). Rainfall 

distribution has an implication on landslide occurrence especially its influence on the behaviour 

of soil characteristics. Although the nature and distribution of rainfall has an implication on 

landslide patterns (Knapen et al., 2006; Broothaerts et al., 2012), this has not hitherto been 

investigated empirically in the Kigezi highlands. The present study therefore also examined the 
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impacts of rainfall patterns on landslide occurrence in these highlands. The mean maximum and 

minimum temperature values for Kigezi highlands are 23˚C and 10˚C respectively, while potential 

evaporation rates are also moderate (Kabale Meteorological Department, 2005; NEMA, 2010). 

These are enhanced by the commonly cloudy skies at such high altitudes. Thick morning fog and 

mist are characteristic of the highlands. Relative humidity is always high all the year round. The 

high humidity in combination with rainfall distribution nearly all year round leads to high soil 

moisture most of the year (NEMA, 2008). In turn, this has significant implications for the 

magnitude of slope failure, since antecedent moisture significantly influences hillslope response 

to rainfall (Bagoora, 1998).  

 

The study area comprise numerous highland streams which drain valleys incised in the ridges and 

hills (NEMA, 2012). The dominant streams drain into south-east to north-west, following 

Kanyabaha-Nomuremu-Kyerero river valley, which is one of the major valleys in the highlands. 

The river flows through a major stretch of papyrus swamp that occupies these valleys (Bagoora, 

1997). The dense network of the streams serves as an index of topography and morphology of the 

area and efficient drainage which is a characteristic of the highland environment (NEMA, 2008). 

 

1.5.6 Vegetation cover and land use systems 

 

It is believed that until about 500 years ago, the Kigezi highlands were covered by montane forests 

comprising mainly of mahogany and other hard woods, including species such as Juniperus proce, 

Podcarpus milanjianus and Hagenia abyssinica (Purseglove, 1946; NEMA, 2004). The area is 

now covered with grasslands dominated by Hyparrhenia species as well as a mountain grass 

known as Pennisetum Clandestinum (Bagoora, 1997). This grass gives rise to continuous sward of 

a meadow-like turf. The grass is sometimes called “kikuyu grass”, a name borrowed from Kenya 

due to its common occurrence in the Kenya highlands (NEMA, 2006). Above the forest altitude, 

a giant grass species known as bamboo (Arundinaria Alpina) existed (Siriri and Raussen, 2002). 

This type of vegetation does not usually form a continuous zone, and appears to be subject to 

fluctuations in extent due to its habit of dying off and regeneration (Morgan, 1986). Today, only 

remnants of the grass remain in areas like Echuya Forest Reserve (Carswell, 2002b). Centuries of 

human interference has led to serious degradation and in some cases depletion of vegetation cover 
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(Farley, 1996; Carswell, 1997). Today, except for the few natural vegetation patches surviving 

under legislative protection, the rest of the vegetation cover in the highlands is either very poor or 

long gone (NEMA, 2014; Kabale District Environmental Report, 2015). Most of the highlands 

now comprise poor vegetation cover with various human manipulated or impacted types (Fig. 1. 

10) Many parts of the hillslopes are already bare due to degradation (Lindblade and Carswell, 

1998).  The degradation of the vegetation cover has increased the problem of increased runoff 

coefficients and landslides occurrence in the highlands (Bagoora, 1998; NEMA, 2012). 

 

 
Fig. 1. 10:  Intensively cultivated slopes with high vulnerability to landslide occurrence 

 

Subsistence agriculture is the major economic activity for about 84% of population of the Kigezi 

highland region (UBOS, 2014). The farming system in the Kigezi highland was classified by 
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Parsons as the montane system (Siriri and Raussen, 2002) as medium-altitude-coffee system. It is 

essentially a peasant agricultural system based on annual food (Tukahirwa, 2000). Perennial 

bananas have been recently introduced and have gradually replaced the annuals on much of the 

prime agricultural land in the valley bottoms and valley sides, but rarely so on the ridge-tops, 

presumably due to lower moisture (Bagoora, 1993; 1997). A wide range of crops comprising of 

sorghum, maize, sweet potatoes, beans, peas, Irish potatoes and fresh vegetables are grown 

(Tukahirwa, 1999). There is no cash crop that has been found viable for the highland, except the 

introduced bananas (Bagoora, 1993). Most farmers herd and graze their animals on communal 

marginal hill slopes, valley bottoms, road sides and inter seasonal fallows (Tukahirwa, 1995).  

1.5.7 Population 

 

The conducive ecological condition of the Kigezi highlands have attracted a sedentary farming 

population (NEMA, 2008). The population density of the region is one of the highest in Uganda 

with 362 persons per km 2 for Kisoro, 296 for Kabale, 198 for Kanungu and 241 for Rukungiri 

districts. This is quite high compared to Uganda’s population density of 174 persons per km2 

(UBOS, 2014). This high population density in the Kigezi highland region has put tremendous 

pressure on natural resources, especially land, leading to resource overuse and subsequently 

degradation (NEMA, 2014). Increasing hillslope degradation may be responsible for the 

occurrence of the observed landslides and associated processes. This is especially triggered by the 

humid and fragile environment which is dominated by steep slopes, degraded vegetation cover and 

poor farming practices. The situation has been further worsened by the impacts of climate change 

(NEMA, 2010). 

1.6 Significance of the study 

 

Growing population and expansion of settlements over hazardous areas largely increase the impact 

of natural disasters both in industrialized and developing countries. Developing countries like 

Uganda have difficulty in meeting the high costs of controlling natural hazards through major 

engineering works and national land use planning. Landslide costs include both direct and indirect 

losses affecting public and private properties. In addition to loss of lives, there are enormous 

economic losses due to the landslides with respect to direct losses. Indirect costs of landslides 
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include loss of industrial, agricultural and forest areas, reduction in real estate values, loss of tax 

revenues, adverse effects on water quality in streams.  

 

In Uganda, it is estimated that between 2010 and 2012 more than 500 people lost their lives due to 

landslide hazards (UBOS, 2012, NEMA, 2014). In addition, the socio‐economic losses resulting 

from landslides are great and apparently are growing as human developments expand into unstable 

areas due to population growth.  Reducing the damage from increasing occurrence of landslide 

hazards was one of the main objective of this study. The information generated by this study will 

help to identify potential landslide zones. The study will help in land management by identifying 

safer zones for community activities. This is   important in reducing vulnerability of communities 

to landslide hazards in the region and the country at large. The information from the study, will 

help reduce the damage resulting from landslide hazards. 

The conceptual model developed during this study should help in landslide disaster risk reduction 

in the country if extrapolated to other regions with similar conditions. Research results will be 

helpful in developing new regulations on protecting the design of new buildings, infrastructures, 

and facilities as well as support land management in the country. Development of a multi-factor 

analysis method of interaction between complex natural systems and various anthropogenic 

activities will enable planners to make well‐founded predictions and take more informed decisions. 

Therefore, the results of this research could produce practical benefits for environment protection 

and more importantly preserve human life. 

1.7 Structure of the thesis 

 

The thesis contain seven chapters which discuss landslide occurrence in the Kigezi highlands of 

south western Uganda.  

1.7.1 Chapter One: General Introduction  

Chapter one provides a general background to the study and the problem statement, research 

objectives and questions. The chapter also gives a description of the study area in terms of location, 

relief and topography, geomorphology, geology and soils, climate and hydrology, vegetation and 

land use as well as the population. The chapter concludes by giving the significance of the study.   
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1.7.2 Chapter Two: Literature Review  

 

This chapter presents a review of literature on the biophysical factors identified to have 

implications for landslide occurrence including topographical, hydrological, geological, and 

pedological. It also reviews the implications of land use and cover changes on slope stability and 

hillslope hydrology. The chapter finally presents reviewed literature on conceptual models for 

landslide occurrence.   

1.7.3 Chapter Three: Analysis of topographic parameters underpinning landslide 

occurrence in the Kigezi highlands of south western Uganda. 

This chapter presents the topographic parameters of the Kigezi highlands and highlights on how 

they influence the spatial distribution of landslides. The selected topographic parameters are slope 

gradient, profile curvature, topographic wetness index (TWI), stream power index (SPI), and 

topographic position index (TPI). The chapter concludes by showing the convergence of all the 

topographic parameters and landslide occurrence. 

1.7.4 Chapter Four: The influence of soil properties on landslide occurrence in 

Kigezi highlands of south western Uganda. 

This chapter presents the soil characteristics and its role in landslide occurrence in the uplifted 

non-volcanic Kigezi highlands of South-Western Uganda. The chapter describes the soil physical 

and hydrological properties, depth, particle size distribution, shear strength, plasticity, dispersion, 

expansiveness, liquid limits, clay minerals and infiltration. The chapter describes how the 

understanding of soil characteristics is an important step in landslide hazard mitigation. The 

chapter concludes by showing how the soil properties are a major cause of landslide occurrence in 

the study area.  

 

1.7.5 Chapter Five: Assessment of land use / cover changes and their implications for 

landslide occurrence in Kigezi highlands of South Western Uganda  

 

The chapter presents the influence of land use/cover changes on landslide occurrence. The land 

use/ cover changes especially decimation of forests and grasslands, due to increased cultivation 



 

24 

 

and settlements are presented in this chapter. The chapter shows how landslides are predominantly 

occurring in areas where forests and grasslands have been converted to cultivated land and 

settlements. The chapter also shows the dominance of landslides where there is an interaction 

between land use/cover changes and topography. The chapter finally describes the most significant 

land use/ cover change trends identified. 

 

1.7.6 Chapter Six: A Conceptual model for landslide occurrence in Kigezi highlands of South 

Western Uganda. 

 

This chapter presents an integration of all the landslide parameters identified in a conceptual 

framework. The chapter presents an equation developed showing the inherent topographic, soil 

and land use/ cover parameters and their convergence to cause landslide occurrence. The chapter 

describes landslide susceptibility in the highlands and explains how the model can be extrapolated 

to other regions with similar conditions. The chapter concludes by showing how landslide 

occurrence can be predicted in the study area.  

 

1.7.7 Chapter Seven: The synthesis of landslide occurrence in Kigezi highlands 

 

This chapter presents the synthesis of the major findings, conclusion and recommendations. The 

chapter synthesizes the findings presented from the analysis of landslide hazard occurrence. This 

chapter also presents recommendations that could reduce vulnerability while increasing resilience 

of communities to landslide hazards based on the key findings. It also proposes future research 

areas.  A list of references and appendices as used in all the chapters is provided at the end of the 

thesis. 
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2.0 Introduction  

 

This chapter presents insights into existing literature on landslide occurrence and the parameters 

influencing their spatial temporal distribution. The topographical, hydrological, geological, and 

pedological characteristics that influence landslide occurrence are explicitly discussed. The 

chapter also reviews the implications of land use and cover change for landslide occurrence. The 

chapter also reviewed literature on modelling landslide occurrence. 

2.1 Landslide processes and typologies 

 

Landsliding refers to downward movement of slope material that occurs when shear stresses 

overcome the slope strength (Cruden, 1991; Knapen et al., 2006). The process involves movement 

of soil and rock down slope under the influence of gravity (Reed, 1992). They are part of 

geomorphologic cycle of landform development (Huabin, et al., 2005; Massimo and Lorenzo, 

2008; Singh, 2010). Landslides constantly generate irregularities on the earth‘s surface in the form 

of varying relief and landforms (Selby, 1993; Jamali and Abdolkhali, 2009; Moayedi et al., 2011; 

Broothaerts et al., 2012). They are considered among the most devastating natural disasters in the 

world (Petley, 2008; Broothaerts et al., 2012; Gorokhovich et al., 2013; Pankow et al., 

2014; Kirschbaum and Zhou, 2015). They are most prevalent in mountainous and highland terrains 

of tropical and sub-tropical regions (Guzzetti, 1999; Dai et al., 2002; Petley et al., 2005; Das et 

al., 2010; Mugagga et al., 2011; Pankow et al., 2014).   

Understanding the characteristics of the specific landslide type in a region is an important factor 

to consider in disaster risk reduction (Singh, 2010; Broothaerts et al., 2012). The type of landslide 

determines the potential speed of movement, likely volume of displacement, possible effects and 

the appropriate mitigative measures to be considered (Moayedi et al., 2011). The various types of 

landslides can be differentiated by the kinds of material involved and the mode of movement 

(Selby, 1993). The material in a landslide mass is either rock or soil and sometimes both (Highland 

and Bobrowsky, 2008). Different types of landslides are evident in mountainous and highland 

areas (Hong et al., 2007; Yashar et al., 2013). Varnes, (1978) distinguishes five types of 

movements namely falls, topples, slides, flows and spreads as illustrated in Fig. 2.1.   
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Fig. 2.1: Landslide processes and typologies 

Source: http://pubs.usgs.gov/fs/2004/3072/images. 

http://pubs.usgs.gov/fs/2004/3072/images
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Falls  

 

Falls are abrupt movements of masses of geologic materials, such as rocks and boulders that 

become detached from steep slopes or cliffs (Highland and Bobrowsky, 2008). Separation occurs 

along discontinuities such as fractures, joints, and bedding planes, and movement occurs by free-

fall, bouncing, and rolling (Broothaerts et al., 2012). Falls are strongly influenced by gravity, 

mechanical weathering, and the presence of interstitial water (Chen and Lee, 2004). Falls are 

usually due to undercutting of the toe or face of the slope by a river or by wave action (Selby 1993; 

Knapen et al., 2006). Falls are not common in the Kigezi highlands due to the deep soil profiles 

covering the slopes generated by humid tropical weathering processes and were therefore not 

considered for investigations in this study.  

 

Topples 

 

A topple failure is a process that has a distinct component of rotation and sliding before a fall takes 

place (Selby, 1993). Toppling is common in slates and schists but also occurs in thinly bedded 

sedimentary rocks and in columnar jointed igneous rocks such as basalt and dolerite (Kitutu et al., 

2004). Toppling is also influenced by the structure of steeply jointed rocks (Cruden, 1991). 

Toppling failures are distinguished by the forward rotation of a unit about some pivotal point, 

below the unit, under the actions of gravity and forces exerted by adjacent units or by fluids in 

cracks (Sassa et al., 2005; Massimo and Lorenzo, 2008). Topples are not common in the Kigezi 

highlands and were thus not considered in this study. 

 

Spreads  

 

Spreads are distinctive and usually occur on very gentle slopes of flat terrain (Cruden, 1991). The 

dominant mode of movement is lateral extension accompanied by shear or tensile fractures (Hong 

et al., 2007). The failure is caused by liquefaction whereby saturated, loose sediments (usually 

sands and silts) are transformed from a solid into a liquefied state (Uzielli et al., 2008). Failure is 

usually triggered by rapid ground motion, such as that experienced during an earthquake, but can 

also be artificially induced (Guzzett et al., 2008). When coherent material rests on materials that 

liquefy, the upper units may undergo fracturing, liquefy and flow (Sassa et al., 2005). Lateral 
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spreading in fine-grained materials on shallow slopes is usually progressive (Kitutu et al., 2004). 

The failure starts suddenly in a small area and spreads rapidly (Selby, 1993). Such landslide 

processes are not common in the Kigezi highlands due to the steep topography which does not 

encourage spreading and were thus not considered for investigations in this study. 

 

Slides 

 

Slides are the down slope movements of rock and soil along a slip surface characterised by almost 

permanent contact between the moving mass and the slide surface (Bryant, 1991; Alexander, 

1993). Slides occur where there is a distinct zone of weakness that separates the material from 

more stable underlying material (Selby, 1993; Yashar et al., 2013). They form when a coherent 

mass of regolith or bedrock breaks free and then slides down slope along either a planar or curved 

surface (Moayedi et al., 2011). The geometry of the detachment or rupture surface and the degree 

to which the sliding material remains coherent determines the type of slide (Sassa et al., 2005). 

The major types of slides are rotational and translational (Singh, 2010). Rotational slide is where 

the surface of rupture is curved concavely upward and the slide movement is roughly rotational 

about an axis that is parallel to the ground surface and transverse across the slide (Jamali and 

Abdolkhani, 2009).  

 

Translational slide is where a landslide mass moves along a roughly planar surface with little 

rotation or backward tilting (Moayedi et al., 2011). Transitional slides are also called planar slides 

(Corominas, 2014). The mass of material moves down-slope on a largely planar surface (Winter, 

2014). Translational slides can have very different impacts to rotational slides (Corominas et al., 

1996). Where the slope is sufficiently steep and the shearing resistance along the slip surface 

remains low, the movement can continue on for a long distance, being different to rotational slides 

(Msilimba and Holmes, 2005). Translational slides in rock usually occur along discontinuities such 

as bedding planes or joints (Eidsvig, 2014). In the case of debris slides, failure can occur on shallow 

shear surfaces at or near the base of the surface materials where there can be marked changes in 

strength and permeability (Alexander, 1993). Translational slides are common on Mt Elgon in 

Eastern Uganda and occur at a shorter distance from the water divide because they require a less 

increase in pore water pressure to occur on rectilinear slopes with shallow soils (Knapen et. al, 
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2006). In Kigezi highlands, the dominant type of movement is rotational sliding which mostly 

occurs on concave slopes and at a large distance from the water divide where runoff and subsurface 

water concentrates (Bagoora, 1993). In the present study therefore, rotational slides were 

considered in the characterization of landslide occurrence. 

 

Flows  

 

Flows are down slope movements of viscous masses composed of fluidized soil and other materials 

(Corominas, 2014). A flow is a spatially continuous movement in which the surfaces of shear are 

short-lived, closely spaced, and usually not preserved (Chen and Lee, 2004). In a flow, the structure 

of the material changes into quasi – fluid (Bryant, 1991). The component velocities in the 

displacing mass of a flow resemble those in a viscous liquid (Yashar et al., 2013). There is a 

gradation of change from slides to flows, depending on the water content, mobility and evolution 

of the movement (Broothaerts et al., 2012). The most common type of flow landslide is the debris 

flow (Corominas, et al., 1996; Knapen et al., 2006). A debris flow is a form of rapid mass 

movement in which a combination of loose soil, rock, organic matter and water mobilize as a slurry 

that flows downslope (Hong et al., 2007). Debris flows are commonly caused by intense surface-

water flow due to heavy precipitation that erodes and mobilizes loose soil or rock on steep slopes 

(Selby, 1993). Debris flows also commonly mobilize from other types of landslides that occur on 

steep slopes (Moayedi et al., 2011). Debris flows include less than 50% fine materials (Varnes, 

1978). They are nearly saturated, and consist of a large proportion of silt and sand-sized material 

(Reed, 1992).  

Debris flow source areas are often associated with steep gullies (Yashar et al., 2013). The debris-

flow deposits are usually indicated by the presence of debris fans at the mouths of gullies (Kamp 

et al., 2008). Debris flows occur following intense torrential rainfall (Huabin et al., 2005). When 

lose regolith on steep slopes become saturated and unstable, they give way and flow down slope 

(Chen and Lee, 2004). Debris flows also commonly mobilize from other types of landslides that 

occur on steep slopes, are nearly saturated and consist of a large proportion of silt-and sand-sized 

material (Eidsvig, 2014). Debris – flow source areas are often associated with steep gullies usually 

indicated by the presence of debris fans at the mouths of gullies (Winter, 2014). Debris flows are 

one the most dangerous type of landslide because they often extend far from their sources. They 
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move rapidly and their depositional areas often include inhabited sites. The 2010 Bududa landslide 

on the slopes of Mt Elgon in Eastern Uganda (Kitutu, et al., 2011) is a typical example of debris 

flows and they are associated with extensive damage to property and life. Debris flows are also 

experienced in the Kigezi highlands especially after prolonged and continuous rainfall (Bagoora, 

1989) and were therefore considered in the characterization of landslide occurrence during this 

study. 

Landslides have become a major geomorphological processes in the East African highlands 

(Muwanga et al., 2001). Several studies consider the East African highlands to be prone to 

landslides due to their humid climate, steep topography, and high weathering rates (Knapen, 2003; 

Knapen et al., 2006; Kitutu et al., 2009; Mugagga et al., 2011). Although landsliding has been 

recognized as a widespread phenomenon in the East African highlands, having a great social, 

economic and geomorphological impact, relatively little research and documentation can be found 

in the international literature (Ngecu and Mathu, 1999; Knapen et al., 2006). In many East African 

highlands, a clear insight into the local conditions for landsliding is lacking (Muwanga et al., 2001; 

Knapen et al., 2006). Therefore, the search for region-specific solutions is hampered. The subject 

of landsliding in the humid tropics like the Kigezi highlands of south western Uganda is still poorly 

served by the major literature on the subject. The topic is neglected in symposia on problems on 

land stability and instability (Brunsden and Ibsen, 1984, Anderson and Willebrand, 2003), 

engineering geomorphology (Foster et al., 2008), and tropical geomorphology (Chang, 1984). 

These omissions are odd, since some of the most landslide prone areas of the world are situated in 

the humid tropics including Kigezi region which has a long history of these landslide hazards 

(Bagoora, 1988, 1993 and 1997). The present study aimed at identifying and characterising the 

major parameters that influence the spatial distribution of landslide occurrence in the highlands. 

 

Landslides can be triggered under multiple geological and morpho-hydrological conditions (Ngecu 

and Mathu 1999; Muwanga et al., 2001; Breugelmans, 2003; Knapen 2003; Glade and Crozier 

2004; Kitutu et al., 2004; Knapen et al., 2006). Identifying the factors controlling landslide 

distribution and determining their relative importance may be difficult (Guzzetti et al., 2006a; 

Jacob, 2010). Steep slopes, high annual rainfall, increasing population pressure and deforestation, 

have been identified as the major cause of landslides in the East African highlands (Glade and 

Crozier, 2005; Broothaerts et al., 2012). These factors can be divided into preparatory factors, 
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which make the slope susceptible to movement without actually initializing it, and triggering 

factors, which finally initiate the movement (Broothaerts et al., 2012). These parameters are 

elaborated in the subsequent subsections. 

2.2 Topographic characteristics and landslides 

 

The topographic characteristics of any region have a greater implication than any other parameter 

including soil and land cover on landslide occurrence (Fernandes et al., 2004; Gao and Maro, 2010; 

Loos and Elsenbeer, 2011). According to Gao and Maro (2010), topography has been widely 

reported to bear a close association with landslides. The exact control of topographical settings 

over landsliding is usually analysed through spatial overlay of landslide affected areas with 

topographic parameter layers (Garcia-Mora et al., 2012; Frazier et al., 2013). The major 

topographic parameters that influence landslide occurrence include slope gradient, aspect, 

curvature, roughness, distance from drainage network and discontinuities (Selby 1986; Bagoora 

1988; Knapen et al., 2006). Other complex topographic parameters include topographic wetness 

index, stream power index, slope length and topographic position (Broothaerts et al., 2012; Frazier 

et al., 2013). These topographic parameters have a spatial variation depending on the terrain and 

therefore regional or site-specific examination is important for the understanding of landslide 

occurrence.   

2.2.1 Slope gradient 

 

According to Garcia-Ruiz et al. (2010), slope gradient is one of the condition that influence 

landslide occurrence. Many studies have frequently used slope gradient in preparing landslide 

susceptibility maps due to its direct relationship to landslides (Lee and Talib, 2005; Sassa et al., 

2005; Yalcin, 2011; Yashar, et al., 2013). Slope angle is an essential component of slope stability 

analysis. It has been reported that as the slope angle increases, the shear stress in soil or other 

unconsolidated material also increases (Garcia-Miro et al., 2012). Yang et al. (2007) and Wati et 

al. (2010) note that steep slopes, particularly those at high elevations, are susceptible to failure. 

This is due to the increasing shear stress against reducing shear strength (Selby, 1993). Landslide 

occurrence is concentrated on relatively steeper slopes due to the high downslope component 

which pulls materials (Bagoora, 1988; Appolinaire et al., 2007; Claessens et al., 2007; Guan-Wei 
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and Hongey, 2012; Mugagga et al., 2012; López-Davalillo et al., 2014). Gentle slopes are expected 

to have a low frequency of landslides because of the lower shear stresses associated with low 

gradients (López-Davalillo et al., 2014). It has, however, been stated by Liesbet et al. (2015) that 

landslide occurrence increases with an increase in slope gradient up to a certain extent, and then 

decreases. Few landslides occur on very gentle and very steep slopes. Very steep slopes are less 

likely to develop a thick cover of superficial material conducive to certain types of landslides 

(Selby, 1986).  

 

There is a close relationship between soil depth and slope gradient (Boehner, 2002; Boehner and 

Selige, 2006). Soil depth reduces with increase in slope gradient and elevation (Selby, 1993). 

According to Zung et al. (2008), the distribution of soil depth and topography are important 

parameters for the occurrence, magnitude and return period of landslides. More soil materials 

develop on lower and moderately steep slopes than very steep slope sections (Liang and Uchida, 

2014). Landslide occurrence is, however, low on slopes with lower gradients due to the less 

downslope force required to move materials (Nath et al., 2013). Landslide occurrence is dominant 

on moderately steep slopes due to the availability of materials and the downslope force to move 

materials (Sidle et al., 1985; Sidle and Terry, 1992). Precipitous slopes are generally stable because 

rapid erosion removes the erodible soils from them, leading to exposure of weathered rocks (Loos 

and Elsenbeer, 2011). The thin soils in such sections also means limited materials for downslope 

movement and hence low landslide incidences (Nath et al., 2013). Although there is a high 

downslope force on very steep slopes, landslide occurrence is low due to thin soils (Bagoora, 

1989).  

 

Although slope gradient is a major topographic attribute affecting both the hydrological conditions 

and stability analysis, its importance seems to always be over-estimated in landslide hazard 

mapping (Fernandes et al., 2004). Consequently, gentle hillslopes initially considered as having 

low landslide susceptibility are also affected by landslides (Bagoora, 1997; Hickey, 2000). This 

implies that other topographic parameters must be taken into consideration. Few studies have tried 

to consider the contribution of other topographical attributes on landslides. In Southern Brazil, 

hillslope form, although earlier suggested as an important parameter (Coelho and Fernandes, 1990) 

was not incorporated into stability analysis and landslide hazard mapping procedures. More 
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recently, the role of concave forms has been intensively investigated, including their effects on 

surface and sub-surface hillslope hydrology and landsliding (Fernandes et al., 2004; Knapen et al., 

2006; Liesbet et al., 2015). The present study, in addition to examining the role of slope gradient 

also analysed other topographic characteristics and their influence on landslide occurrence. 

2.2.2 Slope curvature 

 

Slope curvature has been reported by many authors as a major topographic parameter controlling 

landslide occurrence (Acharya et al., 2005; Mugagga, 2011; Liang and Uchida, 2014). Knapen et 

al. (2006) observe that plan concave slopes are more susceptible to landslides than convex slopes. 

Hillslopes with a convergent plan shape tend to concentrate subsurface water into small areas of 

the slope. This leads to a rapid increase in pore-water pressure during rainstorms (Montgomery 

and Bradon, 2002; Fernandes et al., 2004). An overlay of several landslide sites on a curvature 

surface by Mugagga (2011) on Mount Elgon in eastern Uganda also revealed a spatial correlation 

between landslide occurrence and topographical concavity. Concavities on slopes are areas where 

eroded soils and water collects (Knapen et al., 2006). The moisture collecting in concave sections 

induces weathering, which avails more materials for downslope movement (Liang and Uchida, 

2014). The moisture in the concave sections also leads to saturation making the materials therein 

unstable and the result is downslope movements (Gao and Maro, 2010).  

 

Landslides often occur in areas of convergent topography in which subsurface soil water flow 

paths give rise to excess pore-water pressures downslope (Yashar et al., 2013). According to Gao 

and Maro (2010), areas of concave curvature tend to remain saturated between storms due to 

convergence of ground water flow. In concave forms, water flow is concentrated in hollows. This 

increases the moisture content of the soil and the amount of time soil will remain saturated (Gu 

and Wylie, 2016). Curvature therefore affects surface and subsurface hillslope hydrology in 

determining slope stability (Infascelli et al., 2013; Raju and Nandagiri, 2015). Several studies 

indicate that landslides are mostly confined to medium and steep slopes along topographic hollows 

(Reneau et al., 1987; Acharya et al., 2005; Gao and Maro, 2010). Some studies note that landslides 

may also occur on planar slopes (Van Den Eeckhaut et al., 2013). Landslides in the present study 

area follow topographic hollows with profile concave forms along clearly defined lines. An 
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investigation into the conditions of such sections is therefore important for the understanding of 

landslide occurrence in the region. It is worth to analyse the properties that confine landslides 

along topographic hollows which is a unique topographic attribute. Other complex topographic 

parameters including topographic wetness index, stream power index and topographic position 

index also need to be examined. This would give a proper understanding of the role of topographic 

characteristics on landslide occurrence in the study area.  

 

2.2.3 Topographic wetness index (TWI) 

 

According to Loos and Elsenbeer (2011), topography is the driving force for water movement. At 

any particular point on the landscape, Topographic Wetness Index (TWI) is the ratio between the 

catchment area and the slope at that point (Infascelli et al., 2013). Whereas high moisture is 

expected in areas with convergence topography, slope sections with divergence topography 

normally have low moisture (Grabs et al., 2009). The high saturation rates in topographic hollows 

lead to instability of slope materials due to reduced cohesion (Agnew et al., 2006). Steep convex 

areas on spur slopes and hilltops are not vulnerable to landslide occurrence due to the low 

saturation rates in such sections ( Ali et al., 2014; Raju and Nandagiri, 2015). Convex areas remain 

dry and therefore stable. Some studies  indicate that valley bottoms have the highest saturation 

rates due to low slope gradient which does not allow water to drain away fast enough (Gomi et al., 

2008; Grabs et al., 2009). The high saturation however does not result in landslide occurrence in 

the valley bottoms. The valley bottoms lack a gradient that is steep enough to initiate movement 

of materials (Ali et al., 2014). Landslides often occur in areas with moderate saturation which also 

have steep gradients and have conducive energy to initiate downslope movement of materials 

(Nath et al., 2013). 

2.2. 4 Stream power index 

 

Stream power index (SPI) is an indicator of sediment transport capacity in the landscape (Ferreira 

et al., 2015). According to Moore et al. (2007), SPI is a measure of the erosive power of water 

flow based on the assumption that discharge is proportional to specific catchment area. Merino-

Martín, et al. (2015) indciate that SPI is directly related to both slope and catchment area. SPI and 
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slope erosion risk increases when the amount of water contributed by upslope areas and the 

velocity of water flow increase ( Rousseau et al., 2012; Ferreira et al., 2015). This is due to increase 

in the gradient and the specific catchment’s area (Moore et al., 1993b). It has also been reported 

by Ferguson (2005), that the potential erosive power of overland flow depends on SPI. Several 

studies observe that high SPI values indicate areas on the landscape that have a high potential for 

erosion during and after rainfall events (Gomi et al., 2008; Buda, 2013). The ridge tops and spur 

slopes are not vulnerable to landslide occurrence due to low erosive power (Fernandes et al., 2004; 

Gao and Maro, 2010). High landslide occurrence is expected along drainage lines with more power 

to transport materials (Buda, 2013). 

2.2.5 Topographic position index (TPI) 

 

According to Weiss (2001), Topographic Position Index (TPI) measures the differences between 

elevation at the central point and the average elevation around it within a predetermined radius. 

Many physical processes acting on the landscape, including landslides, are highly correlated with 

the topographic position of the landform (Tagil and Jenness, 2008; De Reu et al., 2013). The 

landforms include hilltop, valley bottom, exposed ridge, hollows, flat plain and upper or lower 

slope (Weiss, 2001). Characterized by topographic hollows, the middle slope positions are 

vulnerable to accumulation of the eroded materials from hilltops and spur slopes (Briggs and 

Knapp, 2008; Mokarram et al., 2015). TPI is capable of predicting areas susceptible to saturation  

and those that have the potential to produce overland flow (Seif, 2014). A number of studies show 

that locations exhibiting long low-angled slopes are the most prone to the formation of variable 

saturation areas and thus susceptible to landslides (Reneau and Dietrich, 1987; Weiss, 2001). The 

ridge tops and spur slopes are relatively stable because of thin soils due to high erosion on them 

(Gao and Maro, 2010).  

In the present study, an analysis of topographic characteristics was important in order to              

understand its influence on landslide distribution in the region. Topographic parameterisation      

involved analysing both primary and complex topographic variables and how they influence 

landslide occurrence in Kigezi highlands of south western Uganda. 

2. 3 Hydrological parameters and landslides 
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According to Selby (1982), water is an important factor in slope stability just like gravity. Water 

is very critical in downslope movement of materials (Morgan, 1993; Selby, 1993). Heavy rainfall 

on a slope known to be near its angle of repose can spell trouble in populated areas like Kigezi 

highlands (Bagoora, 1997). According to Bhudu (2000), hydrological conditions in the soil are 

very crucial in the initiation of landslides. Water has the effect of adding significant weight and 

reducing friction (Sidle and Ochiai, 2006). Increased humidity can cause enhanced scouring, 

undercutting and higher pore-water pressure of structurally pre-conditioned mountain fronts and 

valley walls (Raju and Nandagiri, 2015). Several authors show that deep rotational landslides on 

concave slopes can be attributed to the concentration of runoff and sub-surface water which 

reduces slope shear resistance (Coker and Flores, 1999; Westerberg, 1999; Glade, 2002; and 

Knapen et al., 2006). The amount of water entering a slope is a function of vegetation cover, 

drainage network, soil type and rock structure (Bagoora, 1998 and Buda, 2013). The water entering 

is an important factor indicating the significant linkage between landslide hazards, the processes 

and conditions in the atmosphere and hydrosphere (Garcia Lopez-Davalillo et al., 2014). To 

represent the hydrologic factor in landslide hazard assessments, indirect measures are used and 

mapped to show the influence of the area's hydrology (Guzzetti and Tonelli, 2004).  

The main landslide triggering mechanism is the loss of soil cohesion arising from an increase in 

pore water pressure during periods of intense and/ or prolonged rainfall (Kitutu et al., 2009). 

Rainfall influences slope stability in many ways including the wetting of the slope forming 

material (Larsen and Simon, 1993; Lin and Jeng, 2000). The infiltrating water increases the total 

weight of the slope material. It leads to a rise in the water table and increases the pore pressure in 

fine-grained sediments and can therefore trigger a landslide (Glade, 2003; Broothaerts et al., 2012). 

An association of landslide occurrence and heavy rainfall has been documented by many authors 

(UNESCO/UNEP, 1985; Christiansen and Westerberg, 1999; Knapen et al., 2006). Prolonged 

rains with a lower intensity result in higher and deeper infiltration and lower runoff in sloping 

areas (Bagoora, 1998; Kitutu et al., 2009). Studies by Guzzetti et al. (2006b), and Jiang et al. 

(2014), show that for rainfall induced landslides, hydrological conditions in the soil like moisture 

distribution are crucial. High rainfall leads to development of pore water pressure and is considered 

as an important trigger of landslides (Iverson, 1997). Landslides are triggered by both high 

intensity and short duration (Jiang et al., 2013) as well as prolonged rainfall (Larsen and Simon, 

1993). The initiation of shallow landslide is in theory attributed to the occurrence of extreme 
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rainfall events (Polemio and Sdao, 1999; Glade, 2003). Generally, rainfall is an important input 

for landslide occurrence as it leads to pore-water pressure which affects soil strength (Wieczorek, 

1987; Polloni  et al., 1992; Knapen et al., 2006). 

The present study was based on the assumption that, the actual mechanism leading to slope failure 

in the highlands is related to the loss of cohesion due to soil saturation during the rainy season. 

The trigger in itself may be due to the development and attenuation characteristics of pore water 

pressure. As landslide initiation in the Kigezi region is assumed to be driven by a sharp rise in the 

pore water pressure following net precipitation input, rainfall data was required. Rainfall being the 

trigger of landslide occurrence in the region, a detailed analysis of the spatial-temporal rainfall 

behaviour in the catchment was paramount. Rainfall patterns for Kigezi region have changed and 

intensity-distribution become more extreme during some months, seasons and years than others 

(Bagoora, 1997; NEMA 2012). High rainfall amounts are normally received in the months of 

March to May, and September to November (Bagoora, 1998).  

2. 4 Geology and landslides 

 

The characteristics of bedrock materials like shear strength, their permeability and degree of 

weathering are generally influential condition for landslide occurrence and can determine the 

styles of failure (Bagoora, 1988; Selby, 1993). Bedrock influences landslide occurrence in several 

ways; for example, weak- incompetent rock is more likely to fail than strong-competent rock 

(Muggaga, 2011). The strength of a rock mass depends on the type of rock and the presence and 

nature of discontinuities such as joints or other fractures (Sparks, 1986).  Bagoora (1997) shows 

that the more discontinuities present in bedrock, the greater the likelihood of rock instability. 

Geology has an important influence on the problem of landslides in any region. Geology has direct 

influence on slope factors such as slope angle and stability (Bagoora, 1988; 1989).  For example, 

Kirkby and Morgan (1980) report that in humid areas like the present study area, sandstones are 

typically stable up to 30˚ whereas shale’s are stable up to only 8-15˚. This indicates a much lower 

angle of repose from the latter.  

 

Rock type may exert control on landsliding by influencing the strength of surface material in the 

area. For example, soils derived from schist’s or shale’s contain high percentages of clay (Bagoora, 
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1988). Such soils have different strength characteristics than coarser-grained soils such as those 

derived from granitic bedrock (Selby, 1993). Bagoora (1998) observes that shale’s are notorious 

for landslide activity.  Slopes developed on phyllite and shale’s are susceptible to landslide risk. 

Sparks (1986) further note that pyroclastic materials are also associated with greater and more 

frequent landslides than rocks such as well cemented sandstones and granites. The complex rock 

system in the Kigezi highlands has been affected by various pedogenic processes that give rise to 

complex soil types whose inherent differences in erodibility greatly determines the magnitude of 

landslide hazards. 

 

2.5 Soil properties and landslides  

 

Soil types and physical characteristics are a key determinant of slope stability (Sidle and Ochiai, 

2006; Liesbet et al., 2015). Sidle et al. (1985) observe that soil properties that affect slope stability 

are those that influence the rate of water movement in the soils and the capacity of the soils to hold 

water. These properties include depth, particle and pore size distribution in the soil matrix, 

cohesion, organic matter content, strength, and friction of the materials making up the slope 

(Cruden and Varnes, 1996; Yalcin, 2007). Soil depth forms one of the most important factors for 

assessing the stability of the soil and landslide susceptibility of an area (Fernandes et al., 

2004). Liang and Uchida (2014) suggested that the distribution of soil thickness and topography 

are important parameters for the occurrence of shallow landslides. The depth of soil profile and its 

moisture content determine how water can be stored in the soil before saturation is reached 

(Merino-Martin et al., 2015). The response of soil moisture in deep layers differs from that in 

surface soil layers. In surface soil layers, moisture responds intensively and quickly, and then 

reaches peak values within a short period of time (Morgan, 1993). During a rainfall event, drainage 

of water through the soil profile is stopped at the boundary of clay pans, thereby causing water to 

accumulate (Yalcin, 2011). The accumulating water leads to the development of pore-water 

pressures in the soil material (Yilmaz and Karacan, 2002). This can cause the overlying materials 

on top of clay pans to loose strength hence leading to slope failure.  

Soil texture is another major pedological parameter that can explain landslide susceptibility (Day, 

1965; Gee and Bauder, 1986; Mugagga et al., 2011). Studies by Jadda et al. (2009), and Wati et 
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al. (2010) also report on the susceptibility to landslides by fine-textured clayey soils due to their 

small pores that release water gradually. Such properties make soils prone to landslides because 

of the high-water retention. Wati et al. (2010) observe that low permeability of fine textured clayey 

soils exacerbates the vulnerability to landslides. Kitutu et al. (2009) also report that areas where 

sandy clay loams are underlain by sandy clay soils are prone to landslide occurrence. Mugagga et 

al. (2011), also indicate that landslides mostly occur in unconsolidated sands that have lower 

internal cohesion than clays. According to Kitutu et al. (2011), sandy soils allow fast flow of water 

into the soil which is held in the deeper layers with high clay content, causing water saturation and 

slope failure. The clay content in soil influences its erodibility due to inherent strong inter-particle 

bonding, which is strong in clay soils and weaker in silts and sandy soils (Morgan, 1993). 

According to Yalcin (2007) and Broothaerts et al. (2012), the high clay content in the soil can be 

an important precondition for landslides. This is due to the chemical and physical properties of 

clay minerals (Keller and Dexter, 2012). Several studies have demonstrated the influence of high 

clay content on landslide occurrence (Knapen et al., 2006; Kitutu et al., 2009; Wati et al., 2010 

and Mugagga et al., 2011). These studies show that high clay content can cause soil materials to 

have low cohesion, especially during a rainfall event leading to landslides. 

The dominant clay mineral present in a soil also influences its expansion and sliding potential 

(Baynes, 2008). For example, Ohlmacher (2000) and Yalcin (2007) associated landslide 

occurrence to smectite and illite clay groups. Such clays have lower shear strength and higher 

swelling potentials (Fauziah et al., 2006). They are more prone to landsliding than shale’s 

composed of kaolinite and chlorite (Ohlmacher, 2000). Highly plastic inorganic soils are prone to 

sliding during rainfall events due to the reduction in shear resistance (Inganga et al., 2001 and Dai 

et al., 2002). Several studies report on the role of liquid limits in characterising the problem nature 

of soils (Van Der Merwe, 1964; Mario et al. 1996; Msilimba and Holmes 2005; Fauziah et al. 

2006; Baynes, 2008). Studies by Chartwin et al. (1994) and Isik and Keskin (2008) show positive 

correlations between high plasticity, fine-grained inorganic clay and landslide occurrence. 

Plasticity is due to the presence of clay minerals or organic material (Keller and Dexter, 2012). 

Plasticity is influenced by the void ratio and is high in inorganic clays (Fauziah et al., 2006; 

Baynes, 2008). Other important parameters in triggering landslides are swelling properties of clay 

and the rate at which water infiltrates into clay at depth (Inganga et al., 2001; Yang et al., 2007; 
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Jadda et al., 2009; Mukasa et al. 2016). Zung  et al. (2009) observes that certain soil characteristics 

may be useful tools for assessing landslide frequency.  

According to Fauziah et al. (2006), the most important cause of shallow landslides is the decrease 

of matric suction after a rainstorm and the development of positive pressures above the water table. 

In particular, soil shear strength decreases non-linearly with increasing soil matric suction (López-

Davalillo et al., 2014). When the suction becomes less negative as the soil approaches saturation, 

the soil becomes more susceptible to failure (Selby, 1993). Factors like stress level, material type, 

permeability and density, determine the soils shear strength characteristics (Das et al., 2011; Pánek 

et al., 2011; Broothaerts et al., 2012; López-Davalillo et al., 2014). The development of positive 

pore water pressures can push particles apart ( Broothaerts et al., 2012; López-Davalillo et al., 

2014), which acts against the normal stress, effectively reducing it. Since particles are pushed 

apart, cohesion and friction also reduce (Morgan, 1993).  

 

Whereas negative pore water pressure will increase both cohesion and friction, and therefore 

strength, positive pore water will decrease both cohesion and friction, decreasing strength (Selby, 

1993). According to Zezere et al. (1999), during rainstorms, majority of landslides occur due to 

pore water pressures. Increase in water pressure leads to a reduction in shear resistance and 

effective stress (Morgan, 1993; Palemio and Sdao, 1999) leading to landslide occurrence. All these 

pedological parameters have a significant spatial variation and require site-specific investigations 

to understand their contribution in landslide occurrence. The present study therefore examines 

specific soil properties including soil depth, angle of internal friction, clay mineralogy, particle 

size distribution, cohesion and bulk density. This information is required to determine landslide 

susceptibility in a particular region. 

 

2. 6 Land-use /cover and landslides 

 

Changes in land-use and vegetation cover can result in surface alterations (Van Western et al., 

2003). Surface alterations have been identified as one of the condition for landslide occurrence 

(Promper et al., 2014). Alcantara et al. (2006) state that land use change drives land degradation 

and can make hillslopes more susceptible to mass movements. Human activities leading to changes 
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in land cover patterns are the most rapid driver of global change (Van Western et al., 2003; 

Slaymaker et al., 2000; Promper, et al., 2014). Land cover changes cause large alterations in the 

hydro morphological functioning of hillslopes (Morgan, 1993; NEMA, 2007; Garcia-Mora et al., 

2010; Mugagga et al., 2012). This can affect rainfall partitioning, infiltration characteristics, runoff 

production and even lower the shear strength of the soil leading to landslides. Many studies reveal 

a close correlation between slope stability, especially landslide occurrence and land-use/cover 

changes (Cruden and Miller, 2001; Breugelmans, 2003; Beguería, 2006; Breuer et al., 2009; Bauer 

et al., 2012). 

 

The presence of vegetation cover substantially modifies parameters such as cohesion, internal 

friction angle, weight of the slope-forming material and pore-water pressure (Das et al., 2011; 

Pánek et al., 2011; Broothaerts et al., 2012; López-Davalillo et al., 2014). Land degradation 

through deforestation affects material shear strength (Glade, 2003; Meusburger and Alewell, 2009; 

Wasowski et al., 2010; Mugagga et al., 2011). Destruction of vegetation cover reduces organic 

matter and humus, which is important for binding materials together. The loss of root networks 

reduces the cohesion of soil, while decreased evapotranspiration raises water levels (Das et al., 

2011; Pánek et al., 2011; Broothaerts et al., 2012; López-Davalillo et al., 2014). Slope failures 

often occur several years after logging, and after root systems decay away (Wasowski et al., 2010; 

Das et al., 2011). 

 

New land-cover patterns may occur as a result of anthropogenic activities such as economic 

developments, population growth or land abandonment (Carswell, 2000; Carswell, 2002b; 

Promper, et al., 2014). These activities are capable of greatly altering slope form and ground water 

conditions (Swanson and Dyrness, 1975; Bagoora, 1998; Clark and Wilcock, 2000; Bamutaze, 

2005; Barasa et al., 2010; Buda, 2013). The altered conditions may significantly increase the 

susceptibility to landslide occurrence of a given area (Meusburger and Alewell, 2008; Kato and 

Mutonyi, 2011; Mugagga et al., 2012). The expansion of settlements is increasing the impact of 

natural disasters both in the developed and developing countries (Ronsenfeld, 1994; Alexander, 

1997; Guzzetti et al., 1999; Clark and Wilcock, 2000; Promper, et al., 2014). Landslides have 

traditionally been regarded as key indicators of forest disturbance, particularly in association with 

logging activities (Montgomery et al., 2001; Promper and Glade, 2012; Roller et al., 2012), land 
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use and climatic change (Van Beek, 2004; Van Den Eeckhaut et al., 2013). They are also regarded 

as a response to human imposed changes such as road building (Larsson, 1986; Meusburger and 

Alewell, 2008). To address the spatial-temporal variability of landslide risk, one aspect is to 

analyse past land cover patterns as well as future development of the land use and cover which 

was one reason for this study. 

 

According to the National State of Environment Reports for Uganda (2000, 2002, 2004, 2008, 

2010, 2012 and 2014), land is becoming increasingly scarce as the country’s population increases 

at a high rate. People are forced to exploit steep slopes for settlement and agriculture, causing land 

degradation. Land degradation may lead to increased landslides in extreme cases. Land use 

changes associated with techniques of land preparation, cause massive soil redistribution and slope 

morphology changes (Bagoora, 1998). This leads to increased risks of catastrophic mass 

movements (Muggaga et al., 2010). Several studies elsewhere have quantitatively evaluated the 

beneficial effects of vegetation on slope stability. This is in terms of its role in net precipitation, 

inducing critical pore water pressure conditions (Dhakal and Sidle, 2004) and its mechanical 

effects, particularly root reinforcement (Jakob, 2000; Karlsi et al., 2009). Most of such studies 

focus on Mediterranean and temperate areas (Ferrer and Ayala, 1997; Jakob, 2000; Foster et al., 

2008; Karlsi et al., 2009; Ferreira et al., 2015). Only a handful of studies (Collison et al., 1995; 

AGS, 2007b) have attempted to quantify the effects of plants on slope stability in the humid tropics 

(Sidle et al., 2006). All these studies however, confirm that there exists a close correlation between 

land cover changes and landslide patterns. Land cover conversion from forest to pasture 

permanently reduces slope stability (Selby, 1993). Studies attempting to quantify the beneficial 

effects of vegetation on slope stability are important, especially where deforestation and 

infrastructure development in the landslide prone areas such as Kigezi highlands of south western 

Uganda are drastically increasing. 

In the present study, it is common to observe cultivated fields on steep valley side slopes which 

have been massively washed by rains, especially early in the growing season. A pattern of 

extensive exposures of sub-soil and fine network of dendritic, or longitudinal rills can be seen on 

most of these hills (Bagoora, 1998). Many hillslopes in Kigezi highlands have been reduced to 

nearly bare rocky surface by poor methods of cultivation (NEMA, 2012). Steep upper slopes have 

been encroached upon, stripped of their vegetation and led to hipper soil erosion and landslides 
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(Bagoora, 1997). Almost every available space has been intensively cultivated and gardens appear 

like a continuous carpet for kilometres, in the valleys and on hill slopes (NEMA, 2010). The bulk 

of the area is a pocket of land congestion on a rugged and sometimes stony terrain (Bagoora, 1993). 

Worse still, the absence of vegetation cover and over-cultivation mostly using poor farming 

methods on the uplands, has led to severe accelerated erosion in the Kigezi highlands (Bagoora, 

1998; NEMA, 2014).  

Studies by Farley (1996) and Carswell (2000) indicate that the original natural ecosystems in 

Kigezi highlands were characterized by a forest-savannah mosaic in most of the medium altitude 

areas. Higher elevations had moist lower montane forests. More than 2000 years ago, cultivation, 

grazing and permanent settlements are reported to have started leading to the clearing of forests 

(Carswell, 2002a; Siriri and Raussen, 2002). According to Carswell (1997), there was already a 

very small forest cover in most of Kigezi region in the early 20th century as revealed by written 

accounts and photographs. A study by Breyer et al. (1997) shows that small scale farming covered 

the largest area while woodland and bush land was the second most important land cover type. 

Changes in land use and cover pose a risk to stability of Kigezi highlands, but the magnitude of 

the impact is not well understood. The present study considers the influence of dynamic human-

induced land cover changes on the occurrence of landslides.  

 

2.6 Modelling landslide occurrence 

 

Characterization of the spatial-temporal distribution of landslides and their causative mechanism 

is important for geomorphological studies and for natural hazard evaluation (Guzzetti et al., 2006b; 

Biswajeet and Lee, 2010). One way to understand the controls of landslides and predict their 

spatial-temporal occurrence is given by phenomenological modelling (Van Beek and Van Asch, 

2004). It is assumed that conditions which led to landslides in the past are likely to cause them in 

the future as well (Peter et al., 2010). A number of methods and techniques have been proposed to 

evaluate where or when landslides are most likely to occur (Carrara et al., 1991; Montgomery and 

Dietrich, 1994; Ayalew and Yamagishi, 2005; Guzzetti et al., 2005), including the use of 

Geographic Information Systems.  
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Many studies have been undertaken to assess slope susceptibility to landslides through heuristic, 

deterministic, conceptual and statistical approaches (Carrara et al., 1991; Dai et al., 2001; 

VanWesten et al., 2003). A heuristic approach is a direct or qualitative approach completely based 

on field observations and an expert's priori knowledge ( Dietrich et al., 1995; Zêzere et al., 1999; 

Guzzetti et al., 2005). Deterministic approaches are based on slope stability analyses (Thornes and 

Alcantara-Ayala, 1998; Sidle and Ochiai, 2006; Isik and Keskin, 2008 ). They are applicable when 

the ground conditions across a study area are relatively homogeneous and the types of landslides 

are known and relatively simple (Jadda et al., 2009).  

Comparatively little work has been done on the systematic comparison of different techniques to 

determine landslide susceptibility, outlining advantages and limitations of the proposed methods 

(Carrara et al., 1991; Van Westen, 1994; Glade and Crozier, 2005; Lee and Talib, 2005; Peter et 

al., 2010). Process-based landscape models use some variation on the factor of safety equation 

(Selby, 1982; 1993).  Some focus on the geomorphic, hydrological, geological and vegetation data 

to estimate slope, cohesion and subsurface flow characteristics (Bevern and Kirkby, 1979; 

Brasington and Richards, 1998; Beven, 2000; Claessens et al., 2006b; Sidle et al., 2006). The 

fundamental aim of the present study is to develop a conceptual model which integrates all the 

inherent topographical, hydrological, pedological and anthropogenic parameters and evaluate their 

convergence to cause landslides. The present study therefore employs a conceptual model in which 

the convergence of all the landslide underpinnings in determined. 

 

2.7 Conceptual framework 

 

The interaction among different conditions that influence landslide occurrence is illustrated in Fig. 

2.2. The spatial and temporal occurrence of landslides in the Kigezi highlands is on the  increase 

due to a complex of interactions among a large number of partially interrelated factors which are 

both biophysical and anthropogenic (e.g., Meusburger and Alewell, 2008).  
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Fig. 2.2: Landslide hazard occurrence conceptual frame-work. 

 

The main  landslide occurrence determinants include; (i) the geological setting and formation (e.g., 

mudstone, phyllite, schists, shale, sandstone, limestone, greentuffes); (ii) topographical structure 

including; elevation, gradient, aspect, curvature, topographic wetness index, stream power index, 

topographic position index; (iii) hydrological processes especially; rainfall amounts and intensity, 

flow accumulation, flow direction, and, (iv) soil characteristics such as the types (e.g., clay, silt, 

loam, sand), texture, soil depth, cohesion, internal friction, organic matter content, soil moisture, 

infiltration, and mineralogy (Fig. 2.2). There is also the superimposition of the anthropogenic 

factors, such as the human impact on the land cover and landscape processes. There is clear 
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evidence of an interaction between the human factor and the biophysical parameters. Most of the 

landslides have occurred where there is human impact in the highlands (Fig. 2.2). 

The effects of landslides on people and structures can be lessened by total avoidance of landslide 

hazard areas. This can be done through restricting, prohibiting or imposing conditions through 

landslide hazard-zoning. Local governments can reduce landslide hazards through land use 

policies and regulations. Individuals can reduce their exposure to landslide by educating 

themselves on the past hazard history of a site. The responses however, need to be based on 

adequate scientific information that requires research designed to address both short and long-term 

issues. This study was therefore worth undertaking. 
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CHAPTER THREE 
 

Analysis of topographic parameters underpinning landslide occurrence in Kigezi highlands 

of South Western Uganda 
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Abstract 

 

The frequency and magnitude of landslide occurrence in the Kigezi highlands of south western 

Uganda has increased, but the topographic attributes underpinning their occurrence are not well 

understood. The present study focused on selected topographic parameters namely slope gradient, 

profile curvature, topographic wetness index (TWI), stream power index (SPI), and topographic 

position index (TPI). These factors were parameterized in the field and GIS environment using a 

10m DEM. Sixty five landslide features were surveyed and mapped to produce landslide 

distribution maps. Landslides are concentrated along topographic hollows in the landscape. The 

occurrence is dominant in slope zones where slope gradient is between 25˚ and 35˚, profile 

curvature between 0.1 and 5, TWI between 8 and 18, SPI greater than 10 and TPI between -1 and 

1. Landslides are less pronounced on slope zones where slope gradient is less than 15˚ and greater 

than 45˚, profile curvature less than 0, TWI less than 8 and greater than 18, SPI less than 10 and 

TPI greater than 1. The understanding of these topographic parameters and their influence on 

landslide occurrence is important in landslide hazard mitigation. It is now possible to identify and 

predict potential landslide zones in the landscape. Safer zones for community activities can also 

be demarcated using the topographic information. This knowledge generated about the area’s 

topographic characteristics and landslide occurrence will help to reduce on vulnerability while 

increasing resilience of communities to landslide hazards in this fragile highland ecosystem. This 

can be done through designating zones for community activities while avoiding the potential 

landslide zones. 

  

 

 

Keywords: Topographic parameters, landslide occurrence, non-volcanic Kigezi highlands. 
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3.1 Introduction 

 

Landslides are hydro-geotechnical processes most prevalent in highland and mountainous terrains 

of tropical and sub-tropical regions (Guzzetti, 1999; Schuster and Highland, 2001; Dai et al., 2002; 

Petley et al., 2005; Highland and Bobrowsky, 2008; Petley, 2008; Das et al., 2010; Broothaerts et 

al., 2012; Mugagga et al., 2012; Kirschbaum and Zhou, 2015). Several studies consider the East 

African highlands to be prone to landslides due to their humid climate, steep topography, and high 

weathering rates (Knapen, 2003; Knapen et al., 2006; Kitutu et al., 2009; Mugagga et al., 2011). 

Although landslides are recognized as widespread phenomenon in the East African highlands, 

having a great social, economic and geomorphological impact, relatively little research and 

documentation can be found in the international literature (Ngecu and Mathu, 1999; Knapen et al., 

2006). In many East African highlands, a clear insight into the local causes for landsliding is 

lacking (Muwanga et al., 2001; Knapen et al., 2006).  

 

Landslides are triggered under multiple geological and morpho-hydrological conditions (Ngecu 

and Mathu 1999; Muwanga et al., 2001; Breugelmans 2003; Knapen 2003; Glade and Crozier 

2004; Kitutu et al., 2004; Knapen et al., 2006). Identifying the factors controlling landslide 

distribution and determining their impacts may be difficult (Guzzetti et al., 2008; Van Den 

Eeckhaut et al., 2013; Liesbet et al., 2015). Topography is often considered as the most important 

parameter in landslide occurrence (Selby, 1993; Gao and Maro, 2010; Loos and Elsenbeer, 

2011). Various scholars have inferred on the contribution of topographic parameters in landslide 

occurrence (Jakob, 2000: Zhou et al., 2002; Begueria, 2006; Hong et al., 2007). The topographic 

characteristics of any region have a greater implication than any other parameter including soil 

and land cover on landslide occurrence (Fernandes et al., 2004; Gao and Maro, 2010; Loos and 

Elsenbeer, 2011). According to Gao and Maro (2010), topography has been widely reported to 

bear a close association with landslides. The exact control of topographical settings of a landslide 

is usually analysed through spatial overlay of landslide distribution maps on topographic layers 

(Lopez-Davalillo et al., 2014). The major topographic parameters that influence landslide 

occurrence include slope gradient, aspect, curvature, roughness, distance from drainage network 

and discontinuities (Selby 1982; Bagoora 1988 and 1989; Knapen et al., 2006). Other complex 

topographic parameters important in landslide occurrence analysis include topographic wetness 
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index, stream power index, slope length and topographic position (Grabs et al., 2009; Gao and 

Maro, 2010; Broothaerts et al., 2012; Infascelli et al., 2013). These topographic parameters have 

a spatial variation depending on the area’s terrain and therefore regional or site-specific 

examination is important for the understanding of landslide occurrence.   

 

The Kigezi region of south western Uganda is one of the most remarkable landslide affected East 

African highlands due to its steep topography (Bagoora, 1988; NEMA, 2010). The disaster risk of 

communities to landslide hazards is poorly understood due to the paucity of information on the 

topographic characteristics of these highlands underpinning landslide occurrence. Although the 

frequency and magnitude of landslide occurrence in these highlands have increased (NEMA 2012; 

Kabale District Environmental Report, 2015), the topographic parameters underpinning their 

spatial distribution are not well understood. Information on topographic characteristics is 

important for predicting and/or identifying potential landslide zones. The information on 

topographic parameters and their influence on landslide occurrence would help reduce 

vulnerability and disaster risk of communities in these highlands. The present study therefore, 

examines the influence of topographical parameters on landslide occurrence, especially their 

influence on hillslope hydrology and soil development. Topographic parameterisation involved 

analysing both primary and complex topographic variables and how they influence landslide 

occurrence in the Kigezi highlands of south western Uganda. 

 

3.2 Materials and methods 

 

3.2.1 Mapping landslide dimensions and their spatial distribution  

 

Detailed field investigations were carried out to establish the magnitude and spatial distribution of 

landslide occurrence in the Kigezi highlands. Analysis of the landslide dimensions (depth, width 

and length) and spatial distribution was done using both field surveys and GIS desktop techniques. 

A field inventory was undertaken to map the visible landslide scars using hand-held GPS receivers. 

Coordinates for the mapped landslide scars were imported to ArcGIS 10.1 software to produce 

landslide distribution map for the study area. By means of the spatial analysis in a GIS 
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environment, the landslide and topographic parameter maps were compared to study their 

relationships. This relationship between landslide occurrence and topographic parameters was 

established at the failure zone or point of landslide origin. This was done by establishing the value 

of the topographic parameter at the failure zone. 

 
Fig. 3.1: Field investigations to map and measure landslide scars and their distribution. 

 

Landslides were surveyed by focusing on relief features such as concave and convex forms, slope 

gradient variations, shape of slope meso-forms, fractures, and other non-anthropogenic linear 

elements. Field surveys and measurements of landslide sites was done in relation to slope position 

and other topographic parameters (Fig. 3.1). The dimensions of landslide scars were established 

by carrying out measurements of their average width, depth and overall length from head to toe 

using tape measures. Landslide morphological analysis was carried out from the valley bottoms 
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where deposition landslide debris occurred to the failure zones. Landslide scars were divided into 

several segments based on their morphology and location (e.g., head, middle and toe). Repeated 

measurements were conducted in each of the segments and averages computed. Landslide 

dimensions were used to establish the area of the scars and estimate the volume of materials 

removed by each occurrence. Historical landslide data and records were obtained from Kabale 

District Environmental Reports (2008, 2012 and 2015), local government records as well as 

interaction with the local communities.  

3.2.2 Topographical parameterization 

 

The topographic parameters analysed in this study were derived in a TOPMODEL framework. 

According to Quinn et al. (1995), the TOPMODEL is a modelling framework in which the role of 

topography in catchment hydrology can be explored. The TOPMODEL is a physically based 

watershed model for simulating runoff generation (Beven and Kirkby, 1979). The topographic 

index has been developed to describe the tendency of water to accumulate and to move down slope 

by gravity (Moore et al., 1991). It is assumed that within the TOPMODEL, areas with similar 

properties can be grouped together for computational purposes (Brasington and Richards, 1998; 

Beven, 2000). The TOPMODEL was written explicitly to model the role of topography in 

catchment hydrology (Beven, 1989; Quinn et al., 1991). Over the last decade, geographical 

information system and digital elevation models have been increasingly used to automatically 

classify landforms (Wilson and Gallant, 2002; De Reu et al., 2013). The topographic parameters 

used in this study were topographically generated using a Digital Elevation Model (DEM). 

A 10 m DEM for the region was used to extract major topographic attributes and characteristics of 

the highlands. The DEM was generated by first digitizing 10 m interval contours from 1:20,000 

topographic maps obtained from the Uganda’s Lands and Survey Department. A 10m DEM was 

interpolated from contour lines using the Topo to Raster tool in ArcGIS 10.1, which converts 

vector topographic values to a raster DEM surface using the ANUDEM algorithm. Topographic 

parameterization was performed using ArcGIS 10.1 and SAGA GIS 2.3.1(Systems for Automated 

Geoscientific Analyses) software. SAGA GIS 2.3.1 (See Conrad et al., 2015) was used for DEM 

pre-processing, including import, projection and merging of data, as well as gap filling, curvature 

calculation and cluster analysis. DEM preparation included morphological filtering and surface 
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depression filling. The process of filtering helped to smoothen the data to create elevation averages 

for better interpretation.   

 

Topographic analyses involved computation and establishment of selected topographic parameters 

namely slope gradient, slope shape (profile form curvature), topographic wetness index, stream 

power index and topographic position index. This was done using a 10m DEM in ArcGIS 10.1 as 

well as field measurements using clinometers and handheld GPS receivers. These parameters were 

prioritized in the present study due to their direct implication for soil development and 

hydrological aspects that influence landslide occurrence. Preliminary investigations indicated that 

parameters such as aspect and altitude do not have a direct influence on landslide distribution in 

the study area. Their effect on, for instance hydrology and moisture dynamics is in a relative sense. 

These parameters did not show a relationship with landslide occurrence and were thus not 

considered during the present study. 

 

Slope gradient and curvature 

 

Slope gradient and curvature values were generated directly from the DEM in ArcGIS 10.1. 

Curvature values for the highlands were established in the direction of slope gradient (profile 

curvature). In the present study, surface profile curvature was focused on, as it was identified 

during field surveys as the dominant curvature form closely related with landslide occurrence in 

the study area. According to Carson (1985), profile curvature affects the driving and resisting 

stresses within a landslide in the direction of motion. It therefore affects the flow velocity of water 

draining the surface and influences landslide occurrence (Gao and Maro, 2010). Curvature values 

were used to identify peaks, ridges, spur slopes, planar regions, topographic hollows and pits. A 

profile curvature map for Rukiga catchment was generated and overlain with the landslide scars 

to establish the influence of curvature on landslide occurrence. Curvature affects the rest of the 

topographic parameters, as discussed in subsequent paragraphs.  

 

Topographic Wetness Index 

 

The Topographic Wetness Index (TWI) for the highlands was established using the formula;  
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TWI = In (α / tanβ) where, α is the specific catchment area, and tanβ is the slope angle (degrees).  

 

The value of TWI is to determine the zones of saturation (Grabs et al., 2009). It was used to 

estimate the accumulated water flow at any point in the watershed. In the present study, SAGA 

wetness index was computed because it is based on a modified catchment area calculation which 

does not consider flow as a very thin film (see Boehner et al., 2006).  Consequently, it was used to 

predict the cells situation in valley floors with a small vertical distance to a channel. SAGA wetness 

index is a more realistic and higher potential soil moisture determinant than the standard TWI 

calculation (Boehner et al., 2002; Boehner and Selige 2006). Generally, high TWI values occur in 

concavities with the requisite upslope contributing area. Low TWI values indicate relatively little 

upslope contributing area and steep slopes typical of ridges and hilltops (Grabs et al., 2009). TWI 

is thus a surrogate for saturation levels and susceptibility to landslide occurrence. The generated 

TWI map for the catchment was overlain with the landslide distribution map and the influence of 

TWI on landslide occurrence was ascertained. TWI is closely related with SPI, which is discussed 

in the next sub-section. 

 

Stream Power Index 

 

Stream Power Index (SPI) is a measure of erosive power of water flow and is closely related to the 

topographic wetness index. It was used to identify the erosive effects of concentrated surface 

runoff (see Gartner et al., 2015a). It is proportional to the specific catchment area (Quin et al. 

1995). Values were calculated based on the formula;  

 

SPI = ln (α* tanβ), where α = specific catchment area and tanβ = slope of the cell.  

 

SPI was used to provide a correlation between water flow paths, flow accumulation and slope that 

together define the energy potential surface water has for erosion (see Moore et al., 1991; Moore 

et al., 2007). This eroding power of flowing water was used to identify potential and actual sites 

for landslide occurrence. Areas with high SPI values were considered to be more prone to landslide 

occurrence than areas with low SPI values. A map of the SPI of the catchment was generated and 

was overlain with landslide features and their relationship was ascertained. In order to remove 

spurious features, the resulting TWI and SPI maps were filtered using the “majority filter” routine 

(3×3 scanning window). TWI and SPI were used to quantify flow intensity and accumulation 
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potential for the highlands in the study area. SPI is also closely related with the TPI, which is 

explored in the subsequent paragraph. 

 

Topographic Position Index 

 

The Topographic Position Index (TPI) measures the differences between elevation at the central 

point (ZO) and the average elevation (Z) around it within a predetermined radius (R) (Weiss, 2001; 

Gallant and Wilson, 2000). Calculation for TPI was based on the formulae; TPI=ZO-Z and Weiss 

(2001) method of landform classification was used. The method classifies the landscape into 

discrete slope position classes using the standard deviation of TPI. Using TPI, six discrete classes 

were defined. Following Seif (2014), TPI was used to measure the topographic slope positions, 

automate landform classification and to analyse the topographic location of landslide hazard zones. 

TPI values provided a simple and powerful means to classify the landscape into morphological 

classes (e.g., Jenness, 2006). The generated TPI map of the study area was overlain with the 

landslide distribution map and their relationship was ascertained. 

 

 

3.2.3. Statistical analysis 

 

Data analysis was aimed at detecting spatial trends in landslide-topographic relationships. 

Statistical data analysis was performed using Statistica software package. Inferential statistics, 

hypothesis tests and confidence intervals coefficient of variation were used to describe and 

compare topographic parameters and landslide distribution. To determine the influence and 

significance of topographic parameters on landslide occurrence and distribution, a linear 

regression model was fitted and p-values determined. The topographic variables were correlated 

and analysis of variance was conducted on all the parameters and their influence on landslide 

occurrence. Linear regressions were used to determine the coefficients of determination (R2) for 

topographic parameters and landslide occurrence. 
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3. 3 Results 

 

3.3. 1 Landslide characteristics and distribution 

Based on the field surveys carried out in these highlands, as well as reports from the local 

governments and communities, there is an increase in landslide occurrence in the region over the 

past 30 years. The spatial distribution of landslides in the study area is illustrated in Fig. 3.2.  

 
Fig. 3.2: A landslide distribution map for Rukiga catchment.  
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The landslide scars in the catchment varied from small 12.5m slides to longer, complex flows that 

extended in some cases to more than 890m. In most of the observed landslide scars, channel 

morphometry is shallow and narrow with the depletion/rupture zone either devoid or partially 

covered by a thin veneer of debris. The average width of the landslide scars ranged between 0.9 

meters for small scars to 17.5 meters for complex occurrences. The average depth ranged between 

0.5 meters for shallow landslides to 5.3 meters for deep seated scars (Table 3.1). The mean area 

covered by each landslide occurrence varied from 125m2 for smallest landslides to about 6000m2 

for large scars. The estimated volume of hillslope materials displaced by individual landslides 

varied widely. Small landslides displaced an approximate 62.5m³, while large occurrences 

displaced close to 30 000 m³ of materials (Table 3.1).  

In the present study, out of the 65 visible landslide scars identified and mapped in the catchment, 

92% are larger at failure zones than the toe which is a unique attribute. It is unique because 

elsewhere for example Mt Elgon region in Eastern Uganda, landslide scars are smaller at failure 

zones and larger towards the toe. This landslide characteristic is attributed to the topographic 

characteristics of the study area where landslides follow hollows between spur slopes. The 

influence of topography on landslide characteristics is unravelled in the discussion section. Most 

of the studied slides initiated at mid slopes rather than at the shoulder or top of the slope. The 

crown and areas close to the main scarp are commonly marked by the presence of acute, open 

tension cracks that are between 30 cm and 100 cm wide and were observed at or close to the head 

scarps of most of the slides. In most of the observed landslide scars, the bedrock was not exposed. 

Table 3.1: Landslide scar geometric characteristics  
Landslide 

scars 

landslide scar dimensions in meters Area of the 

landslide scar in 

m2 

Volume of the 

scar  in m3 

Gradient (in degrees) 

range at slide failure 

zone     
Average 

width (m) 

Average 

depth (m) 

Length   

(m)  

1 3.7 1.7 402 1487 2462 25-28 

2 9.66 2.3 463.5 4477 6064 30-32 

3 17.5 0.74 350 6125 4427 30-34 

4 2.1 1.2 602 1264 3773 26-27 

5 8.5 2.245 14.1 120 258 30-33 

6 10 5 600 6000 30000 33-35 

7 10 5 400 4000 20000 32-34 

8 10 5.3 498 4980 26394 31-33 

9 16.6 4.3 315 5229 22600 33-35 

10 10 0.5 12.5 125 63 23-25 

11 5.6 0.85 525.1 2941 1676 42-45 

12 5.8 2.3 530 3074 10508 39-42 

13 2.7 1.8 885 2390 3669 33-36 
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14 3.14 1.52 786 2468 4341 30-33 

15 2.95 1.6 784 2313 4518 34-37 

16 6.2 2.8 835 5177 14496 35-37 

17 4.33 2.8 752 3256 9413 29-32 

18 5 2.5 600 3000 7500 33-35 

19 2.5 2.5 653 1633 4081 34-37 

20 1.7 1.9 268 456 866 29-31 

21 1.2 1.4 198 238 333 24-27 

22 0.9 2.1 213 192 403 30-33 

23 2.4 2 201 482 965 28-30 

24 1.7 1.4 341 580 812 17-19 

25 2.3 1.9 189 435 826 20-23 

26 2.8 1.7 244 683 1161 26-29 

27 1.9 1.2 196 372 447 31-34 

28 2.4 1.5 204 490 734 15-18 

29 2.8 1.9 302 846 1607 19-22 

30 1.9 1.6 194 369 590 29-32 

31 2.1 2 219 460 920 26-29 

32 1.3 1.8 142 185 332 24-26 

33 2.7 2.2 408 1102 2424 29-31 

34 2.5 2 386 965 1930 34-37 

35 1.6 0.9 125 200 180 26-29 

36 1.7 2.1 184 313 657 20-23 

37 2.4 2.2 296 710 1563 23-26 

38 1.8 1.2 202 364 436 28-31 

39 1.4 1.7 182 255 433 30-34 

40 2.7 2.2 501 1353 2976 25-28 

41 2.1 1.7 234 491 835 18-21 

42 1.5 1.8 267 401 721 28-32 

43 2.2 2.2 58 128 281 25-27 

44 1.9 2.7 135 257 693 22-25 

45 2.8 1.2 196 549 659 30-33 

46 2.3 1.9 243 559 1062 28-31 

47 4.2 0.9 55 231 208 26-30 

48 2.9 1.1 129 374 412 33-35 

49 3.2 0.7 231 739 517 29-32 

50 3.1 0.8 89 276 221 20-22 

51 2.8 2.1 197 552 1158 18-21 

52 3.4 1.7 238 809 1376 17-19 

53 3.2 1.2 345 1104 1325 32-34 

54 2.8 0.8 118 330 264 16-18 

55 1.8 1.1 102 184 202 18-20 

56 3.6 2.8 189 680 1905 29-32 

57 3.9 3.1 213 831 2575 25-28 

58 3.2 2.7 96 307 829 27-29 

59 1.8 1.2 47 85 102 22-25 

60 1.2 0.8 66 79 63 20-22 

61 5.9 2.1 138 814 1710 26-29 

62 3.6 1.9 123 443 841 32-34 

63 6.2 3.2 84 521 1667 29-32 

64 7 1.7 73 511 869 23-25 

65 4.2 1.3 144 605 786 27-30 
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About 51% of landslide scars have a number of tongues which converged together following 

topographic hollows. Convergence of the landslide arms occurred in zones where two or more 

topographic hollows from upslope joined into one wider hollow.   

 
Fig.3.3: Landslide occurrence in Kigezi highlands. 
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There are signs of landslide recurrence in some areas where there was remobilization of the 

materials around the former failure zones (Fig.3.3). Some of the landslide scars remain active with 

different phases of activity especially during the rainy season. In this study, landslide scars were 

considered as those features which resulted from past failures but which are still visible. Recent 

landslides are those failures which have occurred within the past 3 years and are still active. Out 

of the 65 visible landslides in the study area, more than 75% are older landslide scars where 

margins and head scarp have been degraded. Less than 25% are recent slides with well-defined 

margins, head scarp, with no or partially developed drainage channels. The recent landslides show 

signs of future activity. 

 

3.3. 2 Topographic characteristics and landslide occurrence 

 

Field investigations verified that landslides in these highlands occur within clearly defined 

channels along topographic hollows. Most of the landslides originate from the mid slopes, where 

materials had accumulated, then widened and deepened as the process continued downslope in 

zones of deeper soils. Others are shallow and longitudinal following shallow hollows between 

slopes, while in wider-deeper hollows, deep-seated translation landslides occurred.  

 

3.3.2.1 Slope gradient and landslide occurrence 

 

Slope gradient values for the highlands ranged between 0˚ in the valley bottoms and 63˚ in the 

upper slopes (Fig. 3.4).  
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Fig. 3.4: A map of slope gradient and landslide distribution 

 

Hillslope gradient plays a key role in determining landslide susceptibility in the study area. This 

relationship between landslide distribution and hillslope gradient was explored by binning 

hillslope gradient values into 10˚ intervals and plotting the frequency of hillslope gradients for the 

landslides. Using the FAO (2006) slope classification thresholds, slope gradient was categorized 

into five groups including moderate (<15˚), moderately steep (15˚–25˚), steep (25˚–35˚), very steep 

(35˚–45˚), and precipitous (> 45˚) slopes. In the study area, more than 55% of the landscape has 

hillslope gradients lower than 15˚ while less than 30% has gradients of greater than 25˚ (Fig. 3.4). 

More than 60% of the landslides in the highlands occur on hillslope zones with slope gradients 

between 25˚ and 35˚ (Fig. 3.5), yet this gradient category accounts for only 28% of the area’s 

topography. 
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Fig. 3.5: Distribution of landslides with slope gradient 

 

Landslide occurrence was found to be less pronounced within slope zones with slope gradients 

<15˚
 

and >45˚. Out of 65 landslide scars surveyed, 60 % occurred on zones with gradient between 

25˚ and 35˚ (Table 3.1 and Fig. 3.5). Landslide occurrence increases from 4% on moderate slopes 

to 22% moderately steep slopes and then sharply increases to 60% on steep slopes, but fall sharply  

to 10% on very steep slopes  and <4% on precipitous slopes (Figs. 3.4 and 3.5). This distribution 

is an indicator of the control that hillslope gradients exert on landslide occurrence. The correlation 

analysis show that the observed relationship between slope gradient and landslide occurrence is 

significant (R2= 0.5665, P-value= 0.057).  

3.3.2.2 Slope curvature and landslide occurrence 

 

Profile curvature values computed for the catchment ranged from -3 to +5 (Fig. 3.6).  
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Fig. 3.6: A map of profile curvature and landslide distribution.  

 

 

Landslide occurrence is dominant in zones where profile curvature values are between +0.1 to +5. 

Landslides are less pronounced in zones where profile curvature values are lower than 0 (Fig. 3.7). 

Out of the 65 landslide scars surveyed, 95% occurred in zones with profile concave curvature 

forms with values between 0.1 and 5 along topographic hollows. Only 5% of the landslides 

occurred in zones with profile curvature values between -0.2 and 0.1, which were conspicuously 

concave zones. 
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Fig. 3.7: Distribution of landslides with profile curvature. 

 

Slope zones with profile convex curvature forms with values lower than -0.2, were mainly spur 

slopes and hilltops did not experience any landslide occurrence (Figs. 3.6 and 3.7). It was therefore 

noted that more than 95% of the landslides in the study area had occurred on profile concave forms 

in topographic hollows. A relationship between profile curvature with TWI and SPI is presented 

in the subsequent sub-sections. The correlation analysis show that the observed relationship 

between profile curvature and landslide occurrence is highly significant (R2= 0.802, P-value= 

0.088). 

 

3.3.2.3 Topographic Wetness index and landslide occurrence 

 

The Topographic Wetness Index (TWI) values computed for the highlands ranged between 2 and 

24 (Fig. 3.8). Hydrologically active areas for the catchment were delineated using the TWI values.
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Fig. 3.8: A map of Topographic Wetness Index and landslide distribution 

 

 

The TWI values were used to classify the landscape into three saturation zones or levels. The 

saturation zones classified using TWI included; low (< 8), high (between 8 and18), and very high 

(>18). Low TWI values were found on hilltops, spur slopes and steep slopes. High TWI values 

were mainly present along topographic hollows while very high TWI values were associated with 

valley bottoms (Fig. 3.8). High TWI values also correspond with profile concave curvature forms 

mainly along topographic hollows. Low TWI values correspond with profile convex forms 

dominant along hilltops and spur slopes. This relationship and its implications will be explored in 

the discussion section. 
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Fig. 3.9: Distribution of landslides with TWI. 

 

Landslide occurrence was found to be dominant in zones with high TWI values ranging between 

8 and 18 dominant along topographic hollows (Fig. 3.9).  Zones with TWI <8 especially uppermost 

zones and spur slopes and >18 in the valley bottoms are not vulnerable to landslide occurrence. 

The valley bottoms are deposition zones for the landslide debris (Fig. 3.3). In the study area 

therefore, landslides significantly occur in zones with high TWI values, but reduce in zones with 

low and very high TWI values. The correlation analysis show that the observed relationship 

between TWI and landslide occurrence is highly significant (R2= 0.763, P-value= 0.077). 

 

3.3.2.4 Stream Power Index and landslide occurrence 

 

The Stream Power Index (SPI) values computed for the highlands ranged between 0 and 43. Higher 

SPI values ranged from 10 to 43 and were along topographic hollows. Low SPI values (<10) were 

found along hilltops, side slopes and spur slopes (Fig. 3.10).  
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Fig. 3.10: A Stream Power Index map and landslide distribution 

 

 

SPI values also corresponded with slope curvature of the landscape. Whereas high SPI values were 

mainly found along profile concave zones within topographic hollows, low SPI values were found 

along convex zones on ridge tops and spur slopes (Fig. 3.10). An overlay of SPI and landslide 

distribution maps indicated that landslide occurrence was dominant in zones where SPI values 

were >10 (Fig. 3.11). Such zones are mainly along topographic hollows. 
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Fig. 3.11: Distribution of landslide features with SPI. 

 

Slope sections with SPI values <10 (Fig. 3.11), mainly along hilltops and spur slopes had no 

landslide incidences.  SPI and TWI were used to quantify flow intensity and accumulation 

potential. An overlay of SPI and TWI shows a relationship with landslide occurrence. High SPI 

(>10) and TWI (>8) values corresponded with profile concave forms mainly found along 

topographic hollows. These are also the zones with the highest incidence of landslide occurrence 

in the study area. Hilltops, uppermost and spur slopes have low SPI (<10) and TWI (<8) values 

and do not experience landslide occurrence. The correlation analysis show that the observed 

relationship between SPI and landslide occurrence is highly significant (R2= 0.741, P-value= 

0.0671).  

 

3.3.2.5 Topographic Position Index and landslide occurrence 

 

The Topographic Position Index (TPI) values computed for the highlands ranged between -7 and 

5 (Fig. 3.12).  
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Fig. 3.12: A map of Topographic Position Index and landslide distribution 

 

TPI values were used to compare the elevation of each cell in a DEM to the mean elevation of a 

specified neighbourhood around that cell. High TPI values (>+1) represented ridge tops, 

uppermost and spur slopes. Medium TPI values (between -2 and +1) represented middle slopes, 

while low TPI values (<-2) represented valleys bottom (Figs. 3.12 and 3.13). Positive TPI values 

also corresponded with profile convex zones, while negative TPI values mostly corresponded with 

profile concave forms. TPI was therefore used to determine whether a point is on a hilltop, in 

valley bottom or on an exposed ridge. 
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TPI values were used to classify the landscape into landform categories.  The landform categories 

identified included; gentle valleys, open slopes, mesas, valley bottoms, hollows, hilltops, mid-

slope ridges and spur slopes (Fig. 3.13). 

 

 
Fig. 3.13: Slope positions and landforms based on TPI values 

 

The valley bottoms tended to have strongly negative TPI values (<-2) while topographic hollows 

corresponded with medium values (-2 to 1). The hilltops, mid-slope ridges, small hills in plains 

and high ridges all tended to have strongly positive TPI values (>1) (Fig. 3.12). TPI values were 

also used to classify the landscape into slope positions. The slope positions identified included 

lower slope positions, lower-middle, middle-middle, upper-middle and uppermost. Lower slope 
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positions tended to have strongly negative TPI values while upper positions had strongly positive 

values. Slope position classification shows that 69% of the catchment is classified as middle-slope, 

14% valley, 6% hilltop and 11% as flat surface. 

 Landslides are dominant in slope zones with TPI values between -1 and 1 mainly along 

topographic hollows. There was no landslide occurrence observed in zones with high TPI values 

(>1) mainly on hilltops, uppermost and spur slopes (Fig. 3.14). 

 
Fig. 3.14: Distribution of landslide scars with TPI. 

 

The distribution of landslide occurrence in the study area exhibits a considerable variability with 

slope position. It was established that landslide concentration increases from 4% in the lower slope 

sections to 58% and 34% in the middle-middle and upper-middle elements respectively and then, 

declines rapidly to 4% in the uppermost sections. Thus, the most significantly affected slope 

position in these highlands is the middle slope section. The correlation analysis show that the 

observed relationship between TPI and landslide occurrence is significant (R2= 0.7009, P-value= 

0.065). 
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The different topographic parameters do interact to influence landslide occurrence. There is a 

convergence among these topographic parameters within the landscape to cause landslide 

occurrence.  It was established that landslide occurrence is dominant in slope zones with slope 

gradient between 25˚ and 35˚, profile curvature between 0.1 and 5, TWI between 8 and 18, SPI 

>10 and TPI between -1 and 1. Landslide occurrence is less pronounced on slope zones with slope 

gradient <15˚ and >45˚, profile curvature <0, TWI <8 and >18, SPI <10 and TPI >1. This 

interaction among topographic parameters and landslide occurrence is explored in the discussion 

section. The coefficient of regression (R2) and probability (P-value) reveal that whereas profile 

curvature is the most significant topographic parameter slope gradient is the least in influencing 

landslide occurrence in the study area (Table 3.2). 

 

Table 3.2: Coefficient of Regression (R2) and Probability (P-value) 

Topographic parameter Coefficient of regression (R2) Probability (P-value) 

Slope gradient 0.567 0.057 

Profile curvature 0.802 0.088 

Topographic Wetness Index 0.763 0.077 

Stream Power Index 0.741 0.067 

Topographic Position Index 0.701 0.065 

 

 

3.4 Discussion 

 

3. 4.1 Landslide characteristics and distribution 

 

The morphology of landslide scars in the study area denotes the presence of a simple or composite 

slide plane surface. The morphometric characteristics of the landslide scars diagnosed included the 

overall length, average width and depth, scar area as well as the volume of materials removed by 

each occurrence (Table 3.1). These dimensions are important in establishing the magnitude and 

type of the landslide occurrence. According to the landslide classification scheme of Cruden and 

Varnes (1996), the most common landslide processes in the study area are rotational slides where 

the surface of rupture is curved concavely downward. The movement is roughly rotational about 
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an axis that is parallel to the ground surface and transverse across the slide. In the study area, 

rotational sliding mostly occurs on profile concave slopes and at a large distance from the water 

divide where runoff and subsurface water concentrates.  In the study area shallow translational and 

rotational slides account for 85 %  while debris flows, complex slides and rock fall make up less 

than 15 % of the landslides experienced.  

The geometry of the slide depletion zones vary widely throughout the study area. This is similar 

to what has been observed by Knapen et al. (2006) on the foot slopes of Mt Elgon in Eastern 

Uganda. Whereas the volume of generated debris on Mt Elgon is dependent on the landslide depth 

(Knapen et al., 2006), in the Kigezi highlands it is related to the length and width of the depletion 

zone. The depths of the landslide scars in the study area depends on soil profile characteristics 

especially soil depth as well as presence and location of clay pans (presented in Chapter 4 on soil 

properties). Whereas slope sections with profiles of less than 2.5m experience shallow slides, soil 

slips and debris flows, deep seated translation slides are experienced on slope elements with deep 

soil profiles of greater than 4m. More than 80% of the landslide scars were narrow and shallow 

because they occurred in small topographic hollows (discussed in the subsequent section on 

topographic parameters). Such small hollows gather limited materials from the surrounding 

hilltops and spur slopes and therefore have shallow soil profiles (Reneau and Dietrich, 1987; Grabs 

et al., 2009; Raju and Nandagiri, 2015). Shallow landslides occur in such hollows due to limited 

materials available for downslope movement. About 10% of the analysed landslide scars were 

deep seated and wide. They occurred in deeper and wider topographic hollows. The wide hollows 

have a capacity to gather more materials from the surrounding spur slopes and hilltops and are 

associated with deep soil profiles (Gao and Maro, 2010). The occurrence in such hollows is deep 

seated due to availability of materials for undercutting. Whereas deep seated landslides had a depth 

greater than 2.5m, shallow landslides had a depth of less than 2m (Table 3.1).  

The length of the landslide scars were observed to vary greatly across the landscape (Table 3.1). 

The length depends on the structure and size of the topographic hollow. Whereas longer 

topographic hollows experience elongated landslide processes of greater than 850m, shorter 

hollows are associated with small landslide processes of less than 12.5m. Therefore, the size and 

magnitude of the landslide processes depend on the characteristics of the hollows which determine 

soil material depth. The size of the hollow determines it ability to assemble moisture and soil from 
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the surrounding spur slopes and hilltops (Reneau and Dietrich, 1987). Therefore there is a 

relationship between the landslide scar characteristics and the local topography. This relationship 

between landslides and topographic parameters is explored in the subsequent section.  

In the study area, more than 75% of the landslides resulted from old failures of more than 3 years 

ago and are undergoing recovery. They are quite old, inactive and covered by vegetation, with a 

still visible semi-circular and concave head scarp and a deposit having an irregular morphology. 

Others are characterized by a complex activity, with a slow evolution and periods of acceleration. 

The landslide scars are being concealed by soil materials mobilized from the hilltops and spur 

slopes into topographic hollows where landslide occurrence is dominant. The soils accumulating 

within the landslide scars encourages rapid vegetation regeneration, owing to the high rainfall 

amounts in the study area (NEMA, 2012). These landslide scars are disappearing from the 

landscape due to the high rates of vegetation regeneration. Most of the shallow landslide scars are 

no longer visible on the landscape. It is only the deep seated landslides that are still visible 

premised to the fact that they require large quantities of materials to accumulate within them before 

they are completely concealed. The high rates of landslide scar recovery may lead to 

underestimation of landslide occurrence in the study area. About 25% of the analysed landslides 

have resulted from recent failures which occurred within the last 3 years and are still active. Often 

they suffer a reactivation, in the form of a shallow debris slide or a small debris flow in the head 

scarp or at the toe. This is due to remobilization of materials around the landslide scar which makes 

it active and susceptible to further failures. 

 

3.4.2 Topographic parameters and landslide occurrence 

 

The topographic characteristics of any region have a greater implication than any other parameter 

including soil and land cover on landslide occurrence (Fernandes et al., 2004; Gao and Maro, 2010; 

Loos and Elsenbeer, 2011). This is due to the fact that topography affects both hydrological 

processes and soil development (Selby, 1993). Field investigations revealed that most landslide 

occurrence in the study area is concentrated along topographic hollows than other slope elements. 

This relationship between different topographic parameters and landslide occurrence is explored 

in the subsequent sub-sections.  
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3.4.2.1 Slope gradient and landslide occurrence 

 

Landslide occurrence is concentrated in sections with slope gradients ranging between 25˚ and 

35˚. The lowest slope gradient where landslides occurred was 15˚ while the highest was 45˚. This 

distribution in landslide occurrence is due to the difference in soil depth and moisture. Soil depth 

is important because it represents the amount of materials potentially mobile and available for 

downslope movement. Moisture on the other hand leads to saturation resulting into reduced shear 

strength of materials. There is a close relationship between soil depth and slope gradient (Schmidt 

and Hewitt, 2004; Liang and Uchida, 2014). Soil depth reduces with increase in slope gradient and 

elevation (Sparks, 1986 and Selby, 1993). In the present study, it was established through soil 

profile analysis (presented in the subsequent chapter on soil properties) that sections with lower 

and moderately steep slope gradients had deeper soil profiles than those with very steep gradients.  

 

According to Breugelmans (2003), soil depth and topography are important parameters for the 

return period of landslides. In the study area, slope sections with gradients ranging between 25˚ 

and 35˚ have deep well-developed soil profiles. The deep soils represent the requisite amount of 

material for downslope movement. The concentration of  landslide occurrence on such slope 

sections is explained by the accumulation of displaced materials from uppermost very steep and 

precipitous slopes (Capitani et al., 2013). The deep soil profiles in such slope sections also lead to 

high saturation rates as indicated by high TWI (>8) values. The high downslope force on saturated 

deep soils leads to landslide occurrence in such slope sections. Sections with gradients of <15˚ 

have deeper soil profiles as well as very high soil moisture content but lack a gradient steep enough 

to initiate movement of materials. Landslide occurrence is therefore low on such slopes with 

gradients  <15˚ due to the less downslope force required to move materials (Nath et al., 2013; 

Lopez-Davalillo et al., 2014). Such slope sections are only depositional areas for the landslide 

debris. 

 

Landslide occurrence was found to be less pronounced on slope zones with gradients greater than 

45˚. Such slope elements which were classified as precipitous slopes have shallow skeletal soils 

and the percentage area coverage is relatively small. Erosion processes are more intensive on such 

slopes and hence soils are shallower. Precipitous slopes are generally stable because rapid erosion 
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has removed the erodible soils from them. Generally, the shallow soils on such slopes are easily 

washed away in the early stage of a rainfall event leading to exposure of weathered rocks (Loos 

and Elsenbeer, 2011). More so, the rainfall intensity required to initiate landslides for weathered 

rocks is usually higher than that for soils because of their higher repose angle (Guan-Wei and 

Hongey, 2012). The thin soils in such sections also means limited materials for downslope 

movement and hence low landslide incidences (Nath et al., 2013). Such slope sections are also 

moisture divergence zones with very low TWI values. They are stable with high angle of repose 

despite the steep slope gradients. Although there is a high downslope force on such zones, they 

remain relatively stable due to the absence of materials hence low landslide occurrence (Bagoora, 

1989). This explains why landslide occurrence in Kigezi highlands is low on slope elements with 

very steep and precipitous gradients.   

 

According to Lee et al. (2002), slope gradient is an important topographic parameter in slope 

stability analysis. Many studies have frequently used slope gradient (Lee et al., 2002; Lee and 

David, 2004; Lee and Talib, 2005; Sassa et al., 2005; Yalcin and Bulut, 2007) in preparing 

landslide susceptibility maps because it is directly related to landslides. Several authors report that 

the typical slope gradient for landslide occurrence is between 27˚ and 38˚ (Hutchinson, 1988; 

Hungr et al., 2005; Hosseini et al., 2011; Lopez-Davalillo et al., 2014). Likewise, the slope 

gradient of the source areas in the study area is between 15˚ and 45˚ but with a concentration 

between 25˚ and 35˚ which are relatively steep slopes. Landslide occurrence is concentrated on 

relatively steeper slopes due to the high downslope component which pulls materials (e.g., 

Bagoora, 1988; Appolinaire et al., 2007; Claessens et al., 2007; Guan-Wei and Hongey, 2012; 

Mugagga et al., 2012; López-Davalillo et al., 2014). It was revealed that landslide occurrence 

increases with increasing slope gradient but then reduce as the slope gradient increases further. As 

already indicated, this distribution is due to the variation in soil depth with slope gradient. Slope 

gradient also corresponds with profile curvature in influencing landslide occurrence in the study 

area. This relationship is explored in the subsequent sub-section. From the statistical analysis, it 

clear that slope gradient is the least significant topographic parameter in landslide occurrence in 

the study area as indicated by the coefficient of regression (R2= 0.5665) and the P-values (0.057). 
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3.4.2.2 Slope curvature and landslide distribution 

 

It was noted that landslides are concentrated in slope sections where profile curvature is concave 

with values ranging from 0.1 to 5. Landslides are less pronounced in sections where profile 

curvature is convex with values lower than 0 (Figs. 3.5 and 3.6). Profile concave forms are 

dominant along topographic hollows while convex forms appear on hilltops and spur slopes within 

the landscape. More than 95% landslide features surveyed occurred in topographic hollows with 

perfectly profile concave curvature forms. Less than 5% of landslides occurred in sections which 

were not perfectly profile concave forms. The concentration of landslides in topographic hollows 

with profile concave forms is explained by the availability of high moisture content and deep soil 

profiles. Whereas profile concave forms act as areas of high saturation rates, profile convex forms 

are high water shedding slopes and are dry (Infascelli et al., 2013). During field investigations, it 

was revealed that there is an indication of water being mobilized from upslope and collecting in 

the hollows. The incoming water from upslope leads to rapid built-up pore water pressure in the 

soil mantle (Morgan, 1993). This results into reduced shear strength within hollows as will be 

discussed in the subsequent chapter on pedological parameters. 

 

Topographic hollows have high TWI (>8) and SPI (>10) signifying high saturation rates and 

erosive power. The high saturation rates and confinement of flow results into reduced shear 

strength leading to slope failures. Profile convex forms however, have low TWI (<8) and SPI 

(<10), are water shedding sections and dry (Figs 3.8 and 3.10). This explains why profile convex 

forms in these highlands are not prone to landslide occurrence. It was also established through soil 

profile analysis (presented in the subsequent chapter on soil properties) that topographic hollows 

consist of deep soils. The thick soils are mobilized from immediate convex topography and have 

propensity to collect much infiltrated water during and after rainfall events. The moisture 

collecting in the hollows is not redundant, it induces weathering which avails more materials for 

downslope movement (Liang and Uchida, 2014). The availability of deep soils in hollows provides 

materials that are potentially mobile and susceptible to downslope movement (Fernandes et al., 

2004). Saturation also makes soil materials in hollows unstable and the result is downslope 

movements (Gao and Maro, 2010). Convex forms on the other hand, have shallow thin soils due 
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to rapid erosion on them. They lack the soil materials for downslope movement and therefore, 

landslide occurrence on profile convex sections is low. 

 

The findings are in line with what has been reported in literature that landslides often occur in 

areas of convergent topography in which, subsurface soil water flow paths give rise to excess pore-

water pressures downslope (Corominas et al., 1992; Montgomery et al., 2002; Infascelli et al., 

2013). According to Gao and Maro (2010), areas of concave curvature tend to remain saturated 

between storms due to convergence of ground water flow. In concave forms, water flow is 

concentrated in topographic hollows (Grabs et al., 2009). This increases the moisture content of 

the soil and the amount of time soil remain saturated (Gu and Wylie, 2016). Curvature therefore, 

affects surface and subsurface hillslope hydrology and hence slope stability (Infascelli et al., 2013; 

Lopez-Davalillo et al., 2014). Topographic hollows control the spatial distribution of saturated 

zones and the development of critical pore pressures capable of triggering landslides (Raju and 

Nandagiri, 2015). They should therefore be considered hazard areas and potential sites for 

landslide occurrence in these highlands. Several studies indicate that landslides are mostly 

confined to medium and steep slopes of topographic hollows (Reneau and Dietrich, 1987; Loos 

and Elsenbeer, 2011; Hosseini et al., 2011; Buda, 2013). Fernandes et al. (2004) and Buckley et 

al. (2010) however, report that landslides may also occur on planar slopes. In the study area, 

topographic hollows in association with other topographic parameters to be explored in the 

subsequent sub-sections are prone to landslides. This is due to reduced shear strength resulting 

from the rapid build-up of pore water pressure in the soil mantle. From the statistical analysis, it 

was inferred that profile curvature is the most significant topographic parameter in landslide 

occurrence in the study area as indicated by the coefficient of regression (R2= 0.802) and P-value 

(0.088). This is explained by the influence curvature has on the rest of the topographic parameters, 

as will be explored in the subsequent sections. 

 

3.4.2.3 Topographic Wetness Index and landslide occurrence 

 

Landslide occurrence is concentrated in sections with high TWI values ranging between 8 and 18. 

Such high TWI values are also found along topographic hollows with profile concave forms. 

Landslides were less pronounced in slope sections with TWI values <8 which have profile convex 
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forms mainly hilltops and spur slopes (Fig. 3.10). As it has been explained in the previous            

sub-section, topographic hollows have high TWI due to the moisture converging in them from 

spurs and hilltops. Profile convex forms however, have low TWI as a result of divergence of water 

from them. The high TWI leads to saturation which reduces the shear strength of the materials 

leading to slope failures. The convex zones are however dry and stable due to the low saturation 

rates. The valley bottoms have the highest TWI values >18. This is due to greater amounts of water 

received from upslope areas which does not easily drain away leading to high saturation rates 

(Grabs et al., 2009). The high saturation, however, does not result into landslide occurrence. This 

is because such lower slope sections lack a gradient steep enough to initiate movement of materials. 

They are therefore deposition sections for the landslide debris.    

According to Liesbet et al. (2015), topography is the driving force for water movement. At any 

particular point on the landscape, TWI is the ratio between the catchment area and the slope at that 

point (Wilson and Gallant, 2000). High TWI leads to saturation in the section. The high saturation 

rates along topographic hollows lead to instability of slope materials due to reduced cohesion 

(Reneau and Dietrich, 1987). The unstable materials can easily move downslope especially with a 

conducive gradient. Steep convex areas associated with spur slopes and hilltops are not vulnerable 

to landslide occurrence due to the low saturation rates (Ali et al., 2014; Raju and Nandagiri, 2015). 

Materials in such sections are consolidated, have high cohesion since they are dry and therefore 

less susceptible to landslide occurrence. Studies by Chi et al. (2009) and Grabs et al. (2009), 

indicate that valley bottoms have the highest saturation rates. This is due to low slope gradient 

which does not allow water to easily drain away. The high saturation rates, however, do not result 

in landslide occurrence within the valley bottoms (Nath et al., 2013). Likewise, it was established 

in the present study that the valley bottoms have the highest saturation rates but are stable. They 

lack the required threshold slope gradient (>15˚ for Kigezi highlands) to initiate downslope 

movement of materials. Therefore, landslide occurrence is predominant in topographic hollows 

with high TWI values and a steep gradient to initiate the downslope movement of saturated 

materials. Topographic hollows are also sections with high SPI signifying greater erosive power. 

A combination of high TWI and SPI (to be explored in the subsequent sub-section) in topographic 

hollows explains the concentration of landslides in such slope sections.     
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3. 4.2 4 Stream Power Index and landslide occurrence 

 

 

Landslide occurrence is dominant in sections with high SPI values >10 mainly along topographic 

hollows associated with drainage lines (Fig. 3.10). Slope sections with SPI values <10 especially 

hilltops and spur slopes had no landslide incidence (Fig. 3.11). There is a close relationship 

between SPI and TWI. SPI is an indicator of sediment transport capacity, while TWI is an 

alternative indicator of potential for landslide occurrence (Ferreira et al., 2015). The combination 

of both indices is important in predicting potential landslide zones. It was revealed that slope 

sections with high SPI (>10) also have high TWI (>8). Such sections correspond with profile 

concave forms mainly along topographic hollows within the landscape. As indicated in the 

previous sub-section, high TWI and SPI signify high saturation rates and erosive power dominant 

along topographic hollows. Such slope sections are associated with the highest incidence of 

landslide occurrence in the landscape. The results also indicated that slope sections with low SPI 

(<10) also have lower TWI (<8). Such sections correspond with profile convex forms (<0) mainly 

on hilltops and spur slopes. They have low saturation rates keeping them dry, with lower erosive 

power and therefore less incidence of landslide occurrence.  

According to Moore et al. (1993b), SPI is a measure of the erosive power of water flow based on 

the assumption that discharge is proportional to specific catchment area. Merino-Martín et al.  

(2015), also indicate that SPI is directly related to both slope and catchment area.  It is not therefore 

surprising that SPI was strongest where either the small neighbourhood or large neighbourhood 

values were negative. Negative topographic position index values (to be explored in the subsequent 

sub-section) indicate that a section is lower than its neighbours (Seif, 2014). Such sections have a 

larger catchment area than sections that are higher than their neighbours (Rousseau et al., 2012; 

Ferreira et al., 2015; Gartner et al., 2015a). SPI and slope erosion risk increases when the amount 

of water contributed by upslope areas and the velocity of water flow increase. This is due to 

increase in the gradient and the specific catchment’s area (Freeman, 1991; Moore et al., 1991). It 

has also been reported by Moore et al. (1993b) that the potential erosive power of overland flow 

depends on SPI. High SPI values in topographic hollows indicate high erosive power. Low SPI 

values on ridge tops and spur slopes indicate lower erosive power in such slope sections. Studies  

elsewhere also show that high SPI values indicate areas in the landscape that have a high potential 

for erosion during and after rainfall events (Ferguson, 2005; Gomi et al., 2008; Buda, 2013). This 
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explains why landslide occurrence is concentrated along topographic hollows which are associated 

with high SPI values. The ridge tops and spur slopes are not vulnerable to landslide occurrence 

due to low erosive power as demonstrated by lower SPI values. SPI is also closely related with 

TPI. This relationship is explored in the proceeding sub-section on TPI. 

 

3. 4.2 5 Topographic position index and landslide occurrence 

 

Landslides were identified as dominant on slope positions with TPI values between -1 and 1, which 

also correspond with topographic hollows. There was no landslide occurrence observed on slope 

positions with TPI values >1 especially on hilltops, uppermost and spur slopes (Fig. 3.12). This 

distribution shows a relationship between TPI and other topographic parameters. For example, as 

already indicated landslides are concentrated in sections with low TPI values along topographic 

hollows. These are also sections with high TWI and SPI. High TWI and SPI signify high saturation 

rates and erosive power as already indicated in the previous sub-sections. The combination of high 

TWI and SPI in such slope positions with profile concave forms leads to high incidences of 

landslide occurrence. Landslides are less pronounced in slope sections with high TPI values which 

are also associated with low TWI and SPI values, mainly along hilltops and spur slopes. Following 

Jenness (2010), TPI values were also used to classify the landscape into morphological classes. 

Many physical processes acting on the landscape, including landslides are highly correlated with 

the topographic position of the landform. The landforms include hilltop, valley bottom, exposed 

ridge, hollows, flat plain, upper or lower slope (e.g., Tagil and Jenness, 2008; De Reu et al., 2013).  

The most vulnerable slope positions have been identified as the lower-middle and upper-middle 

slopes, while the lower slopes and the uppermost sections are moderately affected (Fig. 3. 12). The 

lower slope sections are relatively stable in comparison with all other slope sections due to its low 

slope gradient. It is also noticeable that landslide concentration increases from 4% in the lower 

slope sections to 58% and 34% in the middle-middle and upper-middle elements respectively and 

then, declines rapidly to 4% in the uppermost elements (Fig. 3.14). Characterized by topographic 

hollows, the middle slope positions are convergence zones for eroded materials from hilltops and 

spur slopes (Briggs and Knapp, 2008; Mokarram et al., 2015). Such slope positions are also 
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convergence zones for moisture from the upper slopes. This leads to saturation which increases 

susceptibility to landslide occurrence within such slope positions.  

Topographic Position Index (TPI) is capable of predicting areas susceptible to saturation and with 

high potential for overland flow (Seif, 2014). Previous studies indicate that locations exhibiting 

long low-angled hillslopes and low saturated hydraulic conductivity values are the most prone to 

the formation of variable saturation areas (Band, 1986; Grabs et al., 2009; De Reu et al., 2013). It 

was established that valley bottoms and topographic hollows get saturated earlier than other 

sections due to high convergence. TPI was also used to subdivide the landscape into morphological 

classes based on topography. This is important for slope stability analysis aimed at identifying 

preferential zones for landslide occurrence (Weiss, 2001; Tagil and Jenness, 2008). In these 

highlands, topographic hollows are associated with high saturation rates, confinement of flow and 

deep soils. This leads to reduced shear strength and thus landslide occurrence (Selby, 1993). This 

explains why topographic hollows are the most affected landform classes by landslide occurrence. 

The ridge tops and uppermost slopes appear to be relatively stable due to thin soils resulting from 

high erosion on them (e.g., Gao and Maro, 2010; Liang and Uchida, 2014). They also have low 

TWI and SPI signifying low saturation and erosive power. This leads to stability of slope materials 

hence low landslide incidences. Therefore, TPI combines with other topographic parameters to 

cause landslides in the study area. 

As earlier noted in the results section, all the topographic parameters analysed in the different     

sub-sections interact to induce landslides in the study area. It is established that there is a 

convergence zone within the landscape among all these topographic parameters to cause 

landslides. Profile curvature is the most significant topographic parameter influencing landslide 

occurrence in the study area. This is because it affects the flow of water and soil development, 

which in turn affects all the other topographic parameters. The study also established that slope 

gradient is the least significant topographic variable influencing landslide occurrence as revealed 

by the coefficient of regression (R2) and probability (P-value) calculated.  

 

Compared to other regions in the East African highlands, landslides in Kigezi highlands occur 

along clearly defined lines mainly the topographic hollows within the landscape. The landslide 

path can be easily identified and demarcated within the landscape. This is due to the fact that 
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topographic hollows have moderately steep slopes, high TWI and SPI, low TPI as well as profile 

concave forms. Compared to other slope elements in the landscape, topographic hollows are 

conducive for landslide processes. On Mt Elgon slopes of Eastern Uganda, landslides do not 

necessarily occur along hillslope hollows. They have been noted to occur mainly on even broad 

concave elements of slope (Knapen, 2003; Mugagga et al., 2012). This points to the differences in 

topographic parameters that underpin landslide occurrence in different mountain environments of 

the country.  

 

3. 5 Conclusion 

 

The topographic characteristics of Kigezi highlands of South Western Uganda have a major 

influence on landslide occurrence. This is due to its effect on hillslope hydrology and soil 

development. It was established that landslides predominantly occur along topographic hollows 

associated with profile concave forms, high TWI and SPI, low TPI and moderately steep slopes. 

Such topographic settings encourage convergence of moisture and accumulation of soil. They are 

also associated with high saturation rates and erosive power, signifying reduced shear strength of 

the materials. Combined with a steep gradient and deep soils, landslide susceptibility is enhanced. 

Hilltops, uppermost and spur slopes are, however, less susceptible to landslide occurrence. This is 

because such slope sections are associated with profile convex forms, low TWI and SPI, high TPI 

and very steep slopes. They are divergence zones for both soil and moisture. Such slope zones are 

dry, with thin soil profiles and are therefore relatively stable. An understanding of the interaction 

of these topographic parameters and their influence on landslide occurrence is important in 

landslide hazard mitigation. It would be possible to identify and predict potential landslide zones, 

and also demarcate safer zones for community activities. The knowledge generated about the 

area’s topographic characteristics and landslide occurrence will help mitigate community 

vulnerability and reduce disaster risk to landslide hazards in this fragile highland ecosystem.  
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CHAPTER FOUR 
 

The influence of soil properties on landslide occurrence in Kigezi highlands of South 

Western Uganda. 
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 Abstract 

 

Analysis of soil properties is a prerequisite to understanding the spatial distribution of landslides 

in a given region. To evaluate the soil- landslide relationships, field investigations were undertaken 

and soil samples taken at different depths and points along slope profiles and positions. Onsite soil 

property analysis was conducted within the landslide scars, auger holes, and full profile 

representative sites. In order to measure soil-water infiltration rates, in situ infiltration tests were 

performed. A range of physical soil properties including porosity, dispersion, grain size 

distribution, Atterberg limits and shear strength tests were analysed in the laboratory. In order to 

determine clay mineralogical composition of the soil, XRD analysis was carried out. Results show 

that deep soil profiles ranging between 2.5 and 7 m are a major characteristic of the study area. 

Soils are characterized by clay pans at a depth ranging between 0.75 and 3 meters within the 

profiles. The study area is dominated by clay texture, except for the uppermost surface horizons, 

which are loamy sand. All surface horizons analysed had the percentage of sand, silt and clay 

ranging from 33 to 55%, 22 to 40% and 10 to 30% respectively. In the deeper horizons, sand was 

observed to reduce drastically to less than 23%, while clay increased to greater than 50%. The clay 

content is very high in most of the tested samples, exceeding 35% especially in the sub soil, 

implying the vertic nature of the soils, which is a very important factor in the occurrence of 

landslides. In terms of clay mineralogy, the upper soil layers predominantly contain quartz, while 

subsurface horizons have considerable amounts of illite/muscovite as the dominant clay minerals, 

ranging from 43% to 47 %. The average liquid limit was 58.43%, while the average plasticity 

index was 33.3%. The average computed weighted plasticity index was (PIw) 28.4% and average 

expansiveness (ɛex) was 38.6. All the soil samples tested were in the CH group and were classified 

as inorganic clay of high plasticity. Most of the samples have dispersion values greater than 30%. 

The average soil cohesion (C) was 8.2 kPa while angle of internal friction 5.4° signifying weak 

soils. Infiltration rates in the catchment are generally rapid to very rapid, varying between 12.2 

and 88.5 cm h−1.  

 

Such soil characteristics have a great implication on landslide occurrence especially the timing and 

the nature of the processes. Landslides are not normally experienced either during or immediately 

after rainfall events but occur later in the rainfall season. This time lag in landslide occurrence and 



 

87 

 

rainfall distribution, is due to the initial infiltration through quartz dominated upper soil layers, 

before illite/muscovite clays in the lower soil horizons get saturated. An understanding of 

pedological characteristics is an important step in landslide hazard mitigation in Kigezi highlands. 

Potential landslide zones can be identified based on the distribution of weak clay soil materials 

which are vulnerable to slope failure.  

 

 

Key Words: soil properties, landslides, Kigezi highlands 
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4.1 Introduction  

 

Landslides are among the most devastating natural disasters in the world occurring almost across 

all terrains with steep slopes (Guzzetti et al., 1999; Dai et al., 2002; Schuster and Wieczorek, 2002; 

Das et al., 2010; Mugagga et al., 2011; Kirschbaum and Zhou, 2015). The proximate and 

underlying causes of landslides are widely covered in literature (Ngecu and Mathu 1999; Muwanga 

et al., 2001; Breugelmans, 2003; Knapen, 2003; Glade and Crozier, 2004; Kitutu et al., 2004; 

Knapen et al., 2006; Mugagga et al., 2011). No individual factor can be singled out as the cause 

of landslides; a number of conditions usually interact to make rock or soil susceptible to land 

sliding (Selby, 1993). Several studies observe that the susceptibility of a slope to failure is 

dependent on many factors, including the topographic, geotechnical properties of material 

involved and the presence of discontinuities (Guzzetti et al., 2006b; Lopez-Davalillo et al., 2014). 

Most of these variables are specific to a particular area and therefore site-specific studies are 

important (Lee and Talib, 2005; Gonghui et al., 2010; Kirschbaum and Zhou, 2015).  

 

Several authors reveal that landslides are triggered under multiple geomorphological and 

geological conditions and therefore identifying the factors controlling landslide occurrence and 

distribution is difficult (Zhou et al., 2002 Guzzetti et al., 2005; Van Den Eeckhaut et al., 2013). 

Landslides are always associated with disturbance of the equilibrium relationship that exists 

between stress and strength in material resting on a slope. Instability arises when the shear strength 

is exceeded by downslope stress (Montgomery and Dietrich, 1994; Petley, 2008; Gemitzi et al., 

2010; Regmi et al., 2010; Keller and Dexter, 2012). High clay content in the soil, slope curvature, 

steep gradients, land use and high rainfall amounts are considered influential conditions for 

landslide occurrence in East African highlands (Kitutu et al., 2004; Knapen et al., 2006; Kitutu et 

al., 2009; Mugagga et al., 2011).  

 

According to Hong et al.(2007), soil types and soil texture are  primary-level parameters, while 

elevation, land cover types, and drainage density are secondary in terms of landslide inducement. 

As demonstrated by Yalcin (2007) and Jadda et al. (2009), fine textured clayey soils have small 

pores and release water gradually. Such properties make soils prone to landslides because of the 

high-water retention. Vagen (2010), observe that the low permeability of fine textured clayey soils 
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exacerbates the vulnerability to landslides. This is due to increased saturation and pore water 

pressure which reduces soil shear strength leading to landslides (Mugagga, 2011). Kitutu et al. 

(2009), also observe that landslide occurrence is common in areas where sandy clay loams are 

underlain by sandy clay soils. This is because sandy clay loams are lighter and promote faster flow 

of water into the subsurface soil layers richer in clay and stagnates water flow through the soil. This 

leads to water accumulation which increases hydrostatic pressure, resulting in landslide 

occurrence. It has been reported by Sidle et al. (1985) that slope stability is influenced by the 

distribution of pores within the soil matrix and particle size. Several authors indicate that the 

stability of any slope is affected by specific soil parameters including bulk density, shear strength 

and cohesiveness (Sidle et al., 1985; Zezere et al., 1999; Kitutu et al., 2004; Kitutu et al., 2009; 

Zung et al., 2009). To characterize the behaviour and the problem nature of soils, similar properties 

have been used by a number of authors (Bell and Walker, 2000; Schuster and Highland, 2001; Bell 

and Culshaw, 2001; Boehner, 2002; Bell, 2004; Mugagga et al., 2011).  

 

Studies by Knapen et al. (2006), Yalcin (2007), Kitutu et al. (2009) and Mugagga et al. (2011) 

have also revealed that landslide occurrence is mainly as a result of high clay content in the soil 

materials. Several studies further confirm that landslide occurrence is linked to accumulation of 

clay in relict joints as well as specific clay minerals (Breugelmans, 2003; Fauziah et al., 2006; 

Baron et al., 2011). The susceptibility and stability of slope materials is influenced by the presence 

of swelling clay minerals (Morgan, 1993; Selby, 1993; Iganga et al., 2001; Zung et al., 2008; Zung 

et al., 2009; Zinck, 2013). Soils with high clay content are considered as the leading cause of 

landslides and other mass movement process in most East African highlands (Kitutu et al., 2009). 

Soil materials with clay content exceeding 30%, classified as vertic soils (Mukasa-Tebandeke et 

al., 2015) are poorly drained. Such soils have swell-shrink characteristics with change in water 

content and are highly vulnerable to slope failure (Fauziah et al., 2006; Baynes, 2008; Mugagga 

et al., 2011; Yalcin, 2011).  

 

Li et al. (2006) state that clay mineralogy affects the shear and frictional resistance of the soils. 

Among the clay minerals, smectite, particularly montmorillonite and illite, decrease the soil 

residual strength, particularly due to their peculiar colloid-chemical characteristic (Mukasa-

Tebandeke et al., 2016) and contribute to landslide occurrence (Inganga et al., 2001). According 
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to Bell (2004), montmorillonite as a swelling clay mineral has a negative behaviour, very strong 

attraction for water and can induce soil collapse due to susceptibility to volume change. The 

dispersive, collapsible and expansive nature of clay soils constitutes problem soils (Bell and 

Culshaw, 2001). William et al. (1985), note that problem soils are widespread around the world, 

notwithstanding the little attention they receive in many landslide studies. Some studies reveal that 

at various moisture contents, landslides may be induced by problem soils due to their distinct 

shrink-swell properties (Bell, 2004; Yilmaz and Karacan, 2002; Yalcin, 2007; Zung et al., 2009; 

Yalcin, 2011).  

 

According to Zinck (2013), soil physical properties in the unsaturated zone affect a large variety 

of processes determining the occurrence of shallow landslides. Unsaturated soil hydrology has 

been identified as a key factor for shallow landslide initiation and dynamics (Li et al., 2006; Kitutu 

et al., 2009; Li et al., 2010). According to Inganga et al. (2001) and Gonghui et al. (2010), the 

most important cause of shallow landslides is the decrease of matric suction after a rainstorm and 

the development of positive pore pressures above the water table. In particular, soil shear strength 

decreases non-linearly with increasing soil matric suction (Selby, 1993). The suction becomes less 

negative as the soil approaches saturation and therefore becomes more susceptible to failure 

(Kitutu et al., 2009). Such soil properties vary significantly in space and require site-specific 

investigations to understand their contribution to landslide occurrence. Area specific information 

on soil properties including soil depth, angle of internal friction, clay mineralogy, particle size 

distribution, cohesion and bulk density is required to determine landslide susceptibility (Gonghui 

et al., 2010; Mugagga et al.,2011; Roller et al., 2012). Whereas previous landslide studies in 

Uganda have focused on the volcanic soils of the Mount Elgon Region in Eastern Uganda (e.g., 

Inganga and Ucakuwun, 2001; Muwanga  et al., 2001; Knapen, 2003; Kitutu et al., 2004; Knapen 

et al., 2006; Kitutu et al., 2009; Kitutu et al., 2011; Mugagga et al., 2011), the present study 

examines the influence of the non-volcanic soils on landslide occurrence in Kigezi highlands, 

south western Uganda. This will provide a comparative understanding of the influence of soil 

properties on landslide occurrence in both mountain and highland environments of the country. 
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4.2 Materials and methods 

 

4.2.1 Soil morphological analysis 

 

To evaluate the soil-landslide relationships, field investigations were undertaken and soil samples 

taken at different depths and points along the slope profile as well as slope positions. Soil 

description was done according to FAO guidelines for soil descriptions (FAO, 1990 and 2006). In 

order to determine soil sampling sites, landslide scars were categorized in groups based on their 

morphological characteristics including depth, width, length, geology and structure. After 

analysing the profiles, the characteristics and similarities of soils in the landslide scars were 

identified. Landslide scars with similar visible morphological and soil characteristics were grouped 

together. After grouping the landslides, representative scars were sampled in each of the groups 

for soil analysis. It is therefore the landslide sites that determined the sample sites for soil analysis. 

The 65 visible landslide scars identified in the study area were categorized into 10 groups based 

on their characteristics. Only 10 landslide scars representing each of the 10 groups were sampled 

for analysis of soil profiles and particle size distribution. Four soil profiles were exposed on each 

landslide site in the valley bottoms, lower-middle, upper-middle and uppermost slope elements. In 

total, 40 soil profiles were used to characterize the in-situ soil properties. Three soil samples were 

collected from each of the profiles in the A, B and C horizons. In total, 120 soil samples were 

collected and used in the analysis of soil morphological characteristics (Table 4.2).  

 

Onsite soil property analysis was conducted within the landslide scars, auger holes, and full profile 

representative sites. Profiles in the upper slope sections were dug up to a depth of 1 to 1.5m while 

those in the middle slopes ranged between 2 to 4m and the lower slope soil profiles were greater 

than 5m.  Soil depth was classified into three broad groups of shallow, medium and deep. Soil 

samples were taken at a landslide site level within and outside the landside scars. At each landslide 

scar, were dug from the summit to the valley bottom to evaluate the pedological variations along 

soil profiles. The profiles were exposed for determination of soil textural and structural properties. 

Onsite soil property analysis was done within the mini-pits, auger holes, and full profile 

representative sites (Fig. 4.1). Soil horizons were analysed in detail with a specific focus on depth, 

colour, texture, presence and location of clay pans, and structure. Soil colour characteristics for 
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each horizon were obtained using the Munsell soil colour chart. Site analyses sought to characterise 

among other things, soil matrices and bedrock within each landform.     

4.2.2 Soil-water infiltration 

 

Soil infiltration properties were analysed to gain an understanding of the hydrological 

characteristics of slope materials in the study area. According to Bagoora (1997), increased rainfall 

is the main factor triggering landslides in Kigezi highlands due to increased pore water pressure in 

voids.  In order to understand the occurrence of landslides in Kigezi highlands, characterization of 

infiltration is of utmost importance. Quantification of infiltration rates is important to understand 

the mechanism of slope failure at hillslope and watershed scales. Infiltration rate is the amount of 

water which penetrates the soil per surface area and unit time (Bamutaze et al., 2010). Measuring 

infiltration rates involves a number of methods (e.g. ASTM D3385, 2003; Ahmed et al., 

2011), including laboratory analysis as well as in situ measurements (Stolte, 2003; Wenck 

Associates, 2008; Rousseau et al., 2012).  

In order to measure water infiltration rates of the soil, in situ infiltration tests were performed. Due 

to variations between soil characteristics with slope position and topographic configurations, 

infiltration tests were performed at 4 slope positions namely valley bottom, lower middle, upper 

middle and uppermost, as well as along spurs and topographic hollows. At each landslide site, 

eight infiltration tests were conducted, four along the topographic hollow and four on the spur 

slopes totalling to 32 experiments on the 4 landslide sites. Land use and cover categories 

considered in infiltration experiments included natural forests, shrub and thickets, grassland and 

bush land, fallow land, tree plantations, bananas, potatoes, sorghum, vegetables, beans, and 

intercropped gardens. 

Field measurements of soil water infiltration were done using the double ring infiltrometer method 

(ASTM D3385-03, 2003), which consists of two concentric metal rings (Wenck Associates, 2008;  

Bamutaze et al., 2010; Philips and Kitch, 2011; Ahmed et al., 2011). The purpose of the outer ring 

was to reduce edge effects and produce one-dimensional, vertical water flow in the inner ring. The 

rings were driven into the ground and filled with water, which was poured into both the outer and 

inner rings. Following Walsh and McDonnell (2012), water in both rings was kept at 

https://stormwater.pca.state.mn.us/index.php?title=Determining_soil_infiltration_rates#References
https://stormwater.pca.state.mn.us/index.php?title=Determining_soil_infiltration_rates#References
https://stormwater.pca.state.mn.us/index.php?title=Determining_soil_infiltration_rates#References
https://stormwater.pca.state.mn.us/index.php?title=Determining_soil_infiltration_rates#References
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approximately the same level in order to promote vertical water movement and prevent lateral 

flow. A ruler was firmly placed vertically into the inner ring and water was poured continuously 

in both the inner and outer rings (Fig. 4.1). The time taken to reach steady state water infiltration 

rate at all sites varied between 1 and 2 hours. The drop-in water level or volume in the inner ring 

was used to calculate an infiltration rate.  

 

 
Fig. 4.1: Field analysis of soil properties in the mini-pits, profiles and infiltration tests.  

 

Given the importance of pore water pressure and antecedent moisture in landslide occurrence in 

the study area (Bagoora 1997 and NEMA 2010), rainfall data are important in the analysis of 

landslide occurrence (Bagoora, 1998). Rainfall data for the region were obtained from Kabale 

Meteorology Station, weather data 2015: WMO No. 63726, National No. 91290000, station name 

Kabale, at Elevation 1867m, Latitude 01˚ 15̍, Longitude 29˚ 59̍, and Kabale District local 

government environmental reports (2008, 2012 and 2015). The data obtained included the mean 

annual precipitation, the average number of rainy days, monthly and seasonal rainfall amounts and 

distribution, the precise or approximate period of the failures. Rainfall data were compared with 



 

94 

 

landslide occurrence periods to ascertain the influence of rainfall distribution and amounts on 

landslide distribution. 

4.2.3 Laboratory analyses  

Soil samples for laboratory examination were taken vertically for each 0.4m in colluvium material. 

The samples consisted of undisturbed blocks and disturbed bag samples, all obtained from shallow 

trench pits. Scope of the laboratory testing comprised shear box, Atterberg limits, sieve and 

hydrometer analysis, specific gravity using test standards shown in Table 4.1 and XRD analysis. 

These tests were used in the estimation of porosity, dispersion, saturated specific weight, and 

saturation humidity. These properties are considered relevant in understanding and characterizing 

site-specific landslide occurrence (Van Der Merwe, 1976; Sidle et al., 1985; Bell and Maud, 1994; 

Zezere et al., 1999; Bell and Walker, 2000; Bell and Culshaw, 2001; Kitutu et al., 2004; Kitutu et 

al., 2009; Zung et al., 2009; Mugagga et al., 2011). A series of laboratory tests were conducted in 

order to define the main physical and mechanical characteristics of the soil. The tests performed 

included the natural water content, unit weight, degree of saturation, grain size distribution, 

Atterberg limits (liquid, plastic and shrinkage limits) and strength tests. The tests were performed 

at the Soil, Plant and Water Analytical Laboratory, Department of Agricultural and Environmental 

Sciences, Makerere University and TECLAB Limited (The Engineers laboratory) Nalukolongo, 

Kampala Uganda, in accordance with the British Standard BS 1377 (British Standards Institution 

1990) procedures listed in Table 4.1. 

 

Table 4.1: Tests and standards used on disturbed samples 

Test Description Test Standard 

Particle size distribution BS 1377: Part 2, Sub cl. 9.2: 1990 

Liquid Limit BS 1377: Part 2, Clause 4:1990 

Plastic Limit and  Plasticity Index BS 1377: Part 2, Clause 5:1990 

Linear Shrinkage BS 1377: Part 2, Clause 6:1990 

Shear Box Test BS 1377: Part 7, :1990 

Double Hydrometer ASTM D4221 – 11 
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Mechanical analysis w a s  u s e d  i n  determining the size of particles present in a soil, expressed 

as a percentage of the total dry weight. Two methods were used to determine the particle- size 

distribution of the soil; (1) Sieve analysis used for particle sizes larger than 0.075 mm in diameter 

(gravel and sand size particles), and (2) Hydrometer analysis used for particle sizes smaller than 

0.075 mm in diameter (silt and clay size particles). Sieve analysis involved shaking of the soil 

sample through a set of sieves (ranging from 75.00mm to 0.075 mm). The percentage passed of 

the finest size and the percentage weights retained on each of a series of standard sieves of 

decreasing size were used to infer particle size distribution. 

 

Atterberg Limits 

 

Atterberg limits are a standard measure of the consistency of fine-grained soils depending on its 

moisture content (Kitutu et al., 2009). These limits were used to determine soil plasticity, which 

provides a clue to the type of mass movement that would characterise a given area (e.g. Moussadek 

et al., 2017). The susceptibility of slopes to landslide processes is explained by the problem nature 

of the soil, particularly its expansion properties at different moisture and clay content which is 

determined by Atterberg Limits (Fauziah et al., 2006; Isik and Keskin, 2008 and Mugagga et al., 

2011). In order to carry out the Atterberg limit tests, 40 soil samples were collected from 10 

representative landslide sites. On each of the representative landslide site, 4 samples were collected 

from the valley bottoms to the uppermost slope elements. Atterberg limit tests were carried out in 

the geotechnical laboratory on a number of soil samples obtained from the landslide sites. They 

were conducted to describe the plasticity of clay and to measure the critical water contents of a 

fine-grained soil. The tests gave an indication of the levels of saturation and response of a soil 

material to landslide occurrence. Atterberg limits provided useful information regarding soil 

strength, behaviour, stability, type, and state of consolidation. The limits were determined as the 

Liquid Limit (LL) and the Plastic Limit (PL) using the procedures in ASTM Standard D 4318 and 

D431/84 and also CNR UNI 100141 (e.g., Gao and Maro, 2010). The Plastic Limit (PL) and Liquid 

Limit (LL) for each sample were determined using the drop cone penetrometer method at the soil 

mechanics laboratory. The results of grain-size distribution and Atterberg limits tests were used to 

classify the colluvium soils according to the Unified Soil Classification System which enabled 

further classification of the fine material.  

https://en.wikipedia.org/wiki/Soil
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Soil dispersion tests 

 

Dispersive soils are those which behave as unconsolidated single grained fine particles rather than 

as a cohesive mass. They have almost no resistance to mass movement and have low shear strength 

(Fauziah et al., 2006; Zinck, 2013). This renders them highly dispersive and therefore susceptible 

to landslides (Zung et al., 2008). Four samples were collected from each of the 10 representative 

landslide sites, giving a total of 40 samples used for soil dispersion testes. A double hydrometer 

test was used based on Stoke’s law of settling velocity as an indicative laboratory test for 

identification of dispersive soils using the following procedure; 

 

(a) Determination of the % passing 0.005mm with standard hydrometer testing using a 

chemical dispersing agent, 

(b) Carrying out a separate hydrometer analysis using no dispersing agent and determining the 

percentage passing 0.005mm, 

(c) The percentage dispersion was defined as; Dispersion = [(% passing 0.005mm from b)/ (% 

passing 0.005mm from a)] x100. Values greater than 30% were considered significant 

while values greater than 60% were considered critical. 

 

Soil expansiveness 

 

To determine whether the soils in the study area are susceptible to slope failure, investigations 

were done to determine the expansiveness of the soil. Expansive soils are those that exhibit 

particularly large volumetric changes (swell and shrinkage) following variations in their moisture 

content (Morgan, 1993; Selby, 1993; Bagoora, 1997). Three procedures were done to determine 

the expansiveness of the soil in the study area. The first procedure involved carrying out field 

surveys. During such field surveys, particular attention was paid to the swelling-shrinking 

characteristics of particularly clay soils (slickensides and shrinkage cracks), which play an 

important role in predisposing slope to failure. A description of the crack patterns on the soil 

surface was done at different sites. The second procedure entailed calculating the weighted 

Plasticity Index (PIw) on the fraction <425µm and weighted for the sample’s actual content of 

particles <425 µm. As defined by Isik and Keskin (2008), plasticity is the ability of a soil to 
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undergo unrecoverable deformation at constant volume without cracking or crumbling. PIw was 

determined using the formula: 

 

PIw = PI * (% passing 425µm)/100.  

Where PI is the Plasticity index.  

 

The third procedure involved calculating the expansiveness (ɛex) using the formula: 

 ɛex =2.4wp - 3.9ws + 32.5,  

Where; wp = (Plastic Limit) * (%passing 425mm)/100 and ws = (Shrinkage Limit) * (%passing 

425mm)/100. 

 

Clay mineralogy analyses 

Several studies link landslide occurrence to specific clay properties (Yalcin, 2007; Kitutu et al., 

2009; Mugagga et al., 2011; Yalcin, 2011). Properties of clays are determined by their 

mineralogical compositions (Mukasa-Tebandeke et al., 2016). In the present study, clay 

mineralogical composition was analysed using X-ray diffraction. Due to financial consideration 

associated with budget constraints, only 16 samples were collected for clay mineralogical analysis. 

The samples were obtained from 8 representative landslide sites consisting of both the top soils 

and sub soils.  Soil samples were prepared for XRD analysis using the back loading preparation 

method (e.g., Okalebo et al., 1993). It was analysed with a PANalytical Aeris diffractometer with 

PIXcel detector and fixed slits with Fe filtered Co-Kα radiation. The phases were identified using 

X’Pert Highscore plus software. The relative phase amounts (weight %) were estimated using the 

Rietveld method.  

 

Shear strength tests 

 

Shear strength parameters are also crucial for slope stability analyses (Bhudu, 2000; Li et al., 2006; 

Kitutu et al., 2009; Gonghui et al., 2010; Mugagga et al., 2011). To determine the strength of 

materials, shear strength tests were executed on samples obtained from the landslide sites. These 

tests included Shear Box and Unconsolidated - Undrained (UU) tests. The tests were conducted to 
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determine the mechanical soil properties which were used in slope stability analysis. Specimens 

from a relatively undisturbed soil samples were tested to determine the shear strength parameters 

of soil cohesion (c) and the angle of internal friction (ϕ).  

 

Soil samples retrieved from the field were passed through a 2-mm sieve and the large fragments 

that could influence measurement were removed. Materials finer than 2mm were then used to 

prepare specimens for the direct shear tests. The shear strength test was carried out in accordance 

to British Standard (BS) 1377: Part 7: 1990 as given in Table 4.1, on the recovered undisturbed 

soil samples. Results of the tests on each specimen were plotted on a graph with the peak (or 

residual) stress on the y-axis and the confining stress on the x-axis to determine the cohesion (C) 

and the internal angle of friction (ϕ) values of the materials, which were then used to calculate the 

factor of safety of materials. 

 

4.3 Results 

 

4.3.1 Soil morphological properties  

 

4.3.1.1 Soil profile characteristics  

 

 

Shallow soil groups were noted as less than 0.85 m in depth and occured on very steep (35˚–45˚), 

and precipitous (>45˚) slopes. Medium and deep soil groups were 1.5 – 4 m and greater than 6 m, 

occupying midslopes along topographic hollows and lower slopes respectively (Table 4.2). Surface 

layers (A horizon) were covered by deposited black soils with an average depth of 0.5m to 1m. 

They are composed of fine particles and high humus content from decomposing litter (Fig. 4.2). 

The B and C horizons had depths ranging from 0.65m to 3.44m and 0.88 m and 5.7m, with a 

reddish brown color and coarse-textured materials concentrated in the lowest layer, respectively 

(Table 4.2 and Fig. 4.2). The unweathered material was buried at a depth of 1.3m along the spur 

slopes, 4.5m along topographic hollows and 7m in the valley bottoms.  
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Table 4.2: Soil morphological characteristics  

landslide 

site 

Soil 

Profile 

Slope 

position 

Slope  

Gradient  

in 

degrees 

Soil 

depth 

in 

meters   

Location 

of clay 

pan 

Horizon 

A in 

metres 

percentage 

distribution 
Horizon 

B in 

metres 

percentage distribution 
Horizon 

C in 

metres 

Percentage  
distribution 

Sand Silt Clay sand silt  Clay Sand silt clay 

1 

P1 

Upper 

slope  38 0.92 0.55 0.61 44 33 23 0.82 28 24 48 0.88 12 28 60 

P2 

Upper-

Middle 31 1.72 1.02 0.75 44 32 25 1.21 27 25 48 1.55 18 31 51 

P3 

Lower 

middle 21 3.32 1.17 1.17 54 23 23 1.94 21 23 56 2.94 23 27 50 

P4 

Bottom 

valley 9 5.11 3.14 1.44 38 34 28 2.82 22 16 62 4.12 21 26 53 

2 

P5 

Upper 

slope  47 0.71 0.43 0.67 40 31 29 0.69 23 24 53 0.7 20 25 55 

P6 

Upper-

middle  26 2.12 1.22 0.82 33 40 27 1.44 29 25 46 2.02 18 19 63 

P7 

Lower 

middle 18 3.83 2.16 0.93 38 32 30 2.11 30 24 46 3.21 22 26 52 

P8 

Bottom 

valley 10 6.21 3.11 1.11 42 30 28 3.21 21 17 62 4.23 17 22 61 

3 

P9 

Upper 

slope  34 0.62 0.72 0.62 39 36 25 0.92 24 21 55 1.22 23 26 51 

P10 

Upper-

middle 28 2.03 1.44 0.74 42 31 27 1.23 28 25 47 1.95 21 26 53 

P11 

Lower 

middle 21 3.92 2.82 0.92 35 37 28 1.94 19 33 48 3.32 19 27 54 

P12 

Bottom 

valley 11 5.82 3.32 1.23 40 34 26 3.11 24 20 56 4.74 21 30 49 

4 

P13 

Upper 

slope  48 0.78 0.69 0.65 43 36 21 0.75 28 27 45 0.91 23 27 50 

P14 

Upper-

middle 30 1.83 1.12 0.82 44 30 26 1.22 22 14 64 1.73 19 37 44 

P15 

Lower 

middle 16 3.41 1.92 0.93 43 32 25 1.88 21 29 50 3.11 22 23 55 

P16 

Bottom 

valley 8 6.34 3.17 1.13 40 34 26 3.11 31 18 51 5.44 20 27 53 

5 

P17 

Upper 

slope  43 0.65 0.73 0.61 41 33 26 0.82 25 28 47 1.11 21 22 57 

P18 

Upper-

middle 31 1.74 0.93 0.73 44 32 24 1.44 20 28 52 1.72 22 25 53 

P19 

Lower 

middle 19 3.12 1.83 0.84 45 32 23 2.11 24 26 50 2.88 18 28 54 

P20 

Bottom 

valley 7 6.81 3.24 1.06 47 30 23 3.33 26 30 44 5.81 21 25 54 

6 

P21 

Upper 

slope  46 0.87 0.61 0.66 44 31 25 0.93 23 30 47 1.31 20 27 53 

P22 

Upper-

middle 29 2.31 1.22 0.81 50 32 18 1.71 25 27 48 2.11 19 20 61 

P23 

Lower 

middle 15 4.12 2.12 1.22 42 22 36 2.34 22 36 42 3.88 19 31 50 

P24 

Bottom 

valley 11 7.12 3.11 1.54 40 28 32 3.33 21 18 61 4.78 22 29 49 
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7 

P25 

Upper 

slope  44 0.93 0.82 0.77 52 32 16 0.87 27 23 50 0.93 23 19 58 

P26 

Upper-

middle 33 2.21 1.36 0.88 43 29 28 1.32 26 24 50 2.01 16 34 50 

P27 

Lower 

middle 18 3.36 1.97 0.91 46 36 18 2.11 22 31 47 3.12 23 25 52 

P28 

Bottom 

valley 13 6.61 3.92 1.22 55 35 10 3.42 18 36 46 4.68 18 36 46 

8 

P29 

Upper 

slope  42 0.96 0.78 0.71 50 35 15 0.88 31 23 46 0.97 21 26 53 

P30 

Upper-

middle 25 2.42 1.44 0.92 44 37 19 1.94 28 23 49 2.11 22 28 50 

P31 

Lower 

middle 20 4.21 2.33 0.95 48 30 22 2.88 30 25 45 3.89 18 21 61 

P32 

Bottom 

valley 12 7.21 3.12 1.23 47 37 16 3.44 22 36 42 5.88 20 27 53 

9 

P33 

Upper 

slope  48 0.83 0.48 0.66 49 33 18 0.84 30 21 49 0.95 23 26 51 

P34 

Upper-

middle 28 1.94 0.78 0.77 42 36 28 0.91 28 21 51 1.44 19 27 54 

P35 

Lower 

middle 22 3.56 2.21 0.93 53 31 16 2.45 27 25 48 3.22 18 30 52 

P36 

Bottom 

valley 8 6.72 3.37 1.11 50 27 23 3.11 19 37 44 5.77 19 24 57 

10 

P37 

Upper 

slope  45 0.94 0.53 0.71 44 33 23 0.88 29 23 48 1.17 21 24 55 

P38 

Upper-

middle  34 2.44 1.52 0.93 40 33 27 1.98 23 27 50 2.23 23 20 57 

P39 

Lower 

middle 17 4.23 2.17 1.03 48 33 19 2.44 17 20 63 4.11 22 21 57 

P40 

Bottom 

valley 11 6.83 3.13 1.33 45 30 25 3.12 18 35 47 5.88 22 18 60 

Where P is the soil profile number 

 

Soil profile analysis in the mini pits showed remarkable variations in colour and texture with depth. 

The soil profiles show visible colours and textural gradation within 3 distinct horizons. Most of 

the analysed profiles in the upper slope sections exhibit an abrupt change in colour from yellow 

(5Y8/2) to brown (7.5YR5/2) clay with γ 2.06 g/cm³. The subsurface horizons have a dark reddish 

brown (5YR 3/6) and orange (7YR 5/6) colour in moist and dry conditions respectively (Fig. 4.2). 

Profiles in the lower slope sections have surface horizons with brown (7.5YR 4/4) colour both in 

moist and dry conditions and a dark to dull reddish brown colour (7.5YR 4/6) in underlying 

horizons. The materials then gradually grade into a light grey (2.5Y7/1) silty clay with alternating 

grey and brown strips. The colour for the surface horizons in the profiles along the middle slope 

sections is dark (7.5YR 4/1) and dull brown (7.5YR 5/4) in moist and dry conditions 
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respectively. The colour changes with depth to dark yellowish brown (10YR 5/6) (Fig. 4.2). 

Together with other physical properties, soil colour was used to differentiate between types of 

horizons of the same and different soil profiles. Soil colour as a physical property of soils was used 

in the present study to gain insights into some of its most important characteristics, such as mineral 

composition, age and soil processes (e.g. chemical alteration, carbonate accumulation and the 

presence of humified organic matter).   

A relationship exists between soil depth and slope gradient, positions as well as topographic 

configurations. Soil profile description along the slope profile revealed that soil depth decreased 

with an increase in slope gradient. Whereas very deep soils (>5m) are found on slope sections with 

gradient lower than 10˚, moderately deep soils (2 to 5 m) lie on slope angles between 15˚ and 35˚. 

Very steep slopes with gradients greater than 35˚ are associated with shallow skeletal soils of less 

than1m (Table 4.2). A relationship was also established between soil depth and slope curvature. 

Very deep, deep and moderately deep soil profiles (>2.5 m) are found along concave profile forms 

within topographic hollows. Convex profile forms along hilltops and spur slopes tended to have 

shallow skeletal soils of less than 1 m. 

 

4.3.1.2 Location of clay pans 

 

Field observations within mini pits and dug profiles indicated the presence of clay pans at a depth 

ranging between 0.75 and 3 m within the profiles (Table 4.2 and Fig. 4.2). A clay pan is an 

indurated and/or cemented dense-less permeable layer in the subsoil having a much higher clay 

content than the overlying material (Gillot, 1986). They are sticky when wet and hard when dry 

(Jiang et al., 2007a). In the study area, there is variation in the location of clay pans within the soil 

profile. In some profiles, the clay pans were observed near the surface while in some horizons the 

pans were identified at greater depths. Whereas the upper slope soil profiles have clay pans near 

the surface at a depth of less than 0.85 m, lower slope soil profiles have pans at a depth greater 

than 2 m. 
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Fig. 4.2: Soil profiles dominated by clay pans in the sub-surface soils. 

 

Clay pans in soil profiles along the middle slope sections are located at depth ranging from 1- 2 m 

(Table 4.2).  Characterizing the variation in the depth of the clay pan horizon is a helpful step in 

describing other soil properties, as explored in the discussion section.  

4.3.2 Effect of particle size on landslide occurrence 

The study area is dominated by clay soils in the subsurface horizons. The particle size 

determination (Fig. 4.3) shows that the soils of the study area are dominated by clay presence, 

except for the uppermost surface horizons. The coarse-grained soils (sand and gravel) are 

represented by the soil particle proportion passing through sieve #200 and are less than 50% (Table 

4.2). The fine-grained soils (clays and silts) are represented by the percentage of soil passing 
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through sieve #200 and are greater than 50% of the soil in all the samples (Fig. 4.3 and Appendix 

2).  

 

Fig. 4.3: Particle size distribution curves. 

 

A predominance of fine grained materials of either silt or clay was identified. Sieve analyses 

indicated that soil texture varies with soil profile depth. Whereas sand particles dominate the top 

soils, finer silt and clay materials dominate the subsurface horizons. All surface horizons analysed 

had the percentage of sand, silt and clay ranging from 33 to 55%, 22 to 40% and 10 to 30% 

respectively. Whereas sand and silt percentages reduced from 18 to 30% and 14 to 36% in the 

subsurface horizons, the clay percentage increased from 42 to 64%. In the deeper horizons, sand 

was observed to reduce drastically to less than 23%, while clay increased to greater than 50% 

(Table 4.2). 
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The variation of clay content in the soil samples from the threshold values is presented in Figs 

4.4 to 4.6. 

 
Fig. 4.4: Variation of clay content from the threshold values for the top soil horizons 

 

 
Fig. 4.5: Variation of clay content from the threshold in the subsoil horizons. 
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Fig. 4.6: Variation of clay content from the threshold values in the deeper soil horizons. 

From Figs 4.4 to 4.6, it is clear that the clay content in all the horizons is well above the 10% 

threshold values for expansive materials (e.g., Wati et al., 2010; Mugagga et al., 2011). A few 

samples in the top soil are above the 32% threshold values for vertic soils (see Van Der Merwe, 

1964; Baynes, 2008). The clay content for all the samples in the sub soil and deep soil horizons is 

well above the 32% threshold for vertic soils. The extremely fine-textured nature of the material 

in sub soil horizons of the study area have strong implications for landslide occurrence, as will be 

explained in the discussion section. The clay fraction, which is well above the 10% threshold, 

explains the shrink-swell properties. The soils exhibit extreme expansion potential and are hence 

susceptible to landslides. The clay content is very high in most of the tested samples exceeding 

35% (Table 4.2), especially in the sub and deeper soil horizons, implying vertic nature of the soils. 

The swelling and shrinkage characteristics of vertic soils are a very important factor in the 

localisation of landslides, as it will be explored in the subsequent section on clay mineralogy.  
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4.3.3 Clay mineralogy and landslide occurrence 

The results of the X-ray diffraction tests are provided in Fig 4.7 and Table 4.3. 

 

 

Fig. 4.7: XRD patterns of clay minerals 
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Table. 4.3: XRD mineral distribution in percentages 

Samples 

Soil 

horizon 
Quartz  

Illite/ 

muscovite 
Kaolinite Paragonite Hematite Microcline  Lizardite  

1 Top soil 56 26 9 4 1 0 4 

2 sub soil 46 43 7 2 1 0 1 

3 Top soil 60 27 6 6 2 0 0 

4 sub soil 39 43 8 4 3 1 1 

5 sub soil 42 41 10 3 2 1 1 

6 sub soil 43 45 8 2 1 1 0 

7 sub soil 43 42 9 3 1 1 0 

8 sub soil 36 47 11 3 1 1 1 

9 sub soil 36 44 12 5 1 1 1 

10 Top soil 75 18 5 0 2 0 0 

11 Top soil 62 28 6 2 1 0 2 

12 Top soil 76 16 6 1 0 1 0 

13 Top soil 71 22 5 0 1 0 2 

14 sub soil 41 46 7 4 0 1 1 

15 Top soil 64 22 6 4 2 0 2 

16 Top soil 82 12 3 2 0 2 0 

0 = n.d. – not detected above the detection limit of 0.5 -3 weight percent 

 

From the X-ray diffraction patterns, it is clear that the main constituent minerals of the samples 

include quartz, illite/ muscovite and kaolinite. Samples from the top soil predominantly contain 

more quartz. The implication of such high amounts of quartz/sand in the top soil horizons for soil 

behaviour will be unravelled in the discussion section. Subsurface horizons have considerable 

amounts of illite/muscovite as the dominant clay minerals, ranging from 43% to 47 % (Table 4.3 

and Fig 4.7). Notwithstanding the absence of smectite clays, the soils contain large amounts of 

moderately expansive clays, particularly illite/ muscovite. 

 
Fig. 4.8: Variation of illite/muscovite content from the threshold values.  
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From Fig. 4.8, it can be observed that more than 81% of the analysed samples had percentage of 

illite/muscovite minerals above 20% threshold value (see Ohlmacher, 2000; Wati et al., 2010) and 

are considered as highly expansive. More than 50% of the samples had values greater than 30% 

and are considered as very high (e.g., Husein et al., 1999). 

4.3.4 Soil dispersion and landslide occurrence 

 

Atterberg Limit tests results are presented in Table. 4.4 and Fig. 4.9. The Liquid Limit and 

Plasticity Index for all the tested samples is greater than 50% and 30% respectively (Table 4.4). 

From the plasticity chart (Fig. 4.9), all the soil samples tested were inorganic clay of high plasticity 

belonging to the CH group. Such soils can easily move when saturated, leading to high incidence 

of landslide occurrence. 

 

Table. 4.4: Plasticity index and shear strength parameters 

Soil 

sample 

Plasticity 

Shear strength 

Parameters 

Soil Class USCS C ' φ ' 

Liquid 

Limit 

Plastic 

Value 

Plasticity 

Index 

Linear 

Shrinkage wp ws PIw ɛex 
kPa (Degree) 

1 58 26 32 15 20 11 24 37 7 3 Clayey CH 

2 54 21 33 15 16 12 25 26 7 4 Clayey CH 

3 66 22 44 21 18 16 35 11 5 5 Clayey CH 

4 58 27 31 15 20 11 23 39 7 4 Clayey CH 

5 53 29 25 11 19 8 16 50 9 5 Fat Clay CH 

6 60 26 34 16 18 11 24 32 10 7 Clayey CH 

7 54 27 27 13 20 9 20 45 8 6 Clayey CH 

8 52 25 27 12 17 9 18 40 6 3 Clay Loam CH 

9 56 24 32 15 19 12 26 31 9 3 Clay Loam CH 

10 66 25 41 20 18 15 31 20 10 8 Clay Loam CH 

11 50 23 28 13 18 10 21 37 11 7 Clay Silt CH 

12 49 29 20 11 23 8 18 55 5 4 Clay Silt CH 

13 60 27 33 16 20 12 25 35 7 4 Sand Clay CH 

14 57 23 34 16 19 13 27 28 8 4 Sand Clay CH 

15 57 28 29 14 21 10 21 43 7 3 Clay Loam CH 

16 53 26 27 13 20 10 15 36 8 5 Clay Loam CH 

17 49 24 25 13 18 8 21 41 7 3 Clay Silt CH 

18 50 26 24 15 20 11 24 37 7 4 Silty Clay CH 

19 52 21 31 15 16 12 25 26 5 5 Silty Clay CH 

20 66 22 44 21 18 16 35 11 7 4 Clay Loam CH 

21 58 27 31 15 20 11 23 39 9 5 Clay Loam CH 

22 53 29 24 11 19 8 16 50 10 7 Clay Silt CH 

23 60 26 34 16 18 11 24 32 8 6 Clay Loam CH 

24 54 27 27 13 20 9 20 45 6 3 Sand Clay  CH 
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25 52 25 27 12 17 9 18 40 7 3 Sandy Loam CH 

26 56 24 32 15 19 12 26 31 7 4 Clayey CH 

27 66 25 41 20 18 15 31 20 5 5 Silty Clay CH 

28 50 23 27 13 18 10 21 37 7 4 Clay Loam CH 

29 49 29 20 11 23 8 18 55 9 5 Clayey CH 

30 60 27 33 16 20 12 25 35 10 7 Silty Clay CH 

31 57 23 34 16 19 13 27 28 8 6 Clay Loam CH 

32 57 28 29 14 21 10 21 43 6 3 Clay Loam CH 

33 53 26 27 13 20 10 21 41 9 4 Clay Loam CH 

34 49 24 25 13 17 9 20 39 9 6 Clayey CH 

35 51 25 26 15 20 11 23 39 7 4 Clay Loams CH 

36 62 28 34 11 19 8 16 50 9 5 Silty clay CH 

37 63 26 37 16 18 11 24 32 10 7 Silty clay CH 

38 55 24 31 13 20 9 20 45 8 6 Clayey CH 

39 58 29 29 12 17 9 18 40 6 3 Clayey CH 

40 52 25 27 15 19 12 26 31 9 3 Clay Loam CH 

 

The fine-grained soil materials tested had Liquid Limits (LL) with an average value of 58.43%, 

ranging between 50.43% and 66.43%, considered to be of high plasticity.  

Fig. 4.9: The distribution of samples on the plasticity chart for the USCS. 
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Fig.4.9 shows the results of the Atterberg limits tests plotted on a plasticity chart in order to 

determine soil classification based on the Unified Soil Classification System ASTM D2487 

(ASTM International, 2004a). It is evident that soils in the study area have high plasticity as already 

revealed by XRD results.  

 

The variation of the Liquid Limits from the threshold values is illustrated in Fig. 4.10. 

 
Fig. 4.10: Variation of Liquid Limits from the threshold values for expansive materials 

 

From Fig. 4.10, it is clear that all the samples have Liquid Limits above the 25% threshold for 

expansive potential (See Baynes, 2008). More than 90% of the samples have Liquid Limits above 

50% and are highly expansive. 

 

The plastic value ranged from 21.3% to 28.9% with an average of 25.1%, while the average 

plasticity index was 33.3% ranging from 22.4% to 44.2% (Table 4.4). The clay materials have 

plasticity index greater than 30, hence considered as highly plastic and expansive. The variation 

in plasticity index values from the thresholds are illustrated in Fig. 4.11. 
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Fig. 4.11: Variation of Plasticity Index from the threshold values for expansive materials 

 

From Fig. 4.11, it is clear that more than 40% of the analysed samples have a plasticity index above 

the 32% threshold for extremely high expansive potential (see Van Der Merwe et al., 2002; 

Baynes, 2008). The presence of many cracks, observed on the soil surface during field 

investigations confirmed this (Fig. 4.12). The presence of such cracks is also a characteristic of 

Vertisols with high expansive potential.  

 
Fig. 4.12:  Highly expansive materials with many surface cracks. 
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The computed Linear Shrinkage (LS) ranged between 10.53 and 20.76 (Table 4.4). The computed 

weighted Plasticity Index (PIw) ranged between 17.92 % and 34.92% averaging 28.4% while the 

expansiveness (ɛex) ranged between 10.7 and 54.8 averaging 38.6 for all the soil samples (Table 

4.4). The computed weighted plasticity index for most of the tested soils is above the 20% 

threshold for expansive soils (See Gourley and Schreiner, 1993), signifying highly unstable soils. 

From Fig. 4.13, it can be observed that more than 65% of the analysed samples have a weighted 

plasticity index above the 20% threshold. 

 

 
Fig. 4.13: Variation of computed weighted plasticity index from threshold values for expansive 

soils. 

 

All tested samples had expansiveness (ɛex) within the range of 20 to 50 (Table 4.4), indicating 

medium expansive soils susceptible to slope failure. More than 90% of the analysed samples have 

expansiveness above the 20% threshold (Elges, 1985; Gourley and Schreiner, 1994). More than 

80% of the samples have values between 20 and 50% showing medium expansive soils (Fig. 4.14).  
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Fig. 4.14: Variation of expansiveness of the soil from the threshold values. 

 

 

Results of double hydrometer test (Table 4.5) show that most of the samples have dispersion values 

greater than 30% (See Bell and Maud, 1994), implying that the  majority of the soil materials are 

prone to slope failure. More than 90% of the soil samples have critical dispersion values greater 

than 50% (Table 4.5). This signifies high susceptibility to landslide occurrence. In the study area, 

dispersive soils are generally confined to the subsurface horizons with concentrated illite/ 

muscovite clay minerals.  

 

Table 4.5: Double hydrometer test results 

Soil 

samples  

Hydrometer Test   (proportion of particle sizes %) 

% Passing 0.005mm using 

chemical ( Sodium 

Hexametaphosphate solution) 

% Passing 0.005mm without using 

chemical 
%age Dispersion 

A1 30 19 63 

A2 30 17 57 

A3 30 15 50 

A4 31 14 45 

A5 23 7 30 

A6 21 7 33 

A7 27 12 44 

A8 21 8 38 
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A9 23 13 57 

A10 31 10 32 

B1 28 7 25 

B2 30 11 37 

B3 37 16 43 

B4 29 12 41 

B5 22 9 41 

B6 30 8 27 

B7 33 10 30 

B8 36 17 47 

B9 22 12 55 

B10 27 14 52 

C1 31 11 35 

C2 31 13 42 

C3 29 15 52 

C4 33 16 48 

C5 28 13 46 

C6 31 18 58 

C7 27 17 63 

C8 22 14 64 

C9 38 10 26 

C10 34 12 35 

D1 30 14 47 

D2 29 18 62 

D3 23 12 52 

D4 24 9 38 

D5 31 7 23 

D6 37 13 35 

D7 33 12 36 

D8 40 17 43 

D9 23 14 61 

D10 39 10 26 

 

 

Variation of soil dispersion values from the thresholds is illustrated in Fig. 4.15. It is clear that 

more than 80% of the analysed samples have dispersion values above the 30% threshold (see 

McCook, 1980; Elges, 1985) and are considered moderately dispersive materials. Five samples are 

above the 60% critical dispersion value (Bell and Maud, 1994) and are considered as highly 

dispersive. 
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Fig. 4.15: Variation of soil dispersion from the threshold values. 

 

4.3.5 Shear strength parameters 

Shear strength parameter test results are presented in Table 4.4. The soils have cohesion (C) 

ranging from 5.2 kPa to 11.1 kPa with an average of 8.2 kPa. The angle of internal friction ranged 

from 2.6˚ to 8.1˚ with an average of 5.4˚. The lowest cohesion of 5.2 kPa was detected in soils 

completely saturated with water. The present study considered a minimal cohesion value of 8.2 

kPa as the critical state equilibrium all over the area, because failure is expected to occur while 

soils are saturated with water. The soil materials have a very low angle of internal friction (<8.5˚) 

and are thus considered weak and susceptible to landslide occurrence.  

4.3.6 Soil water infiltration 

 

Soil water infiltration test results are presented in Fig. 4.16. High infiltration rates were observed 

in the top soils with depth ranging from 0.3 to 0.8m but drastically reduced in the sub soils. The 

high infiltration rates in the top soils are explained by the presence of loamy sandy soils. The 

subsoil is predominantly clay, with clay pans distinctly underlying the top soils, consequently 

limiting infiltration. This has an effect on the response of soil materials to incoming infiltrating 

water and consequently the timing of landslides, as will be explored in the discussion section.  
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Steady infiltration rates significantly varied with slope position and topographic configurations, as 

well as land use/ cover types. Lower slope zones tended to have higher infiltration rates than the 

upper elements (Fig. 4.16). The average soil-water infiltration was 24cm/h-1 in uppermost slope 

sections, 30cm/h-1 on the upper-middle sections, 70 cm/h-1 on the lower middle sections and greater 

than 80cm/h-1 in the bottom valleys. This signifies more saturation in the lower slope sections than 

the upper slopes. A relationship was also established between soil infiltration and topographic 

configuration. More water was observed to infiltrate along the topographic hollows than on spur 

slopes. Infiltration along the topographic hollows in the upper slopes was greater than 30cm/h-1and 

less than 12cm/h-1 on the spur slopes. On the middle slope sections, infiltration rates along 

topographic hollows was greater than 70cm/h-1 and less than 45cm/h-1 on the spur slopes. Whereas 

soil infiltration along the topographic hollows was greater than 85cm/h-1 in the lower slope close 

to the valley bottoms, it was less than 55cm/h-1on the spur slope sections (Fig. 4.16). 

 
Fig. 4.16: Infiltration rates along slope positions, topographic configurations and land use/cover. 
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Soil water infiltration was observed to correspond to land use and cover types. The observed rates 

of soil infiltration were higher on the agricultural land use, especially cultivated areas than natural 

land cover types in the catchment. With the exception of bean covered areas which had infiltration 

rates lower than 42cm/h-1, the rest of the agricultural land cover types had infiltration rates greater 

than 65cm/h-1. In some cases, rates as high as 89cm/h-1 were recorded in sections with 

intercropping. On the other hand, with the exception of natural forest cover which had infiltration 

rates greater than 45cm/h-1, the rest of the natural land cover types had infiltration rates less than 

30cm/h-1 (Fig. 4.16). In some areas, rates lower than 12.2 cm h−1were recorded on grassland areas. 

In the light of the above results, it was established that infiltration rates in the catchment vary from 

rapid to very rapid. They also vary with slope positions and topographic configurations as well as 

land use types. The steady state water infiltration rates vary between 12.2 cm h−1 and 88.5 cm h−1.  

 

4. 3.7 Rainfall distribution and soil behaviour 

 

Rainfall amounts and distribution have implications for soil behaviour and hence landslide 

occurrence. The role of soil antecedent moisture and effects on soil pore water pressure are 

therefore important considerations in the analysis of landslide occurrence. An analysis of 35-year 

(1980-2014) rainfall records was undertaken. Rainfall amounts, distribution and implications to 

landslide occurrence is illustrated in Figs. 4.17, 4.18 and Table 4.6. Monthly distribution shows 

March, April, October and November as the wettest months. Seasonal rainfall distribution shows 

more rain is received during the MAM (352.5mm) and SON (327.8mm) seasons, while DJF (238.4 

mm) and JJA (104.72mm) seasons receive less rainfall (Fig. 4.17, Table 4.6 and Appendix 3).  
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Fig. 4.17: Long-term seasonal rainfall distribution for Kigezi highlands (1970-2009). Source: 

Kabale Meteorology Station, weather data 2015: WMO No. 63726, National No. 91290000, 

station name KABALE, Elevation 1867m, Latitude 01˚ 15̍, Longitude 29˚ 59̍. 



 

119 

 

 

Fig. 4.18: Long term average monthly rainfall distribution for 1980 to 2014 

 

It is noteworthy however, that landslide occurrence in the study area is not linked to individual 

rainfall events, but correspond with seasonal rainfall distribution. Landslides in the study area   

occur during the MAM and SON seasons and are not experienced in DJF and JJA seasons. There 

are more landslide occurrences during the MAM than the SON seasons (Table 4.6). The monthly 

distribution shows that more landslides are experienced during months of May and November than 

other months. These are, however, not the wettest months in the region. For example, in 2010, 

landslides occurred in the month of May despite receiving less rainfall (97.7mm) than the 

preceding months of March (149 mm) and April (133 mm). Similarly, in 2013, landslides occurred 

during the month of November which received less rainfall amounts (122. 2mm) than the 

preceding months of September (134.1mm) and October (154 mm) (Table 4.6, Fig. 4.18 and 

Appendix 3).  
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Table 4.6: Relationship between seasonal rainfall distribution and landslide occurrence. 

Source: Kabale Meteorology Station weather data: WMO No. 63726, National No. 91290000, 

station name KABALE, Elevation 1867m, Latitude 01˚ 15̍, Longitude 29˚ 59̍, and Kabale District 

local government environmental reports (2008, 2010, and 2015). 

 

It is therefore noteworthy that landslides in the study area do not necessarily occur in the wettest 

months of the year. The implications of this phenomenon will be unravelled in the discussion 

section. Analysed trends also reveal that landslide occurrence has been concentrated in years when 

there has been greater rainfall amounts. For example, more landslides were experienced during the 

years 2008 (12), 2010 (32), 2011 (23) and 2012 (9), which were also wetter years than the less wet 

2005 (5), 2006 (4), 2007 (4) and 2009 (4) years (Table 4.6). The implications for landslide 

occurrence from surface soils high infiltration rates and the subsequent saturation of the clay 

dominant subsurface materials alluded to earlier, warrant deeper reflection, as will be discussed in 

the ensuing section. 

 

4.4 Discussion  

4.4.1 Soil profile characteristics  

Deep soil profiles ranging between 2.5 and 7 m are a major characteristic of the study area. Deeper 

profiles are more pronounced along topographic hollows and valley bottoms (Table 4.2). Soil 

YEAR Season Rainfall in mm No of landslides
Month of 

occurrence

2001 SON 298.3 5 November

2002 MAM 253.7 6 May

2003 MAM 213.8 3 April

2004 SON 339.9 2 November

2005 MAM 415.6 5 May

2006 MAM 448.2 4 May

2007 MAM 271.8 4 April 

2008 MAM 463.8 12 May

2009 SON 347.7 4 October

2010 MAM 456.7 32 May

2011 MAM 460.2 23 May

2012 MAM 454.4 9 May

2013 SON 303.1 4 November

2014 SON 354.2 2 October
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depth forms one of the conditions for assessing the stability of the soil and landslide susceptibility 

of the landscape (Sidle et al., 1985; Selby, 1993; Breugelman, 2003; Liang and Uchida, 2014). As 

observed by Iida (1999), the distribution of soil thickness and topography are the most important 

parameters for the return period of shallow landslides. The depth of soil profile and its moisture 

content determine how water can be stored in the soil before saturation is reached (Merino-Martín 

et al., 2015). The response of soil moisture in deep layers differs from that in surface soil layers 

where moisture responds intensively and quickly, and then reaches peak values within a short 

period of time (Rousseau et al., 2012).  

 

Notwithstanding the deep soils (mostly >6m) on most slopes in the study area, most landslide 

features are shallow, occurring within less than half of the profile (1 to 3m). It is not common to 

find shallow landslides in areas covered by deep soils. As indicated by Kitutu et al. (2009), most 

sections covered by deep soils on the slopes of Mt Elgon in Eastern Uganda experience deep seated 

landslides. Shallow landslides on deep soil covered slopes in the Kigezi highlands was therefore 

considered as an anomaly and necessitated and investigation. Field analysis to ascertain this 

anomaly revealed the presence of 0.9 -3m thick clay pans within the profiles (Table 4.2). 

Infiltration tests revealed that clay pans reduce infiltration within the soil profile. The restriction 

of vertical flow of water through the soil profile by clay pans was also confirmed by Jiang et al. 

(2014). During the infiltration tests, water was observed to accumulate within the clay pans. The 

accumulating water leads to saturation of clay pans sandwiched between more stable materials. 

Saturated clay pans can act as a sliding surface for the overlying materials, consequently inducing 

landslides.  

 

According to Li et al. (2010), understanding the spatial characteristics of clay pan soil properties 

is important in characterising soil behaviour. This is because clay pans create unique hydrological 

conditions characterized by poor drainage and very slow permeability in the soil matrix (Rawls et 

al., 1992; Yilmaz and Karacan, 2002). Reynolds et al. (2002), indicate that soil saturation is fast 

in clay pan soils due to slow permeability. This can make the soils sensitive to the incoming 

precipitation which can lead to reduced shear strength and therefore susceptibility of overlying 

materials to landslides. During a rainfall event, drainage of water through the soil profile is stopped 

at the boundary of clay pan, thereby causing water to accumulate (Jiang et al., 2014). The 
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accumulating water leads to the increase in pore-water pressures in the soil material (Gillot, 1986; 

Brady and Weil, 2010). This phenomenon results in a semi-solid subsurface soil material that 

easily flows or slump under pressure from the top soil and accelerated by the slope gradient (Day, 

1994; Yalcin, 2007). This explains why, despite having deep soil profiles of greater than 6m on 

most ridges, most landslide scars are shallow with a depth range of 1 to 3m.  

 

A variation in clay pan depth with slope position was identified. Whereas the upper slope sections 

have clay pan layers located at a depth between 0.9 and 1.1m, they range between 1.5 and 3 m 

(Table 4.2) on the lower slopes. This is in agreement with studies by Jiang et al. (2014) and Liang 

and Uchida (2014). Clay pan horizons in the soil profile depend on erosion and deposition 

processes in the landscape (Jamison et al., 1968; Jiang et al., 2014). This explains why clay pans 

are close to the surface in the upper slopes with more erosion processes. In the lower slope sections 

with more depositional processes, clay pans are located deep in the profile. Several studies show 

that soil water holding capacity is greatly influenced by variations of clay pan profile properties 

over the landscape (Yilmaz and Karacan, 2002; Xiang et al., 2007; Ahmed et al., 2011). Other 

studies observe that clay pans can lead to low saturated hydraulic conductivity of the soil material 

(Zhou et al., 2010; Zinck, 2013). This can cause perched water in the surface horizon creating a 

higher susceptibility to surface compaction. It can be inferred that the occurrence and 

characteristics of landslide processes in Kigezi highlands is highly influenced by the presence and 

position of clay pan horizons in the soil profile.  

4.4.2 Particle size distribution 

 

Fine-grained silt and clay soils (Fig. 4.3) are predominant in the study area, since more than 50% 

of the analysed soil passed through the 0.075mm sieve. Clay dominates, with more than 40 %, 

while sand and silt are less than 35 % and 25 % respectively in most samples. Owing to the high 

clay content greater than 35% on average and plasticity index (PI) of 33.3 %, the soils in the study 

area are categorised as vertisols, which are known for inducing landslides (Van Der Merwe, 1976; 

Mugagga et al., 2011). Vertic soils characteristically expand when wet and shrink in dry conditions 

due to the high clay content in them (Mukasa-Tibandeke et al., 2015). Particle size distribution is 

a fundamental soil property that affects many processes in soils (Selby, 1993). Many empirical 
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relationships have been developed to relate particle size distribution to other soil properties, such 

as hydraulic conductivity and water retention characteristics (Bhudu, 2000; Brady, 2010). The 

presence of large amounts of clay in the soils of the study area is a major factor in landslide 

occurrence, since it affects the stability of the soils when wet. Clay has a great water-holding 

capacity, both upon the surface of the particles and within the cellule of the colloid (Mukasa-

Tibandeke et al., 2003; Mukasa-Tibandeke et al., 2016). The absorption of water results in an 

increase in soil volume, frequently approaching 20 percent (Bhudu, 2000). Volume changes give 

clay soil a high shrink/swell potential, leading to failure. Studies by Corominas and Moya (1999) 

and Guzzetti et al. (2006a), show that fine-grained soil slopes become susceptible to landslide 

occurrence even under unsaturated state. This is due to the loss of matric suction, leading to a 

decrease in shear strength, as explored in the subsequent sub-section on clay mineralogy. Brady 

and Weil (2010), observe that soil properties including water retention characteristics and 

hydraulic conductivity depend on particle size distribution. Likewise, Kitutu et al. (2009), also 

observe that the susceptibility to landslide occurrence in Bududa District on the slopes of Mount 

Elgon is due to the abundance of fine-grained materials in the subsurface. 

   

According to Mukasa-Tibandeke et al. (2015), clay is an abundant, naturally occurring, fine-

grained mixture of minerals composed predominately of hydrous aluminium silicates.  Due to its 

complex nature, clay presents problems to geotechnical engineers and that is why its properties 

have been investigated for their effects on landslide occurrence (Day, 1965; Bell, 2004; Mugagga 

et al., 2011). A 10% clay threshold has been used as an indicator of the expansion potential, whilst 

32% clay content exhibits extreme expansion potential (Van Der Merwe 1976; Yalcin, 2007; 

Yalcin, 2011). Soils with such high clay content are highly vulnerable to landslide 

occurrence. Several studies elsewhere have demonstrated the influence of high clay content on 

landslide occurrence (e.g., Knapen et al., 2006; Xiang et al., 2007; Kitutu et al., 2009; Wati et al., 

2010 and Mugagga et al., 2011). Yalcin (2007) and Broothaerts et al. (2012), observe that high 

clay content in the soil is an important precondition for landslide occurrence, due to its chemical 

and physical properties. Studies by Jadda et al. (2009) and Yalcin (2011), also reveal the 

susceptibility to landslides by fine-textured clayey soils due to their small pores that release water 

gradually. According to Zung et al. (2009), the vulnerability of such fine-textured clayey soils to 

landslides is exacerbated by their low permeability.  
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4.4.3 Clay mineralogy 

XRD Clay mineral analyses indicated the presence of moderately expansive clays, particularly 

illite/ muscovite. Despite the absence of extremely expansive smectite, the dominance of illite 

influences the stability and susceptibility of slope materials to sliding (Skempton, 1985; Suzuki et 

al., 2007; Van Den Eeckhaut et al., 2013). Previous studies indicate that the presence of illite clays 

can lead to landslide occurrence due to their swelling potential and low shear strength (Ohlmacher, 

2000; Yalcin, 2007; Yalcin, 2011). Dhruba (2000) observes that the increasing occurrence of 

slumps in the Himalayas was due to the dominancy of illite and kaolinite clay minerals in the soils.  

In the same vein, Kitutu et al. (2009), also noted that landslide occurrence on slopes of Mount 

Elgon in Eastern Uganda is due to the presence of kaolinite and illite clay minerals. The presence 

of considerable amounts of illite/muscovite clay minerals in the study area also reveals Vertisols 

with high shrink-swell characteristics.  

It has been reported by Inganga et al. (2001) and Kitutu et al. (2009) that the shear strength and 

swelling properties of different clay minerals differ variably and have a great significance on 

landslide occurrence. According to Ohlmacher (2000), illite and montmorillonite clay minerals 

have lower shear strength and higher swelling potentials, and are more susceptible to slope failure 

than other clay types like kaolinite. Soils containing illite are more susceptible to landslides than 

those containing kaolinite and chlorite (Yalcin, 2011). In illite clays, the properties of plasticity, 

bond strength, and shrinkage vary from low to moderately high (Yilmaz and Karacan, 

2002). Illite/muscovite has a basic structure consisting of a sheet of gibbsite between and combined 

with 2 sheets of silica. In the silica sheet there is partial substitution of silicon by aluminium 

(Mukasa-Tibandeke et al., 2015). The combined sheets are linked together by relatively weak 

bonding due to non-exchangeable potassium ions held between them (Mukasa-Tibandeke et al., 

2016). For this reason, clay containing more illite is weaker and susceptible to landslide occurrence 

than clay containing kaolinite (Yalcin, 2011). 

Clays composed of illite have attractive forces on their surfaces (Day, 1994; Husein et al., 1999; 

Mukasa-Tibandeke et al., 2003). Just like clays composed of smectite, conditions are proper for 

the development of water films surrounding the flakes and for the existence of the plastic state 

when the clay is worked with water (Li et al., 2006; Li et al., 2010). Although illite clays do not 

possess very high plasticity like smectite clays (Mukasa-Tibandeke et al., 2015), some types of 
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illite clays however, have very much greater plastic properties and bonding strength approaching 

those of montmorillonite (Moore, 1991; Owliaie et al., 2006; Mukasa-Tibandeke et al., 2016). 

Illite clays therefore have low strength, can absorb water and therefore expand resulting into loss 

of cohesion which can lead to landslides. 

Several studies point out the influence of clay mineralogy on shear and frictional resistance of the 

soils (Xiang et al., 2007; Li et al., 2010; Yalcin, 2011). Soil resistance to deformation is lowered 

by the presence of swelling clay minerals which impose high plasticity on soils (Bagoora, 1998 

Suzuki et al., 2007; Vagen, 2010; Walsh and McDonnell, 2012). The timing of landslide events 

during rainfall seasons depends on the behaviour of the soil materials. At the beginning of the 

rainfall season, there is rapid water flow through the top soil dominated by quartz into the 

subsurface soil with clay abundancy. The abundant illite/muscovite clay minerals in the sub soil 

absorb the incoming water. This leads to accumulation of moisture as the rainfall season 

progresses, resulting into building up of pore water pressure in the voids (Morgan, 1993; Bagoora, 

1997; Morgan, 2009). The accumulating water in the soil leads to change in the soil behaviour 

which can swell and loose cohesion (Morgan, 1993; Van Den Eeckhaut et al., 2013). This explains 

why landslides in the study area are not experienced at the beginning of the rainfall season or 

immediately after extreme rainfall events, as is the case with Mt Elgon region in Eastern Uganda. 

Landslides in the study area are normally experienced after continuous rainfall in the season 

resulting into antecedent soil moisture build-up and eventual saturation. 

  

Most landslides in the study area are experienced during the months of May and November, despite 

the preceding months of April and October receiving more rainfall. This time lag in landslide 

occurrence in the region can be explained by the initial infiltration through quartz dominated upper 

soil layers, before illite/muscovite clays in the lower soil horizons get saturated. The illite/ 

muscovite clays present do not immediately change in character due to incoming water but respond 

with time after accumulation of moisture. The accumulating moisture leads to saturation of illite/ 

muscovite clay dominated materials. This lowers the soil shear strength, leading to landslide 

occurrence (Van Den Eeckhaut et al., 2013). In summary, the presence of high amounts of 

illite/muscovite clay minerals capable of accumulating water over time is one of the key factors 

influencing landslide occurrence in the study area. The abundancy of high clay content which is 

greater than 35% on average renders the soil vertic. Vertic soils are known for inducing landslides 
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because of affecting both cohesion and permeability (Van Der Merwe, 1976; Mugagga et al., 

2011).  

4.4.4 Soil dispersion 

 

Soils of the study area have high plasticity and are inorganic in nature (CH), indicating weak soils 

with high saturation (Fig. 4.5). The plasticity index which is greater than 30% signify vertic soils. 

Such soils easily slide, especially during continuous rainfall. Plasticity is influenced by the void 

ratio and is high in inorganic clays and low in organic clays (Fauziah et al. 2006; Yalcin, 2007). 

An increase in the void ratio leads to an increase in liquid and plastic limits, as indicated by the 

Atterberg limits and index properties of the soil (Table 4.4). The role of Liquid Limits (LLs) in 

characterizing the problem nature of soils has been reported by various scholars (Fauziah et al., 

2006; Kitutu et al., 2009; Mugagga et al., 2011; Zinck, 2013). LLs for all samples analysed was 

above 50%, signifying high plasticity. Studies by Isik and Keskin (2008) show positive 

correlations between high plasticity and fine-grained inorganic clay and silts. Properties of 

plasticity and cohesiveness are displayed by silts and clays where a lump of soil can have its shape 

remoulded without breaking up or the soil volume changing. A clay or silt based soil is described 

as being in a liquid state when the moisture content increases and it becomes stickier and softer 

until it can no longer retain its shape (Fauziah et al., 2006; Zinck, 2013).  

The dominance of illite in the study area was discussed in the foregoing subsection. The resistance 

of soil to deformation is lowered due to high plasticity resulting from the presence of swelling clay 

minerals such as illite in the soils (Zung et al., 2009). The shear strength of materials is lowered 

due to higher plasticity resulting from absorption of water in clayey soils during heavy rainfall 

events (Zung et al., 2008 ;). It was identified that the average weighted plasticity index (PIw) and 

expansiveness were 26.4% and 32.8% respectively. By implication, soils in the study area are 

highly dispersive. Dispersive soils behave as single grained, very fine particles rather than as a 

cohesive mass like clay (Braja, 2011). As single grained with very fine particles, these soils have 

almost no resistance to erosion and have low shear strength (Fauziah et al. 2006; Keller and Dexter, 

2012). Dispersive soils are structurally unstable in water due to their chemistry and collapse or 

disperse to form dissolved slurry when in contact with water (Bell and Maud, 1994; Bell, and 

Culshaw, 2001). This can interfere with the structural stability of the soil, making it highly prone 
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to slope failures (Zung et al., 2009). They are therefore excessively susceptible to landslide 

occurrence (Li et al., 2010; Yalcin, 2011).  

Landslide occurrence in the study area is therefore associated with expansive soils which shrink 

and swell leading to loss of soil strength. The expansive potential of the soils in the study area is 

influenced by the high clay content and type especially illite/muscovite. Williams et al. (1985) and 

Yalcin (2007), also report on the influence of clay percentage and minerals on the expansive 

potential of any particular soil. In summary, clay soils dominated by illite/ muscovite minerals are 

promoting landslides in Kigezi highlands. This is due to their absorption of great quantities of 

water, slow drainage, high expansion potential, great shrink/swell potential, high plasticity, and 

subsequent loss of shear strength. 

4.4.5 Shear strength  

 

Field investigations revealed that the study area is covered by colluvium materials mainly along 

topographic hollows, which characteristically have low shear strengths in terms of their cohesion 

and internal frictional angles. The average cohesion for all tested soil samples in the present study 

is 7.2 kPa, while the average angle of internal friction is 4.1˚ (Table 4.4). The lowest cohesion of 

5.2 kPa and the highest of 10.1 kPa, were detected in soils completely saturated with water. Such 

weak soils are susceptible to sliding especially after disturbance by natural and/or anthropogenic 

processes.  

 

Clay which is the dominant material in the study has very low permeability and leads to building 

up of pore water pressure. The development of pore water pressures can push particles apart (Das 

et al., 2011; Pánek et al., 2011; Broothaerts et al., 2012; Lopez-Davalillo et al., 2014), which acts 

against the normal stress, effectively reducing it. Since particles are pushed apart, cohesion and 

friction are also reduced (Morgan, 2009). Whereas negative pore water pressure will increase both 

cohesion and friction and therefore strength, positive pore water will reduce both cohesion and 

friction, decreasing strength (Selby, 1993; Zinck, 2013). Increased water content during a rainfall 

season also increases the weight of the soil and raises the water tables. This phenomenon can 

increase the shear stress, consequently decreasing shear strength, inducing landslides (Lopez-

Davalillo et al., 2014). It has also been reported that soil cohesion increases with soil water content, 
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reaching a peak value and thereafter, decreases with further increases in soil water content (Brady, 

2010; Broothaerts et al., 2012). The magnitude of this variation is determined by soil texture and 

soil bulk density (Selby, 1993; Inganga et al., 2001).  

The shear strength of a soil is a function of cohesion and the angle of internal friction, which is 

low in clay soils (Mukasa-Tibandeke et al., 2016). Cohesion is a function of bulk density, clay 

content, clay mineralogy, and is inversely related to moisture content (Morgan, 1993; Zung et al., 

2009). The dominance by clay soils in the study area, which have very low strength parameters 

when saturated as indicated by shear strength parameters (c and ϕ) in Table 4.5, has strong 

implications for landslide occurrence. According to Zezere et al. (2005), during rainstorms, the 

majority of landslides occur due to increased pore water pressure. Increase in water pressure leads 

to a reduction in shear resistance and effective stress (Kitutu et al., 2009). When dry, clays can be 

very firm and stable but become much weaker when they absorb water (Yalcin, 2011). They are 

capable of slow internal deformation and then can flow like a viscous liquid. Prolonged saturation 

of clay layers can therefore cause a progressive reduction in shear strength. It can also be seen 

from the present study results that the friction angle (ϕ) decreases with an increase in plasticity 

index. The value of ϕ generally decreases from about 8.1˚ with a plasticity index of about 22.4, to 

about 2.5˚ or less with a plasticity index of about 44.2 (Table 4.4). The presence of water in the 

void space of fine-grained soils like illite clay can have a major impact on the behaviour of the soil 

(Yashar et al., 2013). As moisture content of a soil increases, the soil changes from a brittle solid 

to a plastic solid and eventually to a viscous liquid (Bagoora, 1998; Yalsin, 2007; Zinck, 

2013). This behavioural change in the soil material due to moisture content is a major trigger of 

landslides in Kigezi highlands.  

4.4.6 Soil water infiltration 

 

Soil water infiltration was noted to vary across slope position and topographic configuration (Fig. 

4.16). This variation is due to the differences in soil depth and location of clay pans within the 

slope profile. The upper slope sections and spur slopes experience low infiltration rates due to 

shallow soils in such sections. The lower slope sections and topographic hollows are associated 

with high and very high infiltration rates due to the deeper soil profiles. This variation in infiltration 

rates also signifies differences in soil saturation levels (Rousseau et al., 2012). Whereas the upper 
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slope sections and spur slopes are dry due to low infiltration rates, the lower slope sections and 

topographic hollows experience high saturation rates. This is due to increased infiltration in such 

sections, as indicated by the high topographic wetness index values presented in Chapter 3 on 

topographic parameters. High saturation rates in the lower slopes lead to saturation overland flow 

processes which move from the slope base incrementally along topographic hollows upslope (e.g., 

Reynolds et al., 2002). In association with the high clay content dominated by illite/muscovite 

minerals, as discussed in the previous sub-sections, materials along topographic hollows remain 

saturated most of the time. This results into reduced shear strength within the topographic hollows, 

facilitating landslide occurrence.  

 

A relationship was identified between soil water infiltration and topographic parameters in the 

landscape, including slope gradient, position and curvature. The rate of infiltration decreases with 

an increase in slope gradient. Slope sections with lower gradients are associated with high 

infiltration rates than steeper slopes. This is consistent with observations elsewhere by Stolte 

(2003). Other studies however, show an increase in infiltration rates with increase in slope gradient 

(Wenck Associates, 2008; Bamutaze et al., 2010; Philips and Kitch, 2011; Walsh and McDonnell, 

2012). In the study area, infiltration increases with reduced slope gradient due to increase in soil 

depth as explained earlier. The deeper soils in the lower slope sections require more water to 

accumulate before reaching saturation, hence more infiltration. The variation in infiltration with 

slope gradient is also due to the location of clay pans within the soil profile. Whereas clay pans 

are near the surface (0.9 to 1.2m) on the steep upper slopes, the converse is true with the lower 

slopes (>2.5m). As indicated in the previous sub-section, clay pans restrict vertical water 

movement in the soil profile and therefore reduce on infiltration. This explains why steep upper 

slope sections experience low infiltration rates because they reach saturation faster due to the 

presence clay pans near the surface.  

A relationship between soil water infiltration with slope position and topographic configuration 

was also identified. Lower slope elements and topographic hollows experience higher infiltration 

rates than the upper elements and spurs. Such differences in infiltration rates in relation to slope 

position and topographic configuration are related to variations in soil depth in the study 

area. Lower slope elements and topographic hollows are characterized by deeper soil profiles than 

the upper and spur slope counterparts, as noted earlier in the sub-section on soil profiles. The 
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former are convergence zones for water and eroded materials from the latter. Materials 

accumulating in such zones lead to deep soil profiles. Such deeper slope profiles are capable of 

accumulating more water before saturation is reached, hence high infiltration rates. Merino-Martin 

et al. (2015), observe that soil properties such as pore space, texture, structure, soil depth and 

antecedent moisture condition are among the important factors that influence infiltration rate. The 

present study confirms that it is possible to estimate landslide occurrence using soil infiltration 

experiments along the slope profile. 

4.4.7 Rainfall distribution and soil behaviour. 

Landslide occurrence in the study area is not correlated with extreme rainfall events as is the case 

with Mt Elgon region in Eastern Uganda. An extreme rainfall event occurs whenever more than 

normal rainfall amount is received in a given area within a single event (Godi et al., 2006). In the 

Mt Elgon region landslides are usually experienced during or immediately after extreme rainfall 

events (Knapen, 2003; Knapen et al., 2006; Kitutu et al., 2009; NEMA 2010 and Mugagga et al., 

2011). It was confirmed from local communities and district environmental reports that landslides 

in the Kigezi highland region are normally not experienced during or immediately after peak 

rainfall periods. Paradoxically, they occur during the less wet months of the rainfall season. This 

phenomenon can be explained by the unique infiltration dynamics through quartz dominated top 

soil layers and saturation of the clay pans, as discussed earlier. This leads to antecedent moisture 

building up in the sub soil materials as more rainfall is received. Soil saturation leads to loss of 

cohesion, hence landslide occurrence in the region. Several studies also observe that antecedent 

soil moisture condition prior to a rainfall event is the most significant factor in landslide occurrence 

(Bagoora, 1997; Polemio and Sdao, 1999; Panek et al., 2011; Guan-Wei and Hongey, 2012).  

 

4.5 Conclusion  

 

 

Deep soil profiles ranging between 2.5 and 7 m are a major characteristic of the study area. 

Notwithstanding the deep soils on most slope elements in the study area, most landslide features 

are shallow, occurring within less than half of the profile due to presence of clay pans which reduce 

infiltration within the profile, leading to saturation. The saturated clay pans act as a sliding surface 
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for the overlying materials, inducing landslides. Fine-grained soils of silt and clay are predominant 

in the study area. Owing to the high clay content greater than 35% on average and PI of 33.3 %, 

the soils in the study area are categorised as vertisols, associated with landslide occurrence. The 

study area has moderately expansive clays, particularly illite/ muscovite which influences the 

stability and susceptibility of slope materials to sliding. The soils have high plasticity and are 

inorganic in nature (CH), indicating weak soils with high saturation rates and can slide, especially 

during continuous rainfall. They are highly dispersive and are therefore excessively susceptible to 

landslide occurrence. Soil water infiltration varies across slope position and topographic 

configuration. Lower slope elements and topographic hollows experience higher infiltration rates 

than the upper elements and spurs. In association with the high clay content dominated by 

illite/muscovite minerals, materials along topographic hollows remain saturated for longer periods. 

This results into reduced shear strength, facilitating landslide occurrence. The timing of landslide 

events during rainfall seasons depends on the behaviour of the soil materials. Landslides in the 

study area are not normally experienced during or immediately after extreme rainfall events but 

occur later in the rainfall season. This time lag in landslide occurrence is due the initial infiltration 

through quartz dominated upper soil layers, before illite/muscovite clays in the lower soil horizons 

get saturated. This leads to antecedent moisture building up in the sub soil materials as more 

rainfall is received resulting into loss of cohesion. This behavioural change in the soil material due 

to moisture content is therefore a major trigger of landslides in Kigezi highlands. 
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CHAPTER FIVE 
 

 

Implications of land use and cover changes for landslide occurrence in Kigezi highlands of 

South Western Uganda. 
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Abstract  

 

The present study considers the influence of human-induced changes on the occurrence of 

landslides in Kigezi highlands of South Western Uganda. An analysis of the spatial-temporal land-

use and cover changes was undertaken using satellite images spanning 1985 to 2015. In this study, 

Landsat imagery data used for land-use and cover change analysis included; Landsat 5TM, 

7ETM+ scenes, Landsat 8 OLI/TIR of 30m spatial resolution scene path 173 and row 061 which 

covers the area adequately. Post classification change detection technique was applied to identify 

the dynamic land cover elements from the successive years of satellite data. Five land-cover 

categories were identified namely; cultivation, forests, grasslands, wetlands and settlements. 

Whereas forest cover reduced from 40 % in 1985 to 8 % in 2015, cultivated land and settlements 

increased from 16% and 11% to 52% and 25% respectively during the same period. The 

distribution of cultivated land decreased in lower slope sections within gradient group < 15˚ by 

59%. It however increased in upper sections within gradient cluster 25˚ to 35˚ by over 85% during 

the study period. There is a shift of cultivated lands to the steeper sensitive upper slope sections 

associated with landslides in the study area. Out of the 65 landslide features mapped, 54% occurred 

on cultivated areas, 26% on settlements, 14 % on grassland, and only 6% occurred on forests with 

degraded sections. A close spatial and temporal correlation between land-use/cover changes and 

landslide occurrence is therefore discernible. It is recommended that, tree cover restoration be done 

in the highlands and the farmers encouraged to re-establish terrace farming while avoiding 

cultivation of sensitive steep middle and upper slopes. 

 

 

 

Keywords: land-use/ cover changes, landslides, Kigezi highlands 
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5.1 Introduction 

 

Landslide occurrence is expected to increase in the near future given the current land pressure in 

tropical highland regions with increasing occupation of steep uplands (Broothaerts et al., 2012; 

Kirschbaum and Zhou, 2015; Gu and Wylie, 2016). Understanding the factors that control land 

use patterns in a region susceptible to landslide occurrence is therefore essential. Most landslide 

studies have focused on quasi-static factors such as geology, topography and soil strength 

properties which do not change in the considered time frame (Dai and Lee, 2002; Ohlmacher and 

Davis, 2003; Ayalew and Yamagishi, 2005; Claessens et al., 2007). Less attention has been 

focused on the effect of triggering variable factors including land-cover changes and their 

implications for hillslope hydrology (Ali et al., 2014).  

Land cover change is one of the crucial factors that influence the spatial distribution of landslide 

processes (Ayalew et al., 2004; Begueria, 2006; Mugagga et al., 2012). The conversion of forests 

and natural grasslands to agriculture and pasture in highland environments is on the increase in 

developing countries (Stolte, 2003; Breuer et al., 2009; Liesbet et al., 2015). Several authors note 

that natural processes and anthropogenic activities that lead to land cover changes are continuously 

experienced in highland and mountainous regions (Breyer et al., 1997; Arinaitwe, 2004; 

Bamutaze, 2005; FAO, 2010). Studies by Prompter and Glade (2012), and Roller et al. (2012), 

point out that serious environmental impacts result from the modifications and conversion of land 

cover. Severe land sliding has been reported on Mt Kilimanjaro due to replacement of forests by 

agriculture and settlement (Breugelmans, 2003). Several studies have shown that the initiation and 

reactivation of landslides is due to the impact of human activities on the environment (Cruden and 

Miller, 2001; Meusburger and Alewell 2008; Van Den Eeckhaut et al., 2013). According to 

Knapen et al. (2006), population pressure on Mount Elgon slopes forces people to cultivate 

unsuitable steep slopes, thus contributing to slope instability. 

Human activities are a major driver of global environmental change (Glade 2003; Ives, 2004; 

Karsli et al., 2009; NEMA, 2014). According to Ferreira et al. (2015), forest logging, burning and 

cultivation on hillslopes are the most important contributing factors for landslide occurrence. 

Forest logging, burning and cultivation on hillslopes are the most important contributing factors 

for landslide occurrence (Jacob, 2000; Promper and Glade, 2012). Several studies point out that 
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the effects of hydrology and mechanism of slope failure are influenced by land cover changes 

(Glade, 2003; Petley et al., 2005; Beguería, 2006; Petley, 2008). Changes in vegetation cover 

pattens often result in increased landslide occurrence due to its effects on soil behaviour (Promper 

and Glade, 2012; Liesbet et al., 2015). Some authors observe that changes in land use and cover 

are an important trigger for landslide occurrence (Glade, 2003; Beguería, 2006; Petley et al., 2005; 

Mugagga et al., 2012). Lambin et al. (2001), therefore recommends an understanding of locations 

and rates of land-cover changes.  

 

Land-cover patterns are highly dynamic and rarely in a stable equilibrium (Glade 2003; Karsli et 

al., 2009). Several investigations of landslide occurrence as a response to land cover changes have 

been conducted (Glade, 2003; Van Beek and Van Ash, 2004; Alcantara-Ayala et al., 2006; 

Beguería, 2006; Mugagga et al., 2012; Promper et al., 2012). A number of studies show that there 

is a rapid increase in landslide occurrence after land-cover change (Glade 2003; Alcantara-Ayala 

et al., 2006; Kato and Mutonyi, 2011; Liesbet et al., 2015). Few studies have, however, analysed 

the spatial-temporal correlation between land cover change and landslide occurrence (Dai et al., 

2001; Van Beek and Van Asch, 2004; Karsli et al., 2009). Changes in land- use and cover pose a 

risk to slope stability of the Kigezi highlands, but the magnitude of the impact is not well 

understood. The present study considers the influence of land-use/cover changes on the occurrence 

of landslides. The role of specific topographic parameters in landslide occurrence was explored 

earlier. Consequently, the relationship among land-use, specific topographic parameters and 

landslide occurrence is explored in this chapter. Land-use/cover changes in the form of cultivated 

land, grasslands, forests, wetlands and settlements in Kigezi highlands of south western Uganda 

are analysed. It also seeks to unravel the relationship between different land-use/cover change 

scenarios and landslide occurrence.    

 

The specific objectives of the study were: 

1. To analyse the spatial-temporal land-use and cover changes for the period between 1985 

and 2015. 

2.  To establish the relationships between land-use/ cover changes and the spatial- temporal 

distribution of landslides. 

https://link.springer.com/article/10.1007/s12665-015-4569-2#CR10
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5.2 Materials and methods 

5.2.1 Datasets and sources 

Land-use and cover change detection was undertaken using satellite images spanning 1985 to 

2015. In this study, Landsat imagery used for land-use and cover classification of Rukiga 

catchment included Landsat 5TM, 7 ETM+ scenes, Landsat 8 OLI/TIR of 30m spatial resolution 

(Table 5.1). All these images were obtained from path 173 and row 061 as indicated in Table 5.1. 

The satellite imagery data were all sourced from United States Geological Survey Global                    

Visualization Viewer (GLOVIS). In addition, available aerial photographs of 1:20,000 scale for 

1985, 1995,  2005 (Table 5.1) which corresponds with the Landsat images were acquired from the 

Uganda Department of Mapping and Surveys for purposes of detecting past landslide features in 

the catchment. Landslide features are not detectable from Landsat imagery, owing to spatial 

resolution constraints. 

Table 5.1 Data sources and specifications  

Dataset type Acquisition date Band Pixel resolution Path/row Source 

Satellite Data 

Landsat 5 (TM) 08/07/1985 3,4,5 30m x 30m 173/061 USGS 

Landsat 7 (ETM+) 03/22/1995 3,4,5 30m x 30m 173/061 USGS 

Landsat 7 (ETM+) 09/14/2005 3,4,5 30m x 30m 173/061 USGS 

Landsat 8 (OLI/TIR) 10/07/2015 3,4,5 30m x 30m 173/061 USGS 

Aerial photograph 

Black & white 02/04/1985   1:20000   Lands and 

Survey 

Department 

for Uganda 

Black & white 12/05/1995   1:20000   

Black & white 
01/05/2005   

1:20000 
  

Ancillary data 

Topographic maps 1:25000    Lands & Survey Department for Uganda 

Field surveys                                                                Conducted between June 2014 and August 2016 

Government records including National and Local Environmental Reports 

Google Earth image  for  2006 (June ) and  2015 (October) 

5.2.2 Image processing and classification  

Landsat images of 1985, 1995, 2005, and 2015 were exported to ArcGIS 10.1, geo-registered to 

WGS 84 datum, and projected into the Universal Transverse Mercator (UTM) zone 36N of the 

coordinate system. Pre-processing of downloaded images was done to ensure that a higher 

classification accuracy is attained. According to Zhang et al. (2011), it is necessary to rectify 

geometric distortion from raw satellite data in order to enable correct measurement of area, precise 
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localization and multi-source data integration. Following Lillesand and Keifer (2004), image to 

image rectification technique was applied given that it minimizes the residual rectification error. 

Geo-rectification accuracy was further improved using 25 Ground Control Points (GCPs) obtained 

during field verification despite image pre-processing by the suppliers. Atmospheric correction 

was not performed because the post-classification comparison technique adopted for land-

use/cover change analysis, which also compensates for variations in atmospheric conditions and 

vegetation phenology between dates. This is because each land-use/cover classification is 

independently mapped (Coppin et al., 2004; Yuan et al., 2005).  

The supervised classification method was used to classify land-use and cover patterns in the study 

area after field verification. Supervised classification helps in processing and quantitative analysis 

of remotely sensed imagery data applied after defining the specific areas of interest called training 

sample classes (Lu and Weng, 2007). In the supervised classification process, maximum likelihood 

parametric rule was used to produce better accuracy maps (e.g., Jensen, 1996). Land-use and cover 

changes between 1985 and 2015 in the catchment were detected by means of pixel-based 

classification on Landsat images. All satellite data were analysed by assigning per-pixel signatures 

and distinguishing the land-use categories into five delineated classes namely forests, grassland, 

wetland, settlement, and cultivation (Table 5.3). 

5.2.3 Field verification  

 

Field verified data, historical black and white aerial photos, 1: 25,000 topographic map sheets, and 

Google Earth images were used to provide reference information for both the classification and 

the accuracy assessment. Field verification for land use/cover classification was conducted 

between July 2015 and April 2016 using draft classified map derived from satellite image for 2015 

as a guide. The verification was conducted for land use and cover for 2015 Landsat image. Hand 

held GPS receivers were used in determining the five land use/cover classes as categorically 

indicated in Table 5.3. The verification involved identifying 100 locations as samples including 

main land use/cover categories indicated. The collected field verified data were loaded onto a GIS 

system for validation using ArcGIS 10.1 software. The land use and cover for the 1985 and 1995 

images were validated using topographic map sheets (93/1, 93/2, 93/4 and 94/3) of scale 1:25000 

taken in 1986 and 1994 respectively. The topographic map sheets were acquired from the Uganda 
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Department of Mapping and Surveys. The 2005 image was validated using Google Earth image 

taken in July 2006. The topographic map sheets were scanned and imported into GIS for geo-

referencing, mosaic, processing, validation and boundary demarcation of the catchment using 

ArcGIS 10.1.  

5.2.4 Classification accuracy assessment 

 

Accuracy assessment is an essential requirement of image classification done using the confusion 

matrix (James and Randolph, 2011). Accuracy is essentially a measure of how many field verified 

pixels were classified correctly. Confusion matrices quantitatively compare information obtained 

by reference sites to that provided by classified images for a number of sample areas (Congalton 

and Green, 2009). Accordingly, overall accuracy, producer’s and user’s accuracies, and Kappa 

coefficient were calculated from the error matrix (Jensen, 2005; Lillesand et al., 2007; Lu and 

Weng, 2007; James and Randolph, 2011). The accuracy of the classification was verified by 

randomly generated reference points using a stratified random algorithm (Jensen, 1996). The field 

verified data were utilized in the maximum likelihood report as the independent data set from 

which the classification accuracy was compared. Topographic map sheets (93/1, 93/2, 93/4 and 

94/3) of scale 1:25000 taken in 1986 and 1994 and Google Earth image taken in July 2006 were 

also digitized in Arc GIS and used in accuracy assessment. The accuracy assessments were 

performed for classified images of 1985, 1995, 2005, and 2015. A minimum of 25 random points 

were generated per class using stratified random sampling approach for accuracy assessment 

(Skirvin et al., 2004; Congalton and Green, 2009).  According to Lilesand et al. (2007), the 

minimum level of accuracy in the identification of land cover categories from remote sensor data 

should be at least 80%. Jensen (2005) indicates that classification accuracy is considered 

significant if Kappa coefficient is greater than 0.70. Higher classification accuracies were obtained 

for all the downloaded images due to improved sensors as illustrated in Table 5.2. An overall 

accuracy ranging between 82.37% and 90.28% was achieved for the Landsat images, while the 

Kappa coefficient accuracies ranged from 0.74 to 0.85. 
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Table 5.2: Classification accuracy 

Landsat 

Images 

User Accuracy (%) 

(Recall) 

Producer Accuracy 

(%) (Precision) 

Overall Accuracy 

(%) (OA) 

Kappa 

coefficient 

1985 83.32 81.42 82.4 0.74 

1995 85.33 84.54 85.1 0.77 

2005 87.62 85.32 86.5 0.81 

2015 92.24 88.32 90.3 0.85 

 

5.2.5 Land-use/cover change detection and analysis 

 

Land-use and cover change analysis was conducted in three temporal periods including 1985-1995, 

1995-2005, and 2005-2015. Various techniques are available for change detection. According to 

Lu and Weng (2007), image differencing, principal component analysis and post-classification are 

the most commonly used methods. In the present study, the post classification change detection 

technique was applied to identify the dynamic land-cover elements from the successive years of 

satellite data. As noted from Table 5.1, the respective imagery were captured using different 

Landsat sensors. With such spectral differences, post-classification is appropriate for change 

detection. The main advantage of post-classification is that images are individually classified 

(Zhang et al., 2011). This technique avoids the intricacies in change detection associated with 

analysis of imagery acquired at different times (Coppin et al., 2004; Lu and Weng 2007). The land-

cover change analysis was performed by automatic comparison of image sub-object hierarchies 

(e.g., Ozesmi and Bauer, 2002; Yang et al., 2007). The change detection matrix was calculated to 

find the proportion of each class which has undergone change during the study period. Following 

Zhou et al. (2008), multiscale multiresolution segmentation was utilized to obtain image objects 

of every land-use/cover class throughout the whole study area. The major land-use/cover change 

trends were identified from maps so generated and the level of persistence established through a 

cross-tabulation matrix. 

 

Table 5.3: Land-use and cover classification 

Land-use/cover classes Description 

Forests Tropical, deciduous, coniferous, and plantation forests 
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Grasslands Short and tall grasses, thickets, shrubs 

Wetlands Seasonal and permanent wetlands, swamps, bog, streams 

Settlements 
Built-up areas, residential, commercials, rural & urban non-residential, 

roads and other structures  

Cultivated lands Cultivated gardens, fallow lands, plantations 

 

5.2.6 Landslide surveying and mapping  

 

Two methods were used to identify the spatial-temporal landslide distribution in the study area. 

These were aerial photograph interpretation, field surveying and mapping. Aerial photograph 

interpretation (API) was used to identify the past landslide scars which occurred before 2005. 

These landslide scars are no longer visible on the landscape due to the high rates of vegetation 

regeneration. The landslide scars are easily concealed by soil materials mobilized from the hilltops 

and spur slopes into topographic hollows where landslide occurrence is dominant. The soils 

accumulating within the landslide scars encourages rapid vegetation regeneration, owing to the 

high rainfall amounts in the study area. It is only aerial photographs taken during the period when 

the scars were still visible, that can be used to identify and analyse such landslides. The advantages 

of using API in landslide investigations include rapid definition of landslide boundaries, 

identification of large landslides, and an appreciation of slope conditions (Rembold et al., 2000). 

Black and white aerial photographs for three different periods including 1985, 1995, and 2005 

(Table 5.1) were used to assess the location of historical landslide scars in the study area. Following 

Zone (2007), a mirror stereoscope with dimensions 718 x 260 x 310 mm with an optical path of 

50mm which allows the viewer to magnify on areas of interest was used to analyse the aerial 

photographs and identify the historical landslide scars within the study area. The landslide scar 

details from the aerial photographs were scanned, digitized and their locations were analysed using 

ArcGIS software. The scanned/ digitized landslide scar locations from the aerial photographs were 

incorporated with the rest of the field mapped landslide scars to generate landslide distribution 

maps for the study area in a GIS environment. 
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Fig. 5.1: Land-use/cover and landslide mapping  

 

Field surveying was undertaken to identify and map visible landslide scars in the catchment as 

presented in Chapter 3 on topographic parameters. Field investigations were undertaken between 

June 2014 and August 2016 to identify visible landslide scars in the catchment (Fig. 5.1). The 

landslide scars were mapped using handheld GPS recievers. Coordinates for the mapped landslide 

scars were imported into ArcGIS 10.1 software to produce a landslide distribution map for the 

study area. Through spatial analysis in a GIS environment, the landslide and land use/cover maps 

were overlain to derive the requisite relationships. 
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5.2.7 Relationship between land-use/cover changes and topography 

 

In order to establish the relationship between land-use, topographic parameters and landslide 

occurrence, topographic analyses were performed with the use of a 10m Digital Elevation Model 

(DEM). Topographic parameterization was performed using ArcGIS 10.1 and SAGA GIS 2.3.1 

software. SAGA GIS 2.3.1 software was used to calculate slope gradient, curvature, slope position 

classes and other topographic characteristics as presented in Chapter 3, on topographic parameters. 

Following Kamusoko and Aniya (2009), the topographic surfaces calculated from the 10 m DEM 

were resampled to the 30m Landsat images for overlay purposes, using the nearest neighbour 

resampling technique.  

 

By overlaying the classified land use and cover maps for the respective reference years onto the 

slope gradient and position maps, the relationship between spatial-temporal land-use/ cover 

changes with topography was extracted in ArcGIS. Identified as the most dynamic land-use form, 

special attention was paid to changes in cultivated land in relation to slope gradient and position. 

Boolean images for cultivated land, slope gradient and position classes as presented in Chapter 3 

on topographic parameters were generated using the RECLASS module in ArcGIS. They were 

overlaid on the slope surfaces to highlight the extent to which cultivation had changed with 

topography between 1985 and 2015. A compound relationship among cultivation, topography and 

landslide occurrence was also established through the overlay procedure in ArcGIS. 

 

 

5. 3 Results 

 

 

5.3.1 Land use and cover changes between 1985 and 2015 

 

Land-use and cover changes over the period 1985-2015 are presented in Figs 5.2 to 5.6 and 

Appendix 10. There are five land-uses/covers observed as shown in the figures. Whereas a 

decrease in forestland is noticeable from 1985, cultivated land and settlements have expanded 

drastically. 
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Fig.5.2: Land-use and cover distribution for 1985   

 



 

144 

 

 
Fig.5.3: Land-use and cover distribution for 1995 
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Fig.5.4: Land-use and cover distribution for 2005 
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Fig.5.5: Land-use and cover distribution for 2015 
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Fig. 5.6: Land-use/cover changes between 1985 and 2015 

According to the land-cover change trends, forests as the dominant land-cover/ use type by 1985 

spanned 40% of the total area followed by grassland at 18%. Cultivated land and settlements 

covered 16 % and 11% respectively (Fig. 5.6). Whereas forest land has diminished drastically by 

73% between 1985 and 2015, cultivated land in particular has increased enormously by 218% over 

the same period. Likewise, settlements have expanded by 85% (Appendix 10). The hillslopes 

appear to be intensively cultivated with many settlements in the valley bottoms (See Google Earth 

image below, Fig. 5.7). 
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Fig. 5.7: Land cover distribution based on Google Earth image (October 2015). 

 

5.3.2 Land use/cover changes and landslide distribution 

The relationship between land use/cover and landslide distribution is illustrated by Figs. 5.8 and 

5.9. 
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Fig. 5.8: Land use/cover and landslide occurrence distribution between 1985 and 2015. 
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The spatial distribution of landslides in the study area has changed (Fig. 5.8 and Appendix 13). 

The increasing occurrence of landslides in the study area is attributed to changes in the land 

use/cover distribution. This relationship is explored in the discussion section. 

 

 
Fig. 5.9: Relationship between land use/ cover and landslide distribution. 

 

 

A close spatial relationship between landslide distribution and land use/cover is discernible (Figs. 

5.8 to 5.10). Most of the landslides have an association with degraded areas (Fig. 5.10). As can be 

noted from Figs. 5.8 and 5.9, cultivated land is the most affected land use/ cover category while 

forest areas dominated by woodlots experience the least landslide occurrence. More than 50% of 

the landslides are occurring on cultivated land, 20% on settlements while less than 15 %  and 10% 

are occurring on grassland and forests with degraded areas respectively (Figs. 5.8 and 5.9).  
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Fig. 5.10: Landslide occurrence on degraded and intensively cultivated slopes. 

 

The study area has experienced an increasing trend in landslide occurrence over the past 35 

years. The temporal landslide occurrence pattern is shown in Fig. 5.11.  
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Fig. 5.11: Temporal landslide distribution in the study area. 

Source; Kabale District Environmental Reports (2008, 2012 and 2015) 

 

The overall trend shows that the study area is increasingly becoming vulnerable to landslides.  

Whereas the period between 1980 and 2004 experienced only 28 landslides, 180 occurrences were 

experienced between 2005 and 2015 (Fig. 5.11 and Appendix 14). A close relationship between 

temporal landslide distribution and land use/cover patterns is discernible. This relationship is 

explored in the discussion section.  

5.3.3 Changes in cultivated land in relation to topography 

 

A compound relationship among land use change, topography and landslide occurrence was 

established. The distribution of cultivated land in relation to topographic parameters is illustrated 

in Figs. 5.12 and 5.13. The major topographic characteristics in this relationship are slope gradient 

and slope position.  
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Fig. 5.12: Distribution of cultivated land along slope gradient clusters between 1985 and 2015. 

 

The relationship between the distribution of cultivated land and hillslope gradient was explored by 

binning hillslope gradient values into 10˚ intervals and by plotting the frequency of hillslope 

gradients for the cultivated areas. As can be noted from Fig.5.12, there has been a significant shift 

in the distribution of cultivated areas along the different slope gradient categories. By 1985, 56 % 

of the cultivated land was in sections with gradients lower than 15˚.  The overall trend shows a 

reduction in the distribution of cultivated land in sections with low gradient and an increase in 

steeper gradient zones. Whereas the distribution of cultivated land in sections with gradient cluster 

of less than 15˚ decreased by 88.6 %, it increased by 88.4% on 15˚ to 25˚ categories. Another 

significant shift in the distribution of cultivated land was experienced in slope gradient category 

of 25˚ to 35˚ where it increased by 91% (Appendix 11). The shift in the distribution of cultivated 

land is due to the conversion of most lowlands into settlements, as will be discussed in the relevant 

section. Landslides are concentrated in steep slope sections with intensively cultivated areas. 
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A relationship was also established between the distribution of cultivated land and slope positions. 

This relationship is illustrated in Figure 5.13. 

Fig. 5.13: Distributions of cultivated land along slope position from1985 to 2015 

As can be noted from Fig. 5.13, there has been a significant shift in the distribution of cultivated 

areas along the different slope position categories. By 1985, most of the cultivated land was in the 

valley bottom sections covering 60% of the total cultivated land. The distribution of cultivated 

land has changed over the last 30 years with a shift from the lower slopes to upper slope sections. 

Whereas cultivated land decreased by 66% in the valley bottoms between 1985 and 2015, it has 

increased enormously by 187% and 128% in lower middle and upper middle sections respectively 

over the same period (Appendix 12). A relationship among cultivation, slope position and landslide 

occurrence shows that landslides are concentrated in the middle slope sections with intensively 

cultivated areas. This relationship is explored in the discussion section. 
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5.4 Discussion 

5.4.1 Land use and cover changes 

The land-use/cover change trends identified, reveal a drastic decimation of forests and grasslands 

due to increased cultivation and settlements. This is attributed to acute land shortages, resulting 

from the exponential population growth in this highland region (NEMA, 2010; UBOS, 2014). The 

high population density in the region has put tremendous pressure on the land cover, leading to 

resource overuse and subsequent degradation (Carswell, 2000; NEMA, 2014). The study area has 

experienced increased land clearance for cultivation, housing and commercial establishments. 

Most of the natural land cover is destroyed due to the increasing anthropogenic activities (Fig. 

5.5). On most of the hillslopes in the study area, there has been complete depletion of vegetation 

cover (Farley, 1996; Carswell, 1997).  Remnants of natural forest cover only exist in small patches 

surviving under legislative protection (Siriri and Rausen, 2001; Carswell, 2002b; Kabale District 

Environmental Report, 2015). Most of the highlands now comprise poor vegetation cover with 

degraded slopes. Many parts of the hillslopes are already bare due to degradation (Lindblade and 

Carswell, 1998; Carswell, 2002a). 

During field investigations, it was observed that every available space has been intensively 

cultivated. Gardens appear like a continuous carpet for kilometres from the valley bottoms to 

uppermost slope sections (Fig. 5.7).  Increased cultivation in the study area has led to uncontrolled 

clearance of forest cover (e.g., Farley, 1996, Carswell, 2000).  Carswell (2002a) indicates that 

cultivation frequency in the study area was already very high in the 1930s. Plots were cropped 

twice a year for 4-5 years on average before being left to fallow, while fallow land was intensively 

grazed. Cultivation has therefore led to clearance of the natural forests leading to land degradation. 

The study area has a very long history of human impact on the environment which has resulted in 

bare slopes leading to landslides (Bagoora, 1997). This relationship between land use/cover 

changes and landslide occurrence is explored in the subsequent sub-section. 

5.4.2 Land use/ cover changes and landslide relationships 

 

Land use/cover changes in the study area have enhanced increased degradation of the hillslopes. 

This degradation is attributed to the high demand for firewood, charcoal, settlement and cultivation 
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land. Land cover conversion from forest and grassland to cultivated fields permanently reduces 

slope stability (Selby, 1993). Land use/cover changes in the study area have affected slope stability 

and resulted into reduced soil cohesion. Such soils with reduced cohesion have become vulnerable 

to downslope processes, especially landslides. The unprotected soil loose cohesion due to 

saturation during heavy rainfall events and become susceptible to slope failure. Other studies also 

confirm that destruction of vegetation cover can reduce soil shear strength (Jakob, 2000; Sidle et 

al., 2006; Claessens et al., 2007). Vegetation conversion results into soil property impairment and 

hydrological changes which can accelerate slope failures. This explains why landslides in the study 

area are concentrated in slope sections with degraded vegetation cover (Fig. 5.8). The presence of 

vegetation cover substantially modifies parameters such as cohesion, internal friction angle, weight 

of the slope-forming material and pore-water pressure (Das et al., 2011; Pánek et al., 2011; 

Broothaerts et al., 2012; López-Davalillo et al., 2014). This explains why areas with intact 

vegetation are not susceptible to landslide occurrence in the study area (Fig. 5.8) 

 

The findings of this study are in keeping with several previous studies which identified a close 

relationship between landslide occurrence and land-use/cover changes (Beguería, 2006; Mugagga 

et al., 2012; Promper and Glade, 2012; Roller et al., 2012; Gu and Wylie, 2016). Studies by Dai 

et al. (2001) and Glade (2002) show that barren and sparsely vegetated areas exhibit greater 

instabilities than forests. In Turkey, Karsli et al. (2009) reported an increase in landslide 

occurrence resulting from land cover changes on tea gardens. Van Beek and Van Asch (2004) also 

show that shallow landslides were a response to deforestation arising from forest logging and fires. 

All these studies confirm a close correlation between land-use/cover changes and landslide 

patterns. In the present study area, most of the landslides occur where there is an interaction 

between land-use/cover changes and topography. This relationship among land-use/cover changes, 

topography and landslide distribution is explored in the subsequent sub-section.  

The temporal landslide distribution patterns in the study area show that most landslides (>85%) 

occurred during the period 2005 to 2015 than 1980 to 2005(Fig. 5.11). This distribution shows an 

increasing trend in landslide occurrence in the study area over the last 10 years. This implies that 

the disaster risk and vulnerability of communities to landslide occurrence in the study area is 

increasing. Studies elsewhere also reveal that the risks to landslide occurrence have increased 

(Pánek et al., 2011; Broothaerts et al., 2012; López-Davalillo et al., 2014). 
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5.4.3 Cultivated land, topography and landslide relationships 

 

The most significant land-use/ cover change trend identified in the study area was the expansion 

of cultivated areas from valley bottoms and lower slopes to steep middle and upper slope sections. 

The shift in the distribution of cultivated land is attributed to conversion of most lowlands and 

valley bottoms into settlements over the past few decades. The valley bottoms and low lands favour 

construction of residential areas. The study area has experienced rapid settlement expansion due 

to the rapidly increasing population (NEMA, 2014; UBOS, 2014). There has been a significant 

increase in building density accompanied by large-scale construction of socio-economic 

infrastructure in low lands and valley bottoms. This has resulted into acute shortage of land for 

cultivation in the lowlands and valley bottoms, forcing people to encroach on the sensitive upper 

slope sections.  

During field investigations, it was observed that most of the cultivation is taking place along 

topographic hollows. As indicated in Chapter 4 on pedological parameters, topographic hollows 

have deep soils. The deep soils along topographic hollows are due to convergence of materials 

from hilltops and spur slopes. The hollows are also associated with high moisture content as 

explored in Chapter 3 on topographic parameters. The deep saturated soils along topographic 

hollows have attracted heavy cultivation. Intensive cultivation is evident on the upper sensitive 

slope zones with gradients greater than 45˚. Due to the acute shortage of land in the study area, 

farmers have also continued to cultivate within and around the landslide features (Fig. 5.10). This 

has resulted into remobilization of materials (Fig. 5.10) around landslide features, rendering most 

of the already affected slopes vulnerable to further failures.   

Increased cultivation on steep upper slopes is one of the major factors influencing landslide 

occurrence in the study area. This is due to the fact that cultivation affects the soil structure by 

weakening the internal cohesive forces (Selby, 1993).  Furthermore, farmers in the study area have 

abandoned the practice of terracing (Bagoora, 1998; Nkonya, 2001; Siriri and Raussen, 2002). 

Terrace bans used to check on the speed of runoff and hold the soils on the intensively cultivated 

steep slopes. The remaining terrace bans have also been destroyed in order to get more land for 

cultivation. There is already evidence of land mismanagement as a result of poor methods of 

cultivation. As noted already, increased cultivation of steep concave slopes can affect soil material 
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shear strength (e.g., Glade, 2003; Meusburger and Alewell, 2008; Mugagga et al., 2012) leading 

to increased landslide occurrence. Wasowski et al. (2010) observed that higher frequency and 

susceptibility to landslides in south eastern Italy was a consequence of new ploughing on steep 

slopes for EU-sponsored wheat cultivation. Studies by Glade (2003) and Karlsi et al. (2009) also 

show that many shallow landslides are triggered by the expansion of cultivation on steep and 

marginal hillslopes. The spatial temporal patterns of landslide occurrence in the study area has 

changed due to increased cultivation of steep middle and upper slopes. Landslide hazards are likely 

to increase in this highland region given the current land pressure with increasing cultivation of 

steep uplands. 

 

5. 5 Conclusion 

 

The study area has experienced a drastic decimation of forests and grasslands, due to increased 

cultivation and settlements. Most of the highlands now comprise poor vegetation cover with 

degraded slopes. Landslides predominantly occur in areas where forests and grasslands have been 

converted to cultivated lands and settlements. They are also dominant where there is an interaction 

between land use/cover changes and topographic features especially slope gradient and position. 

The expansion of cultivated areas from valley bottoms and lower slopes to steep middle and upper 

slope elements is the most significant land use/ cover change trend identified. The shift in the 

distribution of cultivated land is attributed to conversion of most lowlands and valley bottoms into 

settlements   over the past few decades. The spatial temporal patterns of landslide occurrence in 

the study area has changed due to increased cultivation of steep middle and upper slopes. A close 

spatial and temporal correlation between land use/cover changes and landslide occurrence is 

discernible. 

 

5.6 Recommendations 

 

This study has been established that slope sections with intact vegetation are not susceptible to 

landslide occurrence. It is therefore recommended that afforestation in the landslide prone and 

degraded areas be undertaken in the highlands, especially along the steep sensitive topographic 
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hollows. Vegetation cover will increase the root density in the soils which can help to hold soil 

materials together. Root reinforcement will increase soil strength which can reduce on slope 

failures (Begueria 2006; Yalcin, 2007). The presence of vegetation cover will substantially modify 

parameters such as cohesion, internal friction angle, weight of the slope-forming material and   

pore-water pressure (e.g., Das et al., 2011; Pánek et al., 2011; Broothaerts et al., 2012; López-

Davalillo et al., 2014).  The enhanced cohesion will derive from root matrix reinforcement and 

suction, through evapotranspiration and interception (Selby, 1993). The restored vegetation cover 

will therefore lead to stable hillslope water balance. Restoration of the vegetation cover will also 

increase humus and organic matter, which hold soil aggregates together and enhance the strength 

of materials (e.g., Morgan, 1993). Farmers should also be encouraged and helped to re-establish 

terrace farming, while avoiding cultivation of sensitive steep middle and upper slope elements. 

Terrace bans will help to retard the speed of runoff, while holding soil materials against downslope 

forces (Siriri and Raussen 2002). 
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Chapter Six 
 

A conceptual model for landslide occurrence in Kigezi highlands of South Western Uganda 
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6.1 Introduction  

 

On the basis of the findings of the present study, a conceptual model for landslide occurrence that 

can predict landslide susceptibility in the study area was developed. According to Brabb (1984) 

and Chao-Yuan et al. (2017), landslide susceptibility is the likelihood of an area to experience 

landslides, depending on the prevailing environmental conditions. Under specific geo-

environmental conditions, landslide susceptibility is the probability for landslides to occur in a 

given area (Van Western et al., 2003; Hungr et al., 2005). Many studies have been undertaken to 

assess landslide susceptibility and model their spatial-temporal occurrence (VanWesten et al., 

1999; Dai et al., 2002; Sidle and Ochiai, 2006; Yalcin and Bulut, 2007; Peter et al., 2010; Regmi 

et al., 2010). The conceptual model developed in this study does not consider how frequent and 

when landslides will occur. The model predicts where landslides are likely to be experienced in 

the landscape. It describes the potential landslide sites in the landscape. This is premised on the 

fact that the prediction of what will happen in the future depends on what happened in past and 

present (Lee and Talib, 2005; Chao-Yuan et al., 2017). 

The characteristics of the past and present landslide sites were used in the determination of 

potential landslide zones. In this model, the inherent factors that caused the past landslides were 

used to predict where landslides are likely to occur in future within the landscape. This was 

premised on the fact that landslides are more likely expected to occur in areas where they have 

been experienced in the past (Glade and Crozier, 2005; Crozier, 2010). It is assumed that 

conditions which led to slope failure in the past are as well likely to cause landslides in future 

(Biswajeet and Lee, 2010; Susana et al., 2017). Therefore, future landslide occurrence patterns 

depend on past and present failures. It has been suggested by some authors that landslide instability 

factors can be analysed and used to construct landslide occurrence predictive models (Hutchinson, 

1988; Crozier, 1999; Dietrich et al., 1995; Crozier, 2010). Prediction of the susceptibility of an 

area to landslide occurrence depends on the identification and mapping of the inherent instability 

factors (AGS, 2007b; Guiseppe et al., 2016). The factors underpinning landslide occurrence in the 

study area include topographic, soil, rainfall, as well as land use and cover changes (Fig. 6.1). 
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Fig. 6.1: A conceptual model for landslide occurrence for the study area. 
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Given the fact that landslide conditions are specific to a particular area, site-specific analysis of 

conditioning factors is important (Lee and Talib, 2005; Gonghui et al., 2010; Kirschbaum and 

Zhou, 2015). The conceptual model developed in this study is dependent on the specific 

topographic, soil and land use/cover characteristics of Kigezi highlands. Several studies also 

indicate that in order to reduce the disaster risk to landslides, it is important to carry out landslide 

hazard assessment on local or regional scales (Pece et al., 2006; Guiseppe et al., 2016; Chao-Yuan 

et al., 2017). This is because landslide occurrence is a function of susceptibility and temporal 

frequency of landslide triggers (Corominas, 2014; Susana et al., 2017). When assessing landslide 

hazard within a given area, recognition of the conditions that caused or may cause the slope to 

become unstable and the processes that triggered or may trigger the mass movement is of primary 

importance (Kirschbaum et al., 2016). The factors that are responsible for creating a landslide in 

a particular area may be grouped into two categories: preparatory and triggering (Kirschbaum et 

al., 2015; Chao-Yuan et al., 2017). If triggering factors are not taken into account, the term 

‘susceptibility’ may be employed to define the likelihood of landslide occurrence (Kirschbaum 

and Zhou, 2015). 

The overall aim of this study was to integrate all the parameters underpinning landslide occurrence 

in Kigezi highlands in a conceptual framework and determine their convergence. The information 

provided by the model could help to mitigate vulnerability and enhance resilience of communities 

to landslide hazards. The conceptual model for landslide occurrence will help to inform policy, 

particularly in terms of developing early warning systems to landslide hazards in these highlands. 

Using this model, land use planning and management in the study area is possible. 

6.2 The conceptual model  

 

The parameters used to develop the conceptual model included topographic, soil properties, 

rainfall and land-use/ cover changes as illustrated in Fig. 6.1.  

6.2.1 Topographic parameters 

The topographic characteristics were used to identify potential landslide zones in the study area. 

The topographic parameters used in developing the conceptual model included; slope gradient, 

profile curvature, topographic wetness index, stream power index and topographic position index.  
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Slope gradient 

Topographic analysis of the study area indicated that slope gradient has a major influence on 

landslide occurrence. This relationship is shown using equation A1: 

𝐿𝑠 =  𝜑𝑔 tan 𝛽   ……………………………………………………………………………. A1, 

Where Ls is landslide susceptibility and tanβ is the slope gradient. 

Landslides are more likely to be experienced in sections with slope gradients ranging between 15˚ 

and 45˚. Such slope sections have deep well-developed soil profiles representing the amount of 

materials available and a high downslope gravitational component to pull materials leading to 

slope failures. This model is in line with what has been reported elsewhere about the importance 

of slope gradient in influencing landslide occurrence (Hickey, 2000; Lee and Talib, 2005; Saasa 

et al., 2005). Several authors report that the typical slope gradient for landslide occurrence is 

between 27˚ and 38˚ (Moeyersons, 2003; Hungr et al., 2005; Hosseini et al., 2011; Lopez-Davalillo 

et al., 2014). Likewise, the slope gradient of the source areas in the study area is between 15˚ and 

45˚. 

 

Slope curvature 

Landslide occurrence in the study area is also influenced by profile curvature as illustrated by 

equation A2; 

 

𝐿𝑠 =  𝜑𝑐
𝜕𝑡𝑎𝑛𝛽

𝜕𝑥
    …………………………........……………………....……………………. A2 

 

Where Ls is landslide susceptibility, 𝜑𝑐   is the profile curvature and 𝜕𝑡𝑎𝑛𝛽  is the change in slope 

gradient. 

Potential sites for landslide occurrence in the study area are likely to be in slope elements with 

profile concave curvature values ranging between 0.1 and 5, mainly along topographic hollows as 

indicated in the conceptual model (Fig. 6.1). This is due to the availability of high moisture content 

and deep soils converging in such zones as mobilized from upslope and spur slopes. The incoming 

water from upslope leads to rapid build-up pore water pressure in the soil mantle resulting in 

reduced shear strength within topographic hollows. Profile concave forms therefore remain 
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saturated between storms due to convergence of ground water flow. The availability of deep soils 

within profile concave forms provides materials potentially mobile and susceptible to downslope 

movement. This model is in line with what has been reported elsewhere that landslides are mostly 

confined along topographic hollows with concave forms (Reneau et al., 1987; Chen and Lee, 2004; 

Chen and Wang, 2010).   

 

Topographic Wetness Index (TWI) 

Landslide occurrence is also influenced by the distribution of TWI in the landscape as illustrated 

by equation A3: 

𝐿𝑠 =  𝜑𝑤 [𝐼𝑛 ( 𝛼 tan 𝛽 ⁄ )]……………………………………………………………………. A3, 

Where 𝜑𝑤  is the wetness index, α is the catchment area and tanβ is the slope. 

Landslides are likely to be experienced in slope sections with high TWI values ranging between 8 

and 18. High TWI is dominant along topographic hollows due to the moisture converging in such 

slope elements from spur slopes and hilltops. The high TWI leads to saturation which reduces the 

shear strength of the materials and can encourage slope failures. The model is in keeping with 

other studies that report on the role of TWI in landslide occurrence (Reneau and Dietrich, 1987; 

Nath et al., 2013; Ali et al., 2014; Raju and Nandagiri, 2015). 

 

Stream Power Index (SPI) 

Landslide occurrence is also influenced by SPI as shown in equation A4; 

𝐿𝑠 =  𝜑𝑠 {𝐼𝑛 [𝛼 ∗ tan 𝛽] } ……………………………………..……………………………. A4 

Where 𝜑𝑠  is the stream power index, α is the catchment area and tanβ is the slope 

Landslide susceptibility is also likely to be high in slope sections with SPI values >10 especially 

along topographic hollows associated with drainage lines. High SPI values signify high erosive 

power along the topographic hollows rendering such sections vulnerable to landslide occurrence 

in the landscape. This model is also in line with other studies that have reported on the influence 
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of SPI on slope instability (Freeman, 1991; Ferguson, 2005; Gomi et al., 2008; Buda, 2013; 

Gartner et al., 2015b). 

 

Topographic Position Index (TPI) 

Susceptibility to landslide occurrence is also influenced by TPI as illustrated in equation A5; 

𝐿𝑠 =  𝜑𝑡 [𝑍𝑜 − 𝑍]  ……………………………………………………………………………. A5, 

Where 𝜑𝑡 is the topographic position, Zo is the differences between elevation at the central point 

and Z is the average elevation around it. 

Vulnerability to landslide occurrence is likely to increase on slope positions with low TPI values 

ranging between -1 and 1. They are likely to be dominant on slope positions characterized by 

topographic hollows within the middle slope sections as illustrated in the conceptual model (Fig. 

6.1). This is due to accumulation of eroded materials from hilltops and spur slopes. Such slope 

positions are moisture and soil convergence zones. They are associated with high saturation rates, 

confinement of flow and deep soils. This leads to reduced shear strength and thus increasing 

susceptibility to landslide occurrence. The model is therefore in agreement with what  has been 

observed elsewhere that high saturation rates along topographic hollows lead to instability of slope 

materials due to reduced cohesion (Agnew et al., 2006; Ali et al., 2014; Ferreira et al., 2015; Raju 

and Nandagiri, 2015).  

In summary, landslide occurrence (Ls) in Kigezi highlands is likely to be experienced where there 

is a convergence zone among all the topographic parameters as illustrated in equation A6 which is 

a summation of equations A1 to A5. 

𝐿𝑠 =  𝑓 [[(𝜑𝑔 tan 𝛽 (15˚ 𝑡𝑜 45˚)]  + [𝜑𝑐
𝜕𝑡𝑎𝑛𝛽

𝜕𝑥
 (0.1 𝑡𝑜 5)] + [𝜑𝑤 [𝐼𝑛 𝛼

tan 𝛽⁄ ] (8 𝑡𝑜 18)] +

[𝜑𝑠𝐼𝑛 [𝛼 ∗ tan 𝛽](> 10)]  + [ 𝜑𝑡 [𝑍𝑜 − 𝑍](−1 to 1)]]…………………………………….A6 

 

The equation developed for the model is specific to Kigezi highlands where the topographic 

parameters integrated in the model prevail. This model can also be applied to other regions with 

similar topographic characteristics. 
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The dominant variables in the equation are tan 𝛽 which is the slope angle, α catchment area, and 

Z, the slope position. The equation for the influence of topographic parameters on landslide 

occurrence in Kigezi highlands can therefore be summarised as; 

 

𝐿𝑠 =  𝑓 [tan 𝛽, 𝛼, 𝑧]    …………….…….……..............………………………………………. A7 

The convergence zone for all topographic parameters to cause landslide occurrence in Kigezi 

highlands is on sections where slope gradient is between 15˚ and 45˚, profile concave forms 

between 0.1 and 5, TWI between 8 and 18, SPI >10, TPI between -1 and 1 mainly along 

topographic hollows as illustrated in the conceptual model (Fig. 6.1) and equation A6.  

 
6.2.2 Soil properties 

 

The analysed soil characteristics were also used to identify potential landslide sites in the 

landscape.  

 

Soil depth and clay pans 

 

An examination of soil properties revealed that landslides in the study area are likely to occur in 

areas with moderately deep soils >2.5m mainly along mid-slopes of topographic hollows. Such 

deep soils were associated with high TWI, signifying high saturation rates, which result in reduced 

shear strength of materials. Potential landslide zones in the study area are also those with clay pans 

located between 0.9 and 2.5m within the soil profile as illustrated in the conceptual model (Fig. 

6.1). This is because clay pans reduce infiltration and lead to accumulation of water within the soil 

profile. The restriction of vertical flow of water through the soil profile by clay pans was also 

confirmed by Jiang et al. (2014) and Liang and Uchida (2014).  The accumulating water leads to 

saturation of clay pans sandwiched between more stable materials. The saturated clay pans act as 

a sliding surface for the overlying materials, consequently inducing landslides.  
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Clay content 

 

Landslide susceptibility (Ls) in the study area is also influenced by the clay content in the soil as 

illustrated in equation B1. 

 

𝐿𝑠 =  𝜑𝑐[𝐶𝑐] ……………………..…………………………………………………………….B1, 

Where Cc is clay content. 

 

In Kigezi highlands, landslide susceptibility is high in areas with clay content greater than 30%. 

The soil materials in such areas with clay content above 30% have a great water-holding capacity, 

both upon the surface of the particles and within the cellule of the colloid. They have slow 

drainage, high expansion potential, great shrink/swell potential, high plasticity and subsequent loss 

of shear strength. Such soil materials, classified as vertic soils exhibit extreme expansive potential. 

Vertic soils swell when wet and shrink as they dry to form large cracks. The cracks can be deep 

and wide leading to reduced strength of materials and consequently landslides. Several studies 

elsewhere have also demonstrated the influence of high clay content on landslide occurrence 

(Knapen et al., 2006; Yalcin, 2007; Kitutu et al., 2009; Wati et al., 2010; Mugagga et al.,2011; 

Broothaerts et al.,2012). 

 

Clay mineralogy 

 

 

Landslide occurrence in the study area is also influenced by the nature of clay minerals in the soil 

as illustrated in equation B2: 

 

𝐿𝑠 =  𝜑𝑚[𝐶𝑚]  ………………………………………….....………………….B2, 

Where Cm is clay minerals. 

 

In Kigezi highlands, landslide susceptibility is high on slope sections where the top soil is 

dominated by quartz while the sub soil has considerable amounts of illite/muscovite clay minerals 

ranging between 43% and 47 %. Such top soil materials encourage high infiltration. As the water 
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flow gets into the sub soils with high clay content dominated by illite/ muscovite minerals, it 

stagnates. This leads to reduced shear strength and landslide occurrence. Previous studies also 

confirm that the presence of illite clays can lead to landslide occurrence due to their swelling 

potential and low shear strength (Ohlmacher, 2000; Yalcin, 2007; Kitutu et al., 2009).   

 

Soil dispersion  

 

Landslide occurrence in the study area is also influenced by other soil parameters such as liquid 

limits (LL), plastic limits (Pl), plasticity index (PI), weighted plasticity index (𝑃𝐼𝑤), expansivenes 

(𝜀𝑒𝑥) and dispersion (D) as illustrated by equation B3: 

 

𝐿𝑠 =  𝜑𝑝 𝑓 [𝐿𝐿, 𝑃𝐿, 𝑃𝐼, 𝑃𝐼𝑤 , 𝜀𝑒𝑥 , 𝐷]  ….…………………………………………………B3 

Where 𝜑𝑝 is soil plasticity. 

 

Landslide susceptibility is likely to be high in areas where soils have high plasticity and are 

inorganic in nature (CH) indicating weak soils. Such soils respond very fast to saturation and can 

easily move especially during prolonged rainfall events. Landslides in the study area are likely to 

occur where the LLs and plasticity index in the soil is above 50%  and 30% respectively as 

illustrated in the conceptual model (Fig. 6.1). This signifies clays of high plasticity, which are 

weak and highly susceptible to landslides. The model is in line with what has been reported 

elsewhere on the role of pedological properties such as particle size distribution, claypans, clay 

content, vertic soils, plasticity and clay minerals in influencing landslide occurrence (Bell and 

Culshaw, 2001; Knapen et al., 2006; Zung et al., 2009; Mugagga et al., 2011; Yalcin, 2011 ). 

 

In Kigezi highlands, the potential for landslide occurrence also increases in areas where soil 

materials have an average weighted plasticity index (PIw) of 26.4% and expansiveness ranging 

between 20 and 50%. These are medium expansive soils which are susceptible to slope failures. 

Such soils are highly dispersive and responsive to changes in seasonal water distribution. They 

can shrink and swell, leading to loss of soil strength. Landslide occurrence is also likely to increase 

in areas with critical dispersion values of >50% (Fig. 6.1). Dispersive soils are structurally unstable 

in water due to their chemistry and collapse or disperse to form dissolved slurry when in contact 
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with water (Bell and Maud, 1994; Bell and Culshaw, 2001). This can interfere with the structural 

stability of the soil, making it highly prone to slope failures.  

 

Shear strength. 

 

Landslide occurrence is also influenced by the shear strength parameters of cohesion (𝐶′)and angle 

of internal friction (𝜑′) as illustrated by equation B4. 

 

𝐿𝑠 =
𝜑𝑠ℎ𝑒𝑎𝑟

𝑓 [𝐶ʹ,𝜑ʹ]
  ………………………………………………...................................……B4 

 

Landslide occurrence in Kigezi highlands is also likely to be experienced on slope elements with 

soils having cohesion of less than 11.1 kPa and the angle of internal friction lower than 8.1˚. Such 

low cohesion and angle of internal friction signify weak soils which are susceptible to sliding 

especially after disturbance by natural and/or anthropogenic processes. This model is in keeping 

with several studies that have demonstrated the influence of soil shear strength on landslide 

occurrence (Yalsin, 2007; Zung et al., 2009; Mugagga et al., 2011; Yashar et al., 2013; Zinck, 

2013) 

 

Soil water infiltration 

 

Landslide occurrence and distribution in the study area also depends on the variations in the soil 

water infiltration rates (I) as illustrated by equation B5. 

 

𝐿𝑠 =  𝜑𝑖[𝐼]  …………………………………..……………………………………………….B5 

 

In the study area, landslides are also likely to be experienced in areas with high infiltration rates 

>30cm/h-1 mainly along mid-slopes of topographic hollows. High infiltration leads to increased 

saturation which lowers the soil shear strength. High saturation rates in the lower slopes lead to 

saturation overland flow processes, which move upslope from the slope base incrementally along 

topographic hollows. In association with the high clay content dominated by illite/muscovite 
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minerals, materials along topographic hollows remain saturated most of the time. This results into 

reduced shear strength on such slope elements, facilitating landslide occurrence. Several studies 

also confirm the influence of soil saturation in determining soil stability and consequent slope 

failures (Duiker et al., 2001; Braja M. Das, 2011; Das et al., 2011; Broothaerts et al., 2012; Lopez-

Davalillo et al., 2014)  

 

Rainfall distribution 

 

Landslide occurrence in the study area is also influenced by the amount and distribution of rainfall 

(R) as given in equation B6: 

𝐿𝑠 =  𝜑𝑟𝑓[𝑅] …………………………………………....…………….………………………. B6 

Susceptibility to landslide occurrence in the study area is likely to be high during the months of 

May and November, despite the preceding months of April and October receiving more rainfall. 

In the Kigezi highlands landslides are not likely to be experienced during or immediately after 

extreme rainfall events but will occur later as the rainfall season progresses. This time lag in 

landslide occurrence and rainfall distribution, is due the initial infiltration through quartz 

dominated upper soil layers, before illite/muscovite clays in the lower soil horizons get saturated. 

This leads to accumulation of antecedent moisture building in the soils during the months of April 

and October with heavy rainfall. Continuous rainfall during the successive months of May and 

November on already saturated soil materials is likely to result into loss of cohesion, leading to 

landslide occurrence in the region. Several studies also observe that antecedent soil moisture 

conditions prior to a rainfall event is a significant factor in landslide occurrence (Morgan, 1993; 

Bagoora, 1997; Rahardjo et al., 2007). Landslides in the study area are therefore likely to occur as 

a response to clay pan saturation during the rainfall season. Several studies also reveal a close 

relationship between landslide occurrence and rainfall distribution (Knapen et al., 2006; Kitutu et 

al., 2009; Broothaerts et al., 2012). It is illustrated in this model that landslide occurrence in the 

study area is due to the increase of pore water pressure in the soil due to continuous rainfall that 

reduce the soil strength. This model therefore shows that continuous rainfall is the main triggering 

factor for the initiation of landslides in the study area. 
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Landslide susceptibility and occurrence in the study area is function of different soil properties 

parameters. The soil properties converge to cause landslides in the study area as shown in equation 

B7 which is a summation of equations B1 to B6. 

 

𝐿𝑠 = 𝜑𝑐[𝐶𝑐 (30 − 60%)] +  𝜑𝑚[𝐶𝑚 (43 − 47%)] +   𝜑𝑝 𝑓 [𝐿𝐿(> 50%), 𝑃𝐿(25%), 𝑃𝐼(>

30%), 𝑝𝐼𝑤(26.4%), 𝜀𝑒𝑥(20 − 50%), 𝐷(> 50)]  +  
𝜑𝑠ℎ𝑒𝑎𝑟

𝑓 [𝐶′(11.1 kPa),𝜑′(8.1°).]
 + 𝜑𝑖[𝐼(> 30cm/h −

1 ]  + 𝜑𝑟𝑓[𝑅 (> 150𝑚𝑚/𝑚𝑡ℎ]  ………………………………………………………….B7 

 

This equation is confined to Kigezi highlands characterized by the observed soil properties. This 

model can also be applicable to other regions with similar soil characteristics. 

In summary, landslide occurrence in the study area is a function of soil properties and rainfall 

distribution. Rainfall distribution and amounts lead to changes in soil behaviour and consequently 

landslide occurrence. This can be summarised in equation B8; 

𝐿𝑠 = 𝑓 [𝑆𝑜𝑖𝑙, 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙] ....……………………………………………………………………B8 

 

 

6.2.3 Land use and cover change 

Landslide occurrence in Kigezi is also a function of land use and cover changes. This association 

is illustrated in equation C. 

 

𝐿𝑠 = 𝑓 [𝑙𝑢𝑐𝑐] …………………………………………………………………………………C1, 

Where 𝑙𝑢𝑐𝑐 is land use and cover changes. 

Landslide occurrence is likely to be experienced in slope sections associated with vegetation 

degradation. In the Kigezi highlands, landslide susceptibility is expected to be high in areas where 

forests and grasslands have been converted to cultivated and settlement lands. This is due to the 

fact land use/cover changes affect slope stability and result into reduced soil cohesion. Soil 

cohesion is lost once the tree roots which help to bind the soil materials together are removed due 

to destruction of vegetation cover. Vegetation conversion results into soil property impairment and 

hydrological changes which can accelerate slope failures. In the study area, landslides are likely 
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to be experienced in sections where there is an interaction between land use/cover changes and 

topography. Landslide occurrence in the study area is likely to be experienced in sections with 

increased cultivation of steep middle and upper slopes as illustrated in the conceptual model (Fig. 

6.1). This conceptual model is in keeping with several previous studies which identified a close 

relationship between landslide occurrence and land use/cover changes (Glade, 2002; Karlsi et al., 

2009; Mugagga et al., 2012; Promper and Glade, 2012). 

 

All these parameters converge to cause landslides in Kigezi highlands. This convergence is 

illustrated by summing up equations A7, B8 and C as shown blow;  

𝐿𝑠 = 𝑓 [tan 𝛽, 𝛼, 𝑧] Topographical parameters………………………………………...…. A7 

𝐿𝑠 = 𝑓 [𝑆𝑜𝑖𝑙, 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙] Soil properties………………………………………….………..B8 

𝐿𝑠 = 𝑓 [𝑙𝑢𝑐𝑐] Land use and cover changes ……………………………………………….C 

Therefore, susceptibility to landslide occurrence in Kigezi highlands can be illustrated by equation 

D where: 

 

𝐿𝑠 = 𝑓 [tan 𝛽, 𝛼, 𝑧]  + 𝑓 [𝑆𝑜𝑖𝑙, 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙]  + 𝑓 [𝑙𝑢𝑐]……………………………………. D 

 

Landslide occurrence in Kigezi highlands is therefore a function of topographical, soil and land-

use/cover parameters. Landslide susceptibility is likely to be high on slope elements where all 

these parameters interact. This convergence zone within the landscape exist mainly along 

topographic hollows. The conceptual model illustrated in equation D is specific to Kigezi 

highlands characterized by the topographical, soil and land use/cover variables as shown in the 

various equations. The conceptual model developed can identify areas likely to be affected by 

future landslides.  This could help to guide the decision makers for land use planning in the study 

area.  

The model illustrates an interplay and convergence of parameters to cause landslides. The model 

can therefore help to conceptualize the landslide conditioning factors and susceptibility in Kigezi 

highlands. Although the model is unique to Kigezi highlands, it can also be applied to other areas 
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with similar topographic, soil and land use/cover characteristics. Elsewhere, Mugagga (2011) also 

developed a conceptual model to explain landslide occurrence on the slopes of Mt Elgon in Eastern 

Uganda. In his model, steep concave slopes coupled with the ‘problem nature of soils’ and rainfall 

makes Mt Elgon slopes susceptible to landslides. Likewise, the conceptual model developed in 

this study shows that landslide occurrence in the Kigezi highlands is a function of an interaction 

of topographic, soil and land use/cover parameters. This model also indicate that continuous 

rainfall is the trigger of landslides in the study area due to its effect on pore-water pressure and 

change in soil behaviour. Landslide occurrence in the study area is therefore a function of the 

susceptibility factors including topography and soil properties as well as the triggering factors such 

as rainfall and the human factor. This model is in keeping with what has been observed elsewhere 

that landslide occurrence is an interplay of preparatory and triggering conditions (Kirschbaum et 

al., 2015; Chao-Yuan et al., 2017). 

 

6.3 Conclusion  

 

The conceptual model shows that topographic hollows are considered as potential landslide sites 

in Kigezi highlands. Hollows are susceptible to landslides because they are characterized by 

favourable gradient, profile concave forms, high TWI and SPI as well as low TPI. Hollows are 

also associated with moderately deep soils and experience high infiltration rates which lead to 

increased pore-pressure in the voids. Topographic hollows also experience saturation overland 

flow which moves incrementally from the slope base upslope leading to saturation and therefore 

reduced shear strength. The hollows also contain vertic soils with high clay content, plasticity 

index and have an extremely high expansive potential. The hollows are also intensively cultivated 

due to their deep soils. The convergence of all these parameters leads to landslide occurrence along 

the hollows. Due to the increasing landslide hazard occurrence in Kigezi highland region, 

developing an early warning system is imperative for disaster preparedness and management in 

vulnerable areas. This model can therefore be used in disaster risk reduction of communities to 

landslide hazards in this highland region.  
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Chapter Seven 

The synthesis of landslide occurrence in Kigezi highlands 
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7.1 Introduction 

 

This chapter presents a synthesis of the major findings, conclusions and provides 

recommendations. The parameters underpinning landslide occurrence in the non-volcanic Kigezi 

highlands are summarized. Recommendations are made to enhance disaster risk reduction of 

communities to landslide hazards. This is based on the key findings of the study. The chapter also 

proposes future research directions. 

 

7.2 Topographic conditions and landslide occurrence 

 

Slope gradient 

 

This study establishes that landslide occurrence is concentrated in sections with moderately steep 

slope gradients, ranging between 25˚ and 35˚. The lowest slope gradient where landslides can 

occur in the study area is 15˚ while the highest is 45˚. It was established that the distribution in 

landslide occurrence with slope gradient is due to the difference in soil depth and moisture content. 

The study found out that soil depth reduces with increase in slope gradient. The concentration of 

landslides on moderately steep slope sections is explained by the accumulation of displaced 

materials from uppermost very steep and precipitous slopes (Capitani et al., 2013). The role of 

slope gradient in inducing landslides has been explored and confirmed by a number of authors 

(Appolinaire et al., 2007; Claessens et al., 2007; Mugagga et al., 2012; López-Davalillo et al., 

2014). 

 

Slope curvature  

 

Landslides in the study area were noted to concentrate in slope sections where profile curvature is 

concave, with values ranging between 0.1 and 5.  Landslides are less pronounced in sections where 

profile curvature is convex with values lower than 0. This study found out that profile concave 

forms are associated with topographic hollows while convex forms appear along hilltops and spur 

slopes in the landscape. The study establishes that the concentration of landslides along 
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topographic hollows with profile concave forms is due to, among other things, moisture 

concentration and deep soil profiles. This is because curvature affects surface and subsurface 

hillslope hydrology in determining slope stability (Infascelli et al., 2013).  The study results are in 

keeping with previous studies which identified landslides as occurring in areas of convergent 

topography, where subsurface soil water flow paths give rise to excess pore-water pressures 

downslope (Grabs et al., 2009; Gao and Maro, 2010; Lopez-Davalillo et al., 2014; Raju and 

Nandagiri, 2015).  

TWI and SPI 

This study found out that landslide occurrence was concentrating in sections with high TWI values, 

ranging between 8 and 18, mainly along topographic hollows with profile concave forms. They 

are less pronounced in slope sections with TWI values <8 associated with profile convex forms, 

mainly along hilltops and spur slopes. The study establishes that high TWI leads to saturation 

which reduces the shear strength of the materials, resulting into slope failures. The convex zones 

are, however, dry and stable due to the low saturation rates. Similar results have also been reported 

elsewhere on the influence of  the TWI on slope failure (Agnew et al., 2006; Ali et al., 2014; Raju 

and Nandagiri, 2015). Landslide occurrence was also noted as dominant in sections where SPI 

values are >10, mainly along topographic hollows associated with drainage lines. High SPI values 

signify increased erosive power along the topographic hollows and therefore high susceptibility to 

landslide occurrence. Low SPI values on hilltops and spur slopes indicate reduced erosive power 

and therefore less incidence of landslide occurrence. Other studies also demonstrate that high SPI 

values indicate areas in the landscape that have a high potential for erosion and therefore landslide 

occurrence ((Ferguson, 2005; Gomi et al., 2008; Buda, 2013).  

Topographic position index 

This study establishes that landslides in Kigezi highlands are dominant on slope positions with TPI 

values between -1 and 1 mainly along topographic hollows. Landslides are also concentrated in 

middle slopes with low TPI values, mainly along topographic hollows. Such slope elements were 

also found to have high TWI and SPI values, signifying increased saturation rates and erosive 

power. The middle slope sections characterized by topographic hollows are characterised by 

accumulation of the eroded materials from hilltops and spur slopes (Briggs and Knapp, 2008; 



 

178 

 

Mokarram et al., 2015). The study establishes that the availability of materials increases the 

vulnerability of middle slope elements to landslides. Other studies have also associated landslide 

occurrence with the topographic position of the landform (Tagil and Jenness, 2008; De Reu et al., 

2013).  

This study establishes a convergence zone among all the topographic parameters within the 

landscape to induce landslides. Landslides are common along topographic hollows with 

moderately steep gradient, profile concave forms, high TWI and SPI as well as low TPI. 

 

7.3 Soil properties and landslide occurrence 

 

 Soil profile characteristics 

 

This study found out that deep soil profiles ranging between 2.5 and 7m are a major characteristic 

of the study area. Deeper profiles are more pronounced along topographic hollows and valley 

bottoms. Notwithstanding the deep soils (mostly >6m) on most slopes in the study area, most 

landslide features are shallow, occurring within less than half of the profile (1 to 3m). This is 

explained by the presence of clay pans which form at a depth of 0.9 to 3m within the soil profiles. 

Clay pans reduce infiltration and lead to accumulation of water within the soil profile. The 

restriction of vertical flow of water through the soil profile by clay pans was also confirmed by 

Zhou et al. (2010) and Zinck (2013). The accumulating water lead to saturation of clay pans 

sandwiched between more stable materials. The saturated clay pans act as a sliding surface for the 

overlying materials, consequently inducing landslides. It can be inferred that the occurrence and 

characteristics of landslide processes in Kigezi highlands are highly influenced by the presence 

and position of clay pan horizons in the soil profile. Understanding the spatial characteristics of 

clay pan soil properties is important in characterising soil behaviour (Li et al., 2010). This is 

because clay pans create a unique hydrology, characterized by poor drainage and very slow 

permeability in the soil matrix (Rawls et al., 1992; Yilmaz and Karacan, 2002). 
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Particle size distribution 

 

This study establishes that fine-grained soils of silt and clay are predominant in the study area. The 

study found out that clay predominates, with more than 40 %, while sand and silt are less than 35 

% and 25 % respectively in most soil samples. Owing to the high clay content of greater than 35% 

and Plasticity Index (PI) of 33.3 %, the soils in the study area are categorised as Vertisols, which 

are known for inducing landslides (Mugagga et al., 2011). This study establishes that the presence 

of large amounts of clay in the soils of the study area is a major factor in landslide occurrence, 

since it affects the stability of the soils especially when wet. Clay has a great water-holding 

capacity, both upon the surface of the particles and within the cellule of the colloid (Baynes, 2008 

Kitutu et al., 2009; and Mukasa-Tibandeke et al., 2016). It can be inferred that soils with such high 

clay content are highly vulnerable to landslide occurrence. Similar results were also revealed by 

Kitutu et al. (2009) and Mugagga et al. (2011) on the slopes of Mount Elgon in Eastern Uganda. 

Several studies elsewhere have also demonstrated the influence of high clay content on landslide 

occurrence (Yalcin, 2007; Wati et al., 2010; Yalcin, 2011; Broothaerts et al., 2012).  

 

Clay mineralogy 

 

This study established the presence of moderately expansive clays, particularly illite/ muscovite, 

particularly in the sub soils. Despite the absence of extremely expansive smectite, the dominance 

of illite influences the stability and susceptibility of slope materials to sliding. Previous studies 

also indicate that the presence of illite clays can lead to landslide occurrence due to their swelling 

potential and low shear strength (Ohlmacher, 2000; Yalcin, 2007; Kitutu et al., 2009). Studies by 

Yilmaz and Karacan (2002) and Yalcin (2011) also report on the influence of clay mineralogy on 

shear and frictional resistance of the soils. A number of studies indicate that clay minerals 

significantly affect the physical, chemical and biological processes of soils (Day, 1994; Husein et 

al., 1999; Suzuki et al., 2007) including landslides (Selby, 1993; Inganga et al., 2001; Zinck, 

2013). In summary, this study establishes that the presence of high amounts of illite/muscovite 

clay minerals capable of accumulating water over time is one of the key factors influencing 

landslide occurrence in the study area.  
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Soil dispersion 

 

This study establishes that soils of the study area have high plasticity and are inorganic in nature 

(CH), indicating weak soils which respond very easily to saturation (Chapter 4). Such soils easily 

slide, especially during continuous rainfall. This study found out that the Liquid Limits for all 

samples analysed was above 50%, signifying soils with high plasticity. The average weighted 

plasticity index (PIw) and expansiveness were 26.4% and 32.8% respectively. By implication, soils 

of the study area are highly dispersive. Dispersive soils are structurally unstable in water due to 

their chemistry and collapse or disperse to form dissolved slurry when in contact with water (Bell 

and Maud, 1994; Bell and Culshaw, 2001). This study establishes therefore that landslide 

occurrence in the study area is associated with expansive soils which shrink and swell, leading to 

loss of soil strength. The role of Liquid Limits in characterizing the problem nature of soils has 

been reported by various scholars (Msilimba and Holmes, 2005; Fauziah et al., 2006; Baynes, 

2008; Mugagga et al., 2011). 

Soil shear strength  

 

This study established that colluviums cover most of the slopes mainly along hollows. The 

colluviums characteristically have low shear strengths in terms of their cohesion and internal 

frictional angles (Chapter 4). The study found out that the average cohesion for all tested soil 

samples in the study area is 7.2 kPa, while the average angle of internal friction is 4.1˚. Such weak 

soils are susceptible to sliding especially after disturbance. The dominance by clay soils in the 

study area, which have very low strength parameters when saturated as indicated by shear strength 

parameters (c and ϕ), has strong implications for landslide occurrence. Several studies also 

demonstrate the influence of shear strength parameters on landslide occurrence (Morgan, 1993; 

Selby, 1993; Lopez-Davalillo et al., 2014).   

 

Soil water infiltration 

 

The study establishes that soil water infiltration varies across slope position and topographic 

configuration. This variation is due to the differences in soil depth and location of clay pans within 

the slope profile. This study observed that the upper slope sections and spur slopes experience low 
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infiltration rates due to shallow soils in such sections which reach saturation very fast. The lower 

slope sections and topographic hollows are associated with high and very high infiltration rates 

due to the deep soil profiles in such zones. This variation in infiltration rates also signifies 

differences in soil saturation levels. The study establishes that high saturation rates in the lower 

slopes lead to saturation overland flow processes, which move from the slope base incrementally 

along topographic hollows upslope. In association with the high clay content dominated by 

illite/muscovite minerals, materials along topographic hollows remain saturated most of the time. 

This results into reduced shear strength within the topographic hollows, facilitating landslide 

occurrence.  

 

This study also established a relationship between soil water infiltration and topographic 

parameters in the landscape, including slope gradient, position and curvature. Infiltration was 

observed to increase with reduction in slope gradient due to an increase in soil depth. The study 

found out that deeper soils in the lower slope sections require more water to accumulate before 

reaching saturation, hence more infiltration. This is consistent with observations elsewhere by 

Stolte (2003). This study observed that the variation in infiltration with slope gradient is also due 

to the location of clay pans within the soil profile. Clay pans restrict vertical water movement in 

the soil profile and therefore reduce infiltration. This explains why steep upper slope sections 

experience low infiltration rates because they reach saturation faster due to the presence clay pans 

near the surface. The study further observed that lower slope elements and topographic hollows 

experience higher infiltration rates than the upper slope elements and spurs due to variations in 

soil depth. Lower slope elements and topographic hollows are characterized by deeper soil profiles 

than the upper and spur slope counterparts (Chapter 4). The present study therefore confirms that 

it is possible to estimate landslide occurrence using soil infiltration experiments along the slope 

profile. 

 

Rainfall distribution and landslide occurrence 

The study establishes that landslide occurrence in the study area is not correlated with extreme 

rainfall events, as is the case with Mt Elgon region in Eastern Uganda. In the Kigezi highland 

region, landslides are not normally experienced during or immediately after extreme rainfall 

events, but occur later in the rainfall season. This is due to antecedent moisture building up in the 
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sub soil materials as more rainfall is received. The study also found out that most landslides in the 

study area are concentrated in the months of May and November, despite the preceding months of 

April and October receiving more rainfall. This time lag in landslide occurrence and rainfall 

distribution, is due to the initial infiltration through quartz dominated upper soil layers, before 

illite/muscovite clays in the lower soil horizons get saturated. This leads to accumulation of 

antecedent moisture building in the soils during the months of April and October with heavy 

rainfall. This study establishes that continuous rainfall during the successive months of May and 

November on already saturated soil materials leads to loss of cohesion, hence landslide occurrence 

in the region. Several studies also observe that antecedent soil moisture conditions prior to a 

rainfall event are the most significant factor in landslide occurrence (Dai et al., 2003; Pedrozzi, 

2004; Gonghui et al., 2010; Panek et al., 2011; Qiang et al., 2011). This study therefore inferred 

that landslide occurrence in the Kigezi highlands is due to the initial rapid infiltration through 

quartz dominated top soils and subsequent saturation of the clay pan dominated sub soils. 

7.4 Land-use/ cover changes and landslide occurrence 

 

This study establishes a drastic decimation of natural vegetation cover due to increased cultivation 

and settlements was identified. This is attributed to acute land shortages resulting from the 

exponential population growth. Most of the natural land-cover is destroyed due to increasing 

anthropogenic activities. The study observed that on most of the hillslopes in the study area, there 

has been complete depletion of vegetation cover.  The study found out that every available space 

in the study areas has been intensively cultivated. Gardens appear like a continuous carpet for 

kilometres from the valley bottoms to uppermost slope sections. This study established that land-

use/cover changes affect slope stability and result into reduced soil cohesion. Several studies 

elsewhere also demonstrate that loss of root networks reduces soil cohesion (Das et al., 2011; 

Pánek et al., 2011; Broothaerts et al., 2012; Lopez-Davalillo et al., 2014).  The study established 

that most landslide occurrence is associated with vegetation degradation. This is in keeping with 

previous studies which observed the link between destruction of vegetation cover and reduction of 

soil shear strength and eventual landslide inducement (Glade, 2002; Begueria, 2006; Sidle et al., 

2006; Claessens et al., 2007; Karlsi et al., 2009). Vegetation cover substantially modifies 

parameters such as cohesion, internal friction angle, weight of the slope-forming material and pore-

water pressure (Van Beek and Van Asch, 2004; Promper and Glade, 2012). Similar studies have 
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also identified a close relationship between land-use/cover changes and landslide occurrence 

(Meusburger and Alewell, 2008; Wasowski et al., 2010; Mugagga et al., 2012).  

 

Most of the landslides were noted to occur where there is an interaction between land use/cover 

changes and topography. This study observed that the most significant land use/ cover change 

trend in the study area was the expansion of cultivated areas from valley bottoms and lower slopes 

to steep middle and upper slope sections. The shift in the distribution of cultivated land is attributed 

to conversion of most lowlands and valley bottoms into settlements over the past few decades. The 

study established that increased cultivation on steep middle and upper slopes is one of the major 

factors influencing landslide occurrence. Cultivation affects the soil structure by weakening the 

internal cohesive forces (Selby, 1993). Increased cultivation of steep concave slopes can therefore 

affect soil material shear strength, leading to landslide occurrence (Glade, 2003; Karlsi et al., 

2009). This study therefore inferred that landslide occurrence is likely to   increase in this highland 

region given the current land use pressure, which gives rise to increasing cultivation of steep 

uplands. 

7.5 The uniqueness of landslide occurrence in Kigezi highlands 

 

Compared to other regions in East African highlands, landslides in Kigezi highlands occur along 

clearly defined lines mainly the topographic hollows within the landscape. The landslide path can 

be easily identified and demarcated within the landscape. This is due to the fact that topographic 

hollows have moderately steep slopes, high TWI and SPI, low TPI, profile concave forms, deep 

soils and are intensively cultivated. Compared to other slope elements in the landscape, 

topographic hollows are conducive for landslide processes. On Mt Elgon slopes of Eastern 

Uganda, landslides do not necessarily occur along hillslope hollows. They have been noted to 

occur mainly on even broad concave elements of slope (Knapen, 2003; Knapen et al., 2006; 

Mugagga et al., 2012). This points to the differences in topographic parameters that underpin 

landslide occurrence in different mountain environments of the country.  

 

The landslide features in the study area are also predominantly shallow, despite the deep soil 

profiles covering the slopes. This is due to the presence of clay pans which form at a depth of 0.9 

to 3m within the profiles. Clay pans reduce infiltration and lead to accumulation of water within 
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the soil profile. The accumulating water leads to saturation of clay pans sandwiched between more 

stable materials. Saturated clay pans then act as a sliding surface for the overlying materials, 

consequently inducing landslides. It can be inferred that the occurrence and characteristics of 

landslide processes in Kigezi highlands is highly influenced by the presence and position of clay 

pan horizons in the soil profile. In other mountain environments, for example Mt Elgon region, 

landslide occurrence could occur up to the bedrock, removing all the overlying materials.  

 

Landslides in the study area also have several tongues which converge together. Their appearance 

and morphology is associated with the convergence of several subsidiary hollows from upslope 

into one major hollow along the middle slope sections. This phenomenon is unique to the Kigezi 

highlands, denoting the influence of a unique topographic configuration. Furthermore, landslides 

in Kigezi highlands are not normally experienced during or immediately after extreme rainfall 

events as is the case elsewhere, for example the Mt Elgon region. They occur later in the rainfall 

season. They are concentrated in the months of May and November, despite the preceding months 

of April and October receiving more rainfall. This time lag in landslide occurrence and rainfall 

distribution, is due the initial infiltration through quartz dominated upper soil layers, before 

illite/muscovite clays in the lower soil horizons get saturated. This leads to accumulation of 

moisture in the soils during the months of April and October with heavy rainfall. Continuous 

rainfall during the successive months of May and November on already saturated soil materials 

lead to loss of cohesion, hence landslide occurrence in the region. In other regions such as Mt 

Elgon of Eastern Uganda, landslide occurrence immediately responds to extreme rainfall events.  

 

7.6 Study recommendations 

 

 An understanding of the topographic, pedological and anthropogenic parameters and their 

influence on landslide occurrence is important in landslide hazard management. It is now 

possible to identify and predict potential landslide zones, and also demarcate safer zones 

for community activities. This information and knowledge generated about the area’s 

topographic, pedological and land cover characteristics will serve to reduce the 

vulnerability and disaster risk of communities to landslide hazards in this fragile highland 

ecosystem. This can be done through designating appropriate zones for community 
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activities, while avoiding the potential landslide zones. Potential landslide zones can be 

demarcated based on the distribution of susceptible soil materials along topographic 

hollows and degraded slope elements vulnerable to failures.  

 Due to the increasing landslide hazards in Kigezi highland region, developing early 

warning systems in the light of landslides striking well after peak period rainfall months is 

very important. An early warning system will help in disaster preparedness and hazard 

management in vulnerable areas.  

 To enhance the stability of materials within the topographic hollows, land-cover 

degradation should be strongly discouraged. It is important to embark on an upland-

lowland ecosystem restoration and management undertaking in the study area. Healthy 

ecosystems can withstand the shocks of environmental change and lead to increased 

community resilience to landslide hazards. 

 It is also recommended that afforestation in the landslide prone and degraded areas be done 

in the highlands, especially along the steep sensitive topographic hollows. Vegetation cover 

will improve the root density in the soil, which will help to hold soil materials together. 

Root reinforcement will increase soil strength, reducing slope failures (Beguería, 2006; 

Yalcin, 2011). The presence of vegetation cover will substantially modify parameters such 

as cohesion, internal friction angle, weight of the slope-forming material and pore-water 

pressure (Das et al., 2011; Pánek et al., 2011; Broothaerts et al., 2012; López-Davalillo et 

al., 2014).  This is through increasing cohesion due to root matrix reinforcement and 

suction through evapotranspiration and interception (Selby, 1993; Morgan, 2009). The 

restored vegetation cover will therefore lead to a stable hillslope water balance. Restoration 

of the vegetation cover will also help to increase humus and organic matter which hold soil 

aggregates together, leading to increased strength of the materials. 

 Farmers should also be encouraged and helped to re-establish terrace farming, while 

avoiding cultivation of sensitive steep middle and upper slope sections. Terrace bans will 

help to reduce runoff and hold soil materials against downslope forces (Siriri and Raussen, 

2002). 

 To reduce disaster risk of communities to landslide hazards, topographic hollows 

considered to be the landslide pathways should be avoided for human settlements. Human 

settlements must be relocated along the spur slopes, which according to this study are noted 
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as landslide-free zones. The conceptual model developed by this study can also be applied 

to other regions with similar topographic, pedologic and land use/cover change 

characteristics as the present study area. 

7.7 Recommended research directions 

 

 A study on vulnerability and disaster risk reduction of communities to landslide hazards in 

Kigezi highlands is recommended. 

 A study on the hydrological characteristics and their influence on landslide occurrence in 

the highlands is also very important. 

 A study of the efficacy of terracing in conserving and stabilizing the fragile soils to reduce 

landslide susceptibility is also recommended for the area. 

 An investigation into land cover restoration and management and its role in landslide 

mitigation is also recommended in this fragile highland region. 

 

7.8 General conclusion 

 

In summary, landslides in Kigezi highlands are triggered by the complex interaction of multiple- 

factors, including dynamic triggers and ground condition variables. There is a convergence zone 

within the landscape where all the parameters interact to cause landslides in the study area. The 

topographic characteristics of the region have a major influence on landslide occurrence, owing to 

the effect on hillslope hydrology and soil development. Topographic hollows between spur slopes 

are the potential landslide sites in the highlands. The high clay content dominated by significant 

amounts of illite/muscovite minerals in the sub soils is a major factor promoting landslide 

occurrence. This is due to their ability to absorb large quantities of water, slow drainage, 

high expansive and shrink/swell potential, high plasticity, and subsequent loss of shear strength. 

The spatial-temporal patterns of landslide occurrence in the study area have changed due to         

increased cultivation of steep middle and upper slopes. A close spatial and temporal relationship 

between land use/cover changes and landslide occurrence is discernible. 

 

 



 

187 

 

References 
 

 Abbott, M.B. and Refsgaard J.C. (Eds.).1996. Distributed Hydrological Modelling. Kluwer 

Academic Pub. 

 

Acharya, G., De Smelt, F. and Long, N.T. 2005. ‘Assessing Landslide Hazard in GIS: A Case 

Study from Rusuwa, Nepal’. Bull Engineering Geology Environment 65, 99-107. 

Agnew, L. J., Lyon, S., Gérard-Marchant, P., Collins, V. B., Lembo, A. J., Steenhuis, T. S., and 

Walter, M. T. 2006. Identifying hydrologically sensitive areas: Bridging the gap between science 

and application. Journal of Environmental Management, 78(1), 63–76.  

 

AGS. 2007a. Practice Note Guidelines for Landslide Risk Management. Australian Geomechanics 

Society Landslide Taskforce Landslide Zoning Working Group. Australian Geomechanics 42 (1), 

63–114. 

 

AGS. 2007b. Guideline for Landslide Susceptibility, Hazard and Risk Zoning for Land 

Use Management. Australian Geomechanics Society Landslide Taskforce Landslide Zoning 

Working Group. Australian Geomechanics, 42 (1), 13–36. 

Ahmed, F., Gulliver, J.S. and J.L. Nieber. 2011. A New Technique to Measure Infiltration Rate 

for Assessing Infiltration of BMPs. Presented at 12th International Conference on Urban Drainage, 

Porto Alegre/Brazil, 11-16 September 2011. 

Ainomugisha, J. 2015. An assessment of the spatial and temporal dynamics of landslide hazards 

and their implications on communities in Kabale district. Unpublished MA. Thesis. Makerere 

University, Kampala Uganda. 

 

Alcantara-Ayala, I. 2002. Geomorphology, natural hazards, vulnerability and prevention of natural 

disasters in developing countries', Geomorphology, 47, 107-124. 

Alcantara-Ayala, I. 2004. Hazard assessment of rainfall-induced landsliding in Mexico, 

Geomorphology, 61, pp. 19-40. 

Alcantara-Ayala, I., Esteban-Chavez, O. and Parrot, J. F. 2006. Landsliding related to land-cover 

change: a diachronic analysis of hillslope instability distribution in the Sierra Norte, Puebla, 

Mexico. Catena, 65(2), 152-165. 

Alexander, D.E. 1989. Urban landslides, Progress in Physical Geography, 13, 157-191. 

Alexander, D.E. 1992. On the Causes of Landslides: Human Activities, Perception, and Natural 

Processes', Environmental Geology and Water Sciences, 20(3), 165-179. 

Alexander, D. E. 1993. Natural Disaster, London, University College Library Press. 

https://web.sbe.hw.ac.uk/staffprofiles/bdgsa/temp/12th%20ICUD/PDF/PAP004847.pdf
https://web.sbe.hw.ac.uk/staffprofiles/bdgsa/temp/12th%20ICUD/PDF/PAP004847.pdf


 

188 

 

Alexander, D.E. 1997. 'The Study of Natural Disasters, 1977-1997: Some Reflections on a 

Changing Field of Knowledge', Disasters, 21(4), 284-304. 

Alexander, D. 2004. Vulnerability to landslides. In Glade, Anderson, and Crozier (Eds.), Landslide 

hazard and risk (pp. 175e198). Chichester: John Wiley and Sons. 

Alexander, D.E. 2005. 'Vulnerability to landslides'. In Glade T, M. Anderson, and M. Crozier 

(eds.) Landslide Hazard and Risk, Wiley, Chichester, U.K, pp.175-198. 

Alford, D. and Schuster, R.L. (eds.).2000. Usoi Landslide Dam and Lake Sarez – An   Assessment 

of Hazard and Risk in the Pamir Mountains, Tajikistan, ISDR Prevention Series, United Nations, 

Geneva, 1, 113 pp. 

 

Ali, G., Birkel, C., Tetzlaff, D., Soulsby, C., Mcdonnell, J. J., and Tarolli, P. 2014. A comparison  

of wetness indices for the prediction of observed connected saturated areas under contrasting 

conditions. Earth Surface Processes and Landforms, 39(3), 399–413 https://doi.or/10.1002/espe. 

3506 

 

Al-Tahir, R. and Thompson, N. 2009. The use of photogrammetry for landslide inventory in the 

Northern Range, Trinidad. Caribbean Journal of Earth Science, 40, 25-31. 

Ali, Y., Fevzi, K., Mustafa, A., Osman, D., Selcuk, R. 2006. Assessment of Landslide 

Environmental Impact Using Aerial Images Shaping the Change XXIII FIG Congress Munich, 

Germany 

 

Ambraseys, N.N. and Melville, C.P. 1982. A History of Persian Earthquakes, Cambridge 

University Press, London, 219. 

 

Andresen, A. and Bjerrum, L. 1967. “Slides in subaqueous slopes in loose sand and silt,” in A.F. 

Richards (ed.), Marine Geotechnique, Univ. of Illinois Press, Urbana, 221-239. 

 

Anderberg, M.R. 1973.  Cluster Analysis for Applications, New York: Academic Press,  

Angima, S. D., D. E. Stott, M. K. O’Neill, C. K. Ong, and G. A. Weesies. 2003. Soil erosion 

prediction using RUSLE for central Kenyan highland conditions. Agriculture, Ecosystems and 

Environment, 97, 295-308. 

Appolinaire, Z., Chrétien, N., Ojuku, T. 2007. The catastrophic geomorphological processes in 

humid tropical Africa: A case study of the recent landslide disasters in Cameroon. Sedimentary 

Geology, 199, 13-27. 

Arinaitwe, Z.M.  2004. Soil Erosion as a major environmental concerning highland areas: A case 

study of Noozi hills/parish, Kabale district. 

Ardizzone, F., Cardinali, M., Carrara, A., Guzzetti, F., Reichenbach, P. 2002. Impact of mapping 

errors on the reliability of landslide hazard maps. Natural Hazards and Earth System Sciences 2, 

3–14. 



 

189 

 

ASTM D3385. 2003. Standard test method for infiltration rate of soils in field using double-ring 

infiltrometer. Annual book of ASTM standards, vol. 4.02. ASTM International. 

ASTM Designation D2487-93. Annual Book of ASTM standards. 1995. West Conshohocken, 

4.08. McBride, R.A. 2002. Atterberg limits. p. 519-527. In Dane J.H and G.C. Topp (eds.) Methods 

of soil analysis. Part 4. Physical methods. SSSA Book Series no. 5. SSSA, Madison, WI. 

 

Atherton, D. and Burbridge, K. 2000. “Coastal protection in a proposed World Heritage Site”. In 

Bromhead E, N. Dixon, and M-L. Ibsen (eds.), Landslides in Research, Theory andPractice, Proc. 

8th Int’l. Symposium on Landslides, Cardiff, Wales, 26-30 June, 85-90. 

 

Atuyambe, Micheal Ediau, Christopher G. Orach, Musenero, M., Bazeyo, W. 2011. Land slide 

disaster in eastern Uganda: rapid assessment of water, sanitation and hygiene situation in 

Bulucheke camp, Bududa district. Environmental health, 10, 38-38. 

Ayalew, L. and Yamagishi, H. 2004. Slope failures in the Blue Nile basin, as seen from landscape 

evolution perspective. Geomorphology, 57, 95–116. 

 

Ayalew, L., Yamagishi, H., Ugawa N. 2004. Landslide susceptibility mapping using GIS-based 

weighted linear combination, the case in Tsugawa area of Agano River, Niigata Prefecure, Japan. 

Landslide, 73–81 

 

Ayalew, L. and Yamagishi H. 2005. The application of GIS-based logistic regression for landslide 

susceptibility mapping in the Kakuda- Yahiko Mountains, Central Japan. Geomorphology ,65,15–

31 

Ayalew, L., Yamagish, H., Marui, H. and Kanno, T. 2005. ‘Landslides in Sado Island of Japan: 

Part II. GIS-based susceptibility mapping with Comparisons of Results from Two Methods and 

Verifications’: Engineering Geology 81, 432-445. 

Azzoni, S., Chiesa, A. Frassoni and M. Govi. 1992. The Valpola landslide, Engineering Geology. 

33 (1992), 59–70.  

Babirye, G.P. 2010. Analyzing changes in landslide vulnerability and perceptions using a 

participatory GIS approach. 

Bagoora, F.D.K .1988. Soil Erosion, Mass Wasting risk in the Highland areas of Uganda: 

Mountain Research and Development, Vol 8. 

 

Bagoora, F.D.K. 1989. A preliminary investigation into the consequences of inadequate 

conservation policies on steep slopes of the Rukiga highlands, South Western Uganda, In Thomas 

D.B, E.K Biamah, A.M Kilewe (eds.); soil conservation in Kenya, Dept of Agri. Er, Univ. of 

Nairobi, Kenya. 

 

Bagoora, F.D.K .1993. An assessment of some causes and effects of soil erosion hazard in Kabale 

Highland, South Western Uganda, and peoples attitude towards conservation. In Abdellatif (ed.) 



 

190 

 

Resource Use and Conservation: Faculty of Social Sciences; Mohammed V. University, Rabat 

Morroco. Mountain Research and Development, Vol 8. 

 

Bagoora, F. D.K. 1997. Assessment of runoff and soil loss on peasant upland farms and their 

implications for environmental conservation in Rukiga Highland Eastern Kabale District. 

unpublished manuscript. 

 

Bagoora, F.D.K. 1998. Soil loss in Rukiga highlands in Eastern Kabale, Western Uganda. 

unpublished PhD thesis, Makerere University, Kampala. 

 

Bailey, T.C. and Gatrell, A.C.1998. Interactive spatial data analysis. Addison Wesley Longman, 

London Google Scholar. 

 

Bamutaze, Y. 2005. The impact of land use on runoff and soil loss in Wanale micro-catchment, 

Mt. Elgon. M.Sc., Makerere University, Kampala. 

 

Bamutaze, Y., Tenywa, M.M., Majaliwa, M.J.G., Vanacker, V., Bagoora, F., Magunda, M., 

Obando, J., Wasige, J.E. 2010. Infiltration characteristics of volcanic sloping soils on Mt. Elgon, 

Eastern Uganda.  Catena, 80,122-130. 

Band, L.E. 1986. Topographic Partitioning of watersheds with Digital Elevation Models. Water 

Resources Research, 22, 15 - 24. 

 

Barasa, B., Maialiwa, J. G. M., Lwasa, S., Obando, J. and Bamutaze, Y. 2010. Effects of Land Use 

and Cover Change on the Soil Properties in River Sio Catchment. Journal of International 

Environmental Application and Science, 5: 391. 

Barnard, P.L., Finkel, R.C. and Owen, L.A. 2001. 'Natural and human-induced landsliding in the 

Garhwal Himalaya of Northern India', Geomorphology, 40(1-2), 21-35. 

Barker, D.H. 1994. “The way ahead – continuing and future developments in vegetative slope 

engineering or Eco engineering,” in Barker, D.H. (ed.), Vegetation and Slopes processes, 

international conference at University Museum, Oxford. 

 

Baron, I., Rehanek, T., Vosmik, J., Musel, V., Kondrová, L. 2011. Report on a recent deep-seated 

landslide at Gírová Mt., Czech Republic, triggered by a heavy rainfall: The Gírová Mt., Outer 

West Carpathians, Czech Republic. 

Bauer, F.U., Glasmacher, U.A., Ring, U. 2010. Thermal and exhumation history of the central 

Rwenzori Mountains, Western Rift of the East African Rift System, Uganda. International Journal 

of Earth Sciences, 99,1575–1597. doi: 10.1007/s00531-010-0549-7 

 

Bauer, F.U., Karl, M., Glasmacher, U.A. 2012. The Rwenzori Mountains of western Uganda—

aspects on the evolution of their remarkable morphology within the Albertine Rift. Journal of 

Africa Earth Sciences, 73–74:44–56. Doi: 10.1016 

 

Baynes, F.J. 2008. Anticipating Problem soils on linear projects. Conference proceedings on 

Problem Soils in South Africa, 3-4 November 2008, 9-21. 

http://scholar.google.com/scholar_lookup?title=Interactive%20spatial%20data%20analysis&author=TC.%20Bailey&author=AC.%20Gatrell&publication_year=1998


 

191 

 

 

Beatty, S.W. 1988. “Mass movement effects on grassland vegetation and soils on Santa 

CruzIsland, California,” Annals of Association of American Geographers, 78(3), 491-504. 

 

Begueria, S. 2006. Changes in land cover and shallow landslide activity: a case study in the 

Spanish Pyrennes. Geomorphology, 36, 25 – 32. 

 

Bell, F.G. and Culshaw, M.G. 2001. Problem soils. A review from a British perspective. In 

Jefferson, I., Murray, E.J., Faragher, E. and Fleming, P.R. (Eds.). Problematic soils, 1 – 36. 

London, Thomas Telford. 

 

Bell, F.G. and Maud, R.R. 1994. Dispersive soils. A review from a South African Perspective. 

Quarterly Journal of Engineering Geology and Hydrogeology, 27, 195 – 210. 

 

Bell, F.G. and Walker, D.J.H. 2000. A further examination of the nature of dispersive soils in 

Natal, South Africa. Quarterly Journal of Engineering Geology and Hydrogeology, 33, 197 – 199. 

Bell, F.G. 2004. Engineering Geology and Construction. CRC Press, Taylor and Francis. ISBN; 

0415259398, 9780415259392 

 

Benda, L. 1990. “The influence of debris flows on channels and valley floors in the Oregon Coast 

Range, U.S.A.,” Earth Surface Processes and Landforms, 457-466. 

 

Benda, L. and Dunne, T. 1987. “Sediment routing by debris flows”. In Beschta R.L, T. Blinn, 

G.E.Grant, G.G. Ice and F.J. Swanson (eds.), Erosion and Sedimentation in the Pacific Rim, IAHS 

Publ, 213-223. 

 

Benda, L.E., Miller, D.J., Dunne, T., Reeves, G.H. and Agee, J.K. 1997. “Dynamic landscape 

systems”. In  Naiman R and R. Bilby (eds.), Ecology and Management of Streams and Rivers in 

the Pacific Northwest Coastal Eco region, Springer-Verilog, New York, 261-268. 

Ben-Dor, E., Heller, D., Chudnovsky, A. 2008. A novel method for classifying soi profiles in the 

field using optical means. Soil Science Society of America Journal 72, 1113-1123. DOI: 

10.2136/sssaj2006.0059. 

Bernard, L.A., Owen, M.C., Sharma. and Finkel, R.C. 2001. Natural and human induced 

landsliding in the Garhwal Himalaya of northern India. Geomorphology, 40, 21 – 35. 

Berry, P.L. and Reid. D. 1987. An Introduction to Soil Mechanics, McGraw-Hill Book Company 

(UK) Limited, UK. 

 

Beven, K.J., Kirkby, M.J., 1979. A physically based variable contributing area model of basin 

hydrology. Hydrology Science Bulletin 24, 43–69. 

 

Beven, K.J. 1987. Towards a new paradigm in hydrology. In Water for the Future, Hydrology in 

Perspective, IAHS Publication, 164. 

 

http://dx.doi.org/10.2136/sssaj2006.0059
http://dx.doi.org/10.2136/sssaj2006.0059


 

192 

 

Beven, K.J. 1989. Changing ideas in hydrology—the case of physically-based models. Journal of 

hydrology, 105, 157-172. 

 

Beven, K. J. 2000. On the future of distributed modelling in hydrology. Hydrological Processes, 

14, 3183-3184. 

 

Bhudu, M. 2000. Slope stability. In Anderson, W. (ed). Soli mechanics and foundations. John 

Wiley and sons ltd, Chichester UK, 522 – 553. 

 

Biswajeet. P. and Lee, S. 2010. Landslide Susceptibility assessment and factor analysis: back 

propagation artificial neural networks and their comparison with frequency ratio and bivariate 

logistic regression modelling. Environmental Modelling and software, 747-759. 

Bouyoucos, G.J. 1962. Hydrometer method improved for making particle size analysis of soils. 

Agron J 54:464–465CrossRefGoogle Scholar 

 

Boehner, J., Koethe, R. Conrad, O., Gross, J., Ringeler, A., Selige, T. 2002. Soil Regionalisation 

by means of Terrain Analysis and process paramaterisation. In Micheli, E., Nachtergaele, F., 

Montanarella, L [Eds]: Soil Classification 2001. European Soil Bureau, Research Report NO.7, 

EUR20398 EN, Luxembourg, 213-222. 

 

Boehner, J. and Selige, T. 2006.  Spatial prediction of soil attributes using terrain analysis and 

climate regionalisation. In Boehner, J., McCloy, K R., Strobl, (Eds.) SAGA-Analysis and 

modelling application, Geottinger Geographische Abhandlugen,Goettingen, 13-28. 

Brabb, E.E. 1984. "Innovative Approaches to Landslide Hazard and Risk Mapping" in IV 

International Symposium on Landslides, vol. 1, Toronto, 307-323.  

Brabb, E.E. 1989. Landslides: extent and economic significance in USA, Extent and Economic 

Significance, ed. Brabb, E. and Harrod, B.L. A.A. Balkema, Rotterdam, 25-50. 

Brabb, E.E. 1991. 'The world landslide problem'. Episodes, 14, 52-61. 

Brabb, E.E. 1993. 'Proposal for worldwide landslide hazard maps'. In Novosad S and P.Wagner, 

A.A. Balkema (eds.) Landslides, Seventh International Conference and Field Workshop, 

Rotterdam. 

Brabb, E.E. and Harrod, B.L. (eds.) 1989. Landslides: Extent and Economic Significance, A.A. 

Balkema, Rotterdam. 

Brady, N.C. and R. R. Weil. 2010. Elements of the nature and properties of soils. Pearson 

Education, Inc., Upper Saddle River, New Jersey. 

Braja, M. and Das. 2011. Principles of foundation Engineering. 200 First Stamford Place, Suite 

400 Stamford, CT 06902 USA ISBN-978-0-495-66810-7. 

 

http://dx.doi.org/10.2134/agronj1962.00021962005400050028x
http://dx.doi.org/10.2134/agronj1962.00021962005400050028x


 

193 

 

Brejda, J.J., Moorman, T.B., Smith, J.L., Karlen, D.L., Allan, D.L., Dao, T.H. 2000. Distribution 

and variability of surface soil properties at a regional scale. Soil Science Society Am J 64, 974- 

982CrossRefGoogle Scholar. 

 

Brasington, J. and Richards, K. 1998. Interactions between model predictions, parameters and 

DTM scales for TOPMODEL. Computers and Geosciences, 24(4), 299–314. 

https://doi.org/10.1016/S0098-3004(97)00081-2. 

 

Breuer, L., Huisman, J. A., Willems, P., Bormann, H., Bronstert, A., Croke, B. F. W., Frede, H.G., 

Graff, T., Hubrechts, L., Jakeman, A.J., Kite, G., Lanini, J., Leavesley, G., Lettenmaier, D.P, 

Lindstrom, G., Seibert, J., Sivapalan, M. and Viney, N. R. 2009. Assessing the impact of land use 

change on hydrology by ensemble modelling (LUCHEM). I: Model inter-comparison with current 

land use. Advances in Water Resources, 32: 129-146. 

Breugelmans, W. 2003. The influence of soil, land use and deforestation on the occurrence of 

landslides in Mount Elgon area, Eastern Uganda. Unpublished Msc thesis, Catholic University 

Leuven, Belgium. 

 

Breyer, J., Larsen, D. and J. Acen. 1997. Land use cover change in South West Uganda. The case 

Of Katuna & Mpalo watersheds in Kabale District. African Highlands Initiative and International 

Centre for Research in Agroforestry (ICRAF), Nairobi. 

 

Briggs, J. M. and Knapp, A. K. 2008. Inter annual Variability in Primary Production in Tall grass 

Prairie, Climate , Soil Moisture , Topographic Position , and Fire as Determinants of Aboveground 

Biomass Published by, Botanical Society of America Stable URL ,  

http://www.jstor.org/stable/2446, 82(8), 1024–1030. 

 

BRITISH STANDARDS INSTITUTION. British Standards 882, 1992. Specification for 

aggregates from natural sources for concrete, London 1991 

BRITISH STANDARDS INSTITUTION.  British Standards 1377: 1995 and British Standard 

1377: 1990.  Methods of Test for Soils for Civil Engineering Purposes, London, 1990. 

BRITISH STANDARDS INSTITUTION. British Standards 5930: 1999. Code of Practice for Site 

Investigations, London 1981. 

 

Brokaw, N. 2003. Disturbance and Recovery, [http://luq.lternet.edu/research/projects/ 

disturbance and recovery description.html. 

 

Broothaerts, N., Kissi, E., Poesen, J., Van Rompaey, A., Getahun, K., Van Ranst, E. and Diels, J. 

2012. Spatial patterns, causes and consequences of landslides in the Gilgel Gibe catchment, SW 

Ethiopia. Catena, 97, 127–136. https://doi.org/10.1016/j.catena.2012.05.011 

 

Brown, N. 1995. “Rehabilitation of natural forests un the humid tropics,” in Barker, D.H. (Ed.), 

Vegetation and Slopes Processes, international. Conference at University. Museum, Oxford, 

Thomas Telford, London, 152-160. 

http://dx.doi.org/10.2136/sssaj2000.643974x
http://dx.doi.org/10.2136/sssaj2000.643974x


 

194 

 

Brunsden, D. 1973. The application of system theory to the study of mass movement, Geological 

Applicata e Idrogeologia, 8. Part 1, Nat. slopes stability conserve., proc. IRPI(CNR) conf (1973), 

185–207. 

Brunsden, D. and Allison, R.J. 1986. Mountains and highlands. In Fookes P.O and Blackie A 

(Eds.) handbook of engineering geomorphology, UK, 150-165. 

Brunsden, D. and Ibsen, M-L. 1994. 'The nature of the European archive of historical landslide 

data, with specific reference to the United Kingdom'. In Casale R, R. Fantechi, and J.C. FlageoUet 

(Eds) Temporal occurrence and forecasting of landslides on the European Community. European 

Community, 21-70. 

Bryant, E.A. 1991. Natural Hazards, Cambridge, Cambridge University Press. 

Buckley, A. 2010. Understanding Curvature Rasters. 

Buda, A. R. 2013. Surface-Runoff Generation and Forms of Overland Flow. Treatise on 

Geomorphology (Vol. 7). Elsevier Ltd. https://doi.org/10.1016/B978-0-12-374739-6.00151-2. 

 

Bugge, T., Belderson, R.H. and Kenyon, N.H. 1988. “The Storegga slide,” Philo. Trans. Royal 

Society. London, 325, 357-388. 

 

Burrough, P.A. 1993. Soil variability: a late 20th century view. Soils Fertility 56:529–562Google 

Scholar. 

 

Calcaterra, D. and Parise, M. 2001.The contribution of historical information in the assessment of 

landslide hazards. In Glade T (ed.) The Use of Historical Data in Natural Hazard Assessments, 

201-217. 

Cambers, G. 1976. “Temporal scales in coastal erosion systems,” Trans., Institute of British 

Geographers, New Series,  1(2), 246-256 

 

Campbell, R.H.1975. ‘Soil Slips, Debris Flows, and Rainstorms in the Santa Monica Mountains 

and Vicinity, southern California’. Professional Paper, vol. 851. USGS, Washington, DC, 50. 

Campbell, R.H. 1980. Landslide Maps Showing Field Classifications, Point Dume Quadrangle, 

California, U.S. Geological Survey Field Studies Map MF-1167 (Reston, Virginia: U.S. 

Geological Survey. 

Cannon, T. 1994. Vulnerability Analysis and the Explanation of Natural Disasters. In Varley A 

(ed.) Disasters, Development and Environment, John Wiley & Sons, Chichester, UK. 174 

Canuti, P. Focardi and C.A. Garzonio. 1985. Correlation between rainfall and landslides, Bull. 

International. Association. Engineering. Geology. 32 (1985), 49–54.  

Capitani, M., Ribolini, A., Bini, M. 2013. The slope aspect: A predisposing factor for landsliding 

Comptes Rendus - Geoscience, 345(11–12), 427–438. https://doi.org/10.1016/j.crte.2013.11.002 

 

http://scholar.google.com/scholar_lookup?title=Soil%20variability%3A%20a%20late%2020th%20century%20view&author=PA.%20Burrough&journal=Soils%20Fert&volume=56&pages=529-562&publication_year=1993
http://scholar.google.com/scholar_lookup?title=Soil%20variability%3A%20a%20late%2020th%20century%20view&author=PA.%20Burrough&journal=Soils%20Fert&volume=56&pages=529-562&publication_year=1993


 

195 

 

Carlson, P.R. and Karl, H.A.1988. “Development of large submarine canyons in the Bering Sea, 

indicated by morphologic, seismic, and sedimentology characteristics,” Geology Society. America 

Bulletin, 100, 1594-1615. 

Carrara, A. and Merenda, L. 1976.  "Landslide Inventory in Northern Calabria, Southern Italy" in 

Geological Society of America Bulletin, vol. 87, 1153-1162.  

Carrara, A., Cardinali, M., Detti, R., Guzzetti, F., Pasqui, V. and Reichenbach, P. 1991. GIS 

techniques and statistical models in evaluating landslide hazard'. Earth Surface Processes and 

Landforms, 16, 427-445. 

 

Carrara, A., Guzzetti, F., Cardinali, M., Reichenbach, P., 1999. Use of GIS technology in the 

prediction and monitorino of landslide hazard. Natural Hazards 20, 117–135. 

 

Carson, B. 1985. Erosion and sedimentation processes in the Nepalese Himalaya, Occasional 

Paper no.l, ICIMOD, Kathmandu. 

 

Carswell, G. 1997. African farmers in colonial Kigezi, Uganda, 1930-1962: opportunity, constraint 

and sustainability. PhD thesis, University of London. 

 

Carswell, G. 2000. Soil conservation policies in colonial Kigezi, Uganda. Successful 

implementation and an absence of resistance. Manuscript submitted to: Beinart, W. and J. 

McGregor. In press. Social history and African environment. Heinemann and James Currey. 

 

Carswell, G. 2002a. Continuities in environmental narratives: the case of Kabale, Uganda, 1930-

2000. Unpublished manuscript. 

 

Carswell, G. 2002b. Food crops as cash crops: the case of colonial Kigezi, Uganda. Unpublished 

manuscript. 

  

Cascini, L., Bonnard, Ch., Corominas, J., Jibson, R., Montero-Olarte, J., 2005. Landslide hazard 

and risk zoning for urban planning and development. In Hungr, O., Fell, R., Couture, R., 

Eberthardt, E. (Eds.), Landslide Risk Management. Taylor and Francis, London, 199–235. 

 

Chang, S.C. 1984. “Tsao-Ling landslide and its effect on a reservoir project,” in Proc., 4th 

International Symposium on Landslides, Toronto, 16-21 September 1, 469-473. 

 

Chang, J.C., and Slaymaker, O. 2002. 'Frequency and spatial distribution of landslides in a 

mountainous drainage basin: Western Foothills, Taiwan', Catena, 46(4), 285-307. 

 

Chang, K.T., Chiang, S.H., Hsu, M.L. 2007. Modelling typhoon- and earthquake-induced in a 

mountainous watershed using logistic regression. Geomorphology, 89, 335–347. 

 
Chao-Yuan, L., Cheng-Yu, L. and Chuphan, C. 2017. Risk-based models for potential large-scale 

landslide monitoring and management in Taiwan, Geomatics, Natural Hazards and Risk, 8:2, 

1505-1523, DOI: 10.1080/19475705.2017.1345797 



 

196 

 

 

Chapman, D. 1994. Natural Hazards, Oxford University Press, Melbourne, Australia. 

 

Chardon, A.C. 1999. 'A geographic approach of the global vulnerability in urban area: case of 

Manizales, Colombian Andes', Geographical Journal, 49, 197-212. 

 

Chartwin, S.C., Howes, D.E., Schwab, J.W., Swanston, D.N. 1994. A guide for management of 

landslide-prone terrain in the Pacific Northwest. Ministry of Forests, Victoria. 

 

Chau, K.T., Sze, Y.L., Fung, M.K., Wong, W.Y., Fong, E.L. and Chan, L.C.P. 2004. 'Landslide 

hazard analysis for Hong Kong using landslide inventory and GIS', Computers and Geosciences, 

30, 429-443. 

Chen, H. and Lee, C.F. 2004. 'Geohazards of slope movement and its prevention in Hong Kong', 

Engineering Geology, 76(1-2), 3-25. 

Chen, H. and Petley, D. N. 2005. The impact of landslides and debris flows triggered by Typhoon 

Mindulle in Taiwan. Quarterly Journal of Engineering Geology and Hydrogeology, 38, 301–304. 

 

Chen, L.C., Liu, Y.C. and Chan, K.C. 2006. Integrated community-based disaster management 

program in Taiwan: a case study of Shang-An village. Natural Hazards, 37, 209–223. 

 

Chen, C.Y., Yu, F.C., Lin, S.C. and Cheung, K. W. 2007. Discussion of landslide self-organized 

criticality and the initiation of debris flow. Earth Surface Processes and Landform, 32, 197–209. 

 

Chen, C.Y., Chen, L. K., Yu, F.C., Lin, S.C., Lin, Y.C., Lee, C.L. 2008. Characteristics analysis 

for the flash flood-induced debris flows. Natural Hazards, 47, 245–261. 

 

Chen, C.Y. 2009. Sedimentary Impacts from landslides in the Tachia River Basin, Taiwan. 

Geomorphology, 105, 355–365. 

 

Chen, L.C. and Wang, Y. W. 2010. Building community capacity for disaster resilience in Taiwan. 

Journal of Disaster Research, 5(2), 138–146. 

 

Chen, C.Y. and Huang, W.L. 2012. Land use change and landslide characteristics analysis for 

community-based disaster mitigation. Springer Science Business Media B.V. 2012. Department 

of Civil and Water Resources Engineering, National Chiayi University, Chiayi City 60004, 

Taiwan. 

Chen, C.Y. 2012. Landslide and self-organized criticality in the Lushan hot spring area. Journal 

of Mountain Science, 9 (4), 463–471. 

 

Cheng, J.D., Huang, Y. C.,Wu, H. L., Yeh, J. L. and Chang, C. H. 2005. Hydro meteorological 

and land use attributes of debris flows and debris floods during typhoon Toraji, July 29–30, 2001 

in central Taiwan. Journal of Hydrology, 306, 161–173. 

 

Chi, B.L., Bing, C.S., Walley, F. and Yates, T. 2009. Topographic Indices and Yield Variability 



 

197 

 

in a Rolling Landscape of Western Canada. Pedosphere, 19(3), 362–370. https://doi.org/10.1016/ 

S1002-0160(09)60127-2. 

 

Chleborad, A.F. and Schuster, R.L. 1995. A Protocol for Monitoring Movement and Seepage 

Conditions at the Hagerman Fossil Beds National Monument, South Central Idaho, U.S. 

Geological Survey Administrative Report, Denver, Colorado, 20. 

 

Christiansen, C., Westerberg, L.O. 1999. Highlands in East Africa, unstable slopes, unstable 

environments. Ambio 18, 419–429 

Cihlar, J. and Jansen, L. J. M. 2001. “From Land Cover To Land-Use: A Methodology for Efficient 

Land-Use Mapping Over Large Areas”, The Professional Geographer, 53, 275 – 289 

Claessens, L., Lowe, D.J., Hayward, B.W., Schaap, B.F., Schoorl, J.M., Veldkamp, A. 2006a. 

Reconstructing high-magnitude/low-frequency landslide events based on soil redistribution 

modelling and a Late- Holocene sediment record from New Zealand. Geomorphology 74, 29–49. 

 

Claessens, L., Verburg, P.H., Schoorl, J.M., Veldkamp, A., 2006b. Contribution of topographically 

based landslide hazard modelling to the analysis of the spatial distribution and ecology of kauri 

(Agathis australis). Landscape Ecology 21, 63–76. 

 

Claessens, L., Knapen, A., Kitutu, M.G., Poesen, J., Deckers, J.A. 2007. Modelling landslide 

hazard, soil redistribution and sediment yield of landslides on the Ugandan footslopes of Mount 

Elgon. Geomorphology 90(1–2):23–35. doi:10.1016/j.geomorph.2007.01.007. 

 

Clark, J.J. and Wilcock, P. R. 2000. Effects of land-use change on channel morphology in north-

eastern Puerto Rico. Geological Society of America Bulletin, 112, 1763-1777. 

Clausen, R. and Mcgahuey, M. 2001. SW Uganda landscape concept. Unpublished manuscript. 

 

Coelho, N. and Nelson, F. Fernandes. 1990. Hillslope erosion, sedimentation, and relief inversion 

in SE Brazil: Department of Geography, Universidade Federal Rio de Janeiro 21910, Brazil 

 

Coker, I., Flores, R. 1999.  Implications of live barriers for slope stability in Andean hillside 

farming systems. Mount Resources Development, 19(4), 300–306. 

 

Collison, A.J.C., Anderson, M.G., Lloyd, D.M. 1995. Impact of vegetation on slope stability in a 

humid tropical environment: a modelling approach. Proceedings of the Institution of Civil 

Engineers. Water, Maritime and Energy, 112, 168– 175. 

 

Congalton, R.G. and Green, K. 2009. Assessing the accuracy of remotely sensed data: Principles 

and practices (2nd Edition), Taylor and Francis Group, LLC, New York. 

 

Conrad, O., Bechtel, B., Bock, M., H. Dietrich, H., Fischer, E., Gerlitz, L., J. Wehberg, J., 

Wichmann, V. J. Böhner, J. 2015. System for Automated Geoscientific Analyses (SAGA) v. 2.1.4, 

Geoscientific Model Development: 27, 8, 1991–2007. 

 



 

198 

 

Coppin, P., Jonckheere, I., Nackaerts, K., Muys, B. and Lambin, E. 2004. Digital change detection 

methods in ecosystem monitoring: A review. International Journal of Remote Sensing, 25, 1565–

1596. 

 

Cooper, L.T., Haverland, R.L., Hendricks, D.M., Knisel, W.G. 1984. Microtrac particle size 

analyser: an alternative particle size determination method for sediment and soils. Soil Science 

138,138–146CrossRefGoogle Scholar. 

 

Corominas, J., Baeza, C., Saluela, I. 1992. The influence of geometrical slope characteristics and 

land use on the development of shallow landslides. In: Bell, D.H. (Eds.), Proceedings of the 6th 

International Symposium on Landslides, 10–14 February, Christchurch, New Zealand. A.A. 

Balkema Publishers, Rotterdam, Netherlands, pp. 919–924. 

 

Corominas, J., Remondo, J., Farias, P., Esterao, M., Zezere, T., Dias de Teran, J., Dikan, R., Schott, 

L., Moya, J. and Gonzalez, A. 1996. Debris flow, International Association of Geomorphologists, 

5, 61 - 180. 

Corominas and Moya. 1999.  Reconstructing recent landslide activity in relation to rainfall in the 

Llobregat river basin, Eastern Pyrenees, Spain, Geomorphology 30 (1999), 79–93.  

Corominas, J. 2014. Recommendations for the quantitative analysis of landslide risk. Bulletin of 

Engineering Geology and the Environment, vol. 73, issue 2, pp. 209-263. 

Cosby, B.J., Hornberger, G.M., Clapp, R.B., Ginn, T.R. 1984. A statistical exploration of the 

relationships of soil moisture characteristics to the physical properties of soils. Water Resources 

Res 20, 682–690 CrossRefGoogle Scholar. 

 

Costa, J.E. and Schuster, R.L. 1988. “The formation and failure of natural dams,” Geology. 

Society. America Bulletin, 100, 1054-1068. 

 

Cotecchia, V. 1978. "Systematic Reconnaissance Mapping and Registration of Slope Movements" 

in Bulletin of the International Association of Engineering Geology, no. 17, 5-37. 

 

Crandell, D.R., Miller, C.D., Glicken, H.X., Christiansen, R.L. and Newhall, C.G. 1984. 

“Catastrophic debris avalanche from ancestral Mount Shasta volcano, California,” Geology, 12, 

143-146. 

 

Critchley, W.R.S., D. Miiro, J. Ellis-Jones, S.R Briggs, and J. Tumuhairwe. 1999. Traditions and 

innovation in land husbandry. Building on local knowledge in Kabale, Uganda. RELMA Technical 

Report 20. 

 

Crozier, M.J.1989. ‘Landslide Causes, Consequence and Environmental Problem’. London. 

Crozier, M.J. 1999. 'Landslides'. In Alexander D.E and R.W. Fairbridge, Kluwer, Dordrecht (Eds), 

Encyclopaedia of environmental science, 371-375. 

 

http://dx.doi.org/10.1097/00010694-198408000-00007
http://dx.doi.org/10.1097/00010694-198408000-00007
http://dx.doi.org/10.1029/WR020i006p00682
http://dx.doi.org/10.1029/WR020i006p00682


 

199 

 

Crozier, M.J., Eyles, R.K., Marx, S.L., McConchie, J.A., Owen, R.C., 1980. Distribution of 

landslips in the Wairapa hill country. New Zealand Journal of Geology and Geophysics, 23, 575–

586. 

 

Crozier, M.J., Preston,N.J., 1999.Modelling changes in terrain resistance as a component of 

landform evolution in unstable hill country. In Hergarten, S., Neugebauer, H.N. (Eds.), Process 

Modelling and Landform Evolution.: Lecture Notes in Earth Sciences. Springer, Heidelberg, 267–

284. 

 

Crozier, M.J. 2010. Deciphering the effect of climate change on landslide activity: a review. 

Geomorphology 124:260–267. doi:10.1016/j.geomorph.2010.04.009 Cui P, Zhou GGD, Zhu XH.  

 

Cruden, D.M. and Brown, W.M. I I I. 1991. 'Progress towards the World Landslide Inventory', in, 

D.H. Bell, A.A. Balkema (Eds), Landslides Rotterdam, Netherlands. 

 

Cruden, D.M., 1991. A simple definition of a landslide. Bulletin of International Association of 

Engineering Geology, 43, 29- 39. 

 

Cruden, D.M. and Varnes, D.J. 1996. “Landslide types and processes”. In Turner A.K and R.L. 

Schuster (eds.), Landslides: Investigation and Mitigation, Nat’l. Res. Council, Wash., D.C., 

Transp. Res. Bd. Spec. Rept. 247, 36-75. 

 

Cruden, D.M., Miller, B.G.N., 2001. Land clearing and landslides along tributaries of the Peace 

River, Western Alberta, Canada. In Kuhne, M. (Ed.), International Conference on Landslides: 

Causes, Impacts and Counter measures (Davos, June 2001). Verlag Glu¨ckauf Essen, Essen, 

Germany, 377–383. 

 

Cutter, S.L. 1996. 'Vulnerability to environmental hazards'. Progress in Physical Geography, 20, 

529-539. 

Cutter, S.L., Mitchell, J.T. and Scott, M.S. 2000. 'Revealing the Vulnerability of People and Places: 

A Case Study of Georgetown County, South Carolina', Annals of the Association of American 

Geographers, 90 (4), 713-37. 

Cutter, S.L., Boruff, B.J. and Shirley, W.L. 2003. 'Social Vulnerability to Environmental Hazards', 

Social Science Quarterly, 84 (2), 242-261. 

Dai, F.C. and Lee, C.F. 2000. "Landslide characteristics and slope instability modelling using GIS, 

Lantau Island, Hong Kong" http://gisknowledge.net/topic/geospatial analysis/dai lee 

geomorphology 02.pdf.  

Dai, F.C., Lee, C.F., Xu, Z.W. 2001. Assessment of landslide susceptibility on the natural terrain 

of Lantau Island, Hong Kong. Environmental, Geology 40(3), 381–391. 

Dai, F.C. and Lee, C.F. 2001. "Terrain-based mapping of landslide susceptibility using a 

geographical information system: a case study" http://article.pubs.nrc-

cnrc.gc.ca/ppv/RPViewDoc?issn=1208-6010&volume=38&issue=5&startPage=911 



 

200 

 

Dai, F.C., Lee, C.F., Ngai, Y.Y. 2002. Landslide risk assessment and management: An overview. 

Engineering Geology, 64(1), 65–87. 

 

Dai, F.C. and Lee, C.F., 2002. Landslide characteristics and slope instability modelling using GIS, 

Lantau Island, Hong Kong. Geomorphology, 42, 213-228. 

Dai, F.C., Lee, C.F. and Wang, S.J. 2003. 'Characterization of rainfall-induced landslides'. 

International Journal of Remote Sensing, 24(23), 4817-4834. 

Dalling, J.W. 1994. Vegetation colonization of landslides in the Blue Mountains, Jamaica,” 

Biotropical, 26(4), 392-399. 

 

Das, B.M. 2006. Principles of geotechnical engineering. Stamford, CT: Thomson Learning 

College. 

Das, I., Sahoo, S., Van Westen, C.J., Stein, A., Hack, R. 2010. Landslide susceptibility assessment 

using logistic regression and its comparison with a rock mass classification system, along a road 

section in the northern Himalayas (India). Geomorphology, 114, 627–637View Article.  

Das, I., Stein, A., Kerle, N., Dadhwal, V.k. 2011. Probabilistic Landslide hazard assessment using 

homogeneous susceptible units (HSU) along a national highway corridor in the northern 

himalayaa, India. 

Davies, T.C. 1996. Landslides research in Kenya. Africa Earth Science 23, 41–49 

 

Davies, T.C. 1986. ‘Landslide Research in Kenya’ Journal of African Earth Sciences 541. In 

Edward, J.T., and Frederick, K.L., (eds.), ‘Earth Science’ Bell and Howell Company, USA, 40-45 

Davis, S.N. and Karzulovic, J.1963. “Landslides of Lago Rinihiue, Chile,” Geology Society. 

America Bull., 53(6), 1403-1414. 

 

Day, P.R. 1965. Particle fractionation and particle size analysis. In Black CA (Ed) Methods of soil 

analysis. Part 1. Agronomy series No. 9, Madison, 545–567Google Scholar. 

Day. R.W. 1994. Swell–shrink behaviour of compacted clay, J. Geotechnical. Engineers. ASCE 

120 (1994), 618–623.  

DeGraff, J.V. 1978. "Regional Landslide Evaluation: Two Utah Examples" in Environmental 

Geology, vol. 2 pp. 203-214. "Initiation of Shallow Mass Movement by Vegetative-type 

Conversion" in Geology, vol. 7 .1979. pp. 426-429.  Quantitative Approach to Assessing Landslide 

Hazard to Transportation Corridors on a National Forest" in Transportation Research Record 892 

(1982), 64-68.  

DeGraff, J.V. and Romesburg, H.C. 1980. "Regional Landslide-Susceptibility Assessment for 

Wildland Management: A Matrix Approach". In Coates D.R, and J. Vitek (eds.), Thresholds in 

Geomorphology Boston: George Alien & Unwin, 401-414.  

https://doi.org/10.1016/j.geomorph.2009.09.023
http://scholar.google.com/scholar_lookup?title=Particle%20fractionation%20and%20particle%20size%20analysis&author=PR.%20Day&pages=545-567&publication_year=1965


 

201 

 

Degg, M. 1992. 'Natural Disasters: Recent Trends and Future Prospects', Geography, 77, 198-209. 

De La Rosa, D. 1979. Relation of several pedological characteristics to engineering qualities of 

soil. Eur Journal of Soil Science 30(4):793–799. doi:10.1111/j.1365-2389.1979.tb01028.x. 

De Lugt, J. and Campbell, I.A. 1992. Mass movements in the bad lands of Dinosaur Provincial 

Park, Alberta, Canada. In Schmidt K.H, and J. De Ploey (eds.), Functional Geomorphology, 

Catena Supplement 23, 75-100. 

Demirkesen, A.C. 2008. Digital terrain analysis using Landsat-7 ETM+ Imagery and SRTM DEM: 

A case study of Nevehir Province (Cappadocia), Turkey. International Journal of Remote Sensing, 

29, 4173 – 4188 

 

De Reu, J., Bourgeois, J., Bats, M., Zwertvaegher, A., Gelorini, V., De Smedt, P., Crombé, P. 2013. 

Application of the topographic position index to heterogeneous landscapes. Geomorphology, 186, 

39–49. https://doi.org/10.1016/j.geomorph.2012.12.015. 

 

Dezso, Z., Bartholy, J., Pongracz, R. and Barcza, Z. 2005. Analysis of land-use/land cover change 

in the Carpathian region based on remote sensing techniques. Physics and Chemistry of the Earth, 

Parts A/B/C, 30:109-115. 

 

Dhakal, A.S. and Sidle, R.C. 2004. 'Distributed simulations of landslides for different rainfall 

conditions', Hydrological Processes 18 (4), 757-776. 

Dhruba, P.S. 2000. Aspects of erosion and sedimentation in the Nepalese Himalaya, PhD thesis, 

ITC Dissertation No. 77, University of Ghent, Belgium. p. 265.  
 

Dietrich, W.E., Reiss, R., Mei-Ling, H., Montgomery, D.R. 1995. A process-based model for 

colluvium soil depth and shallow landsliding using digital elevation data. Hydrological Processes, 

9, 383–400. 

Dikau, R. 1989. The application of a digital relief model to landform analysis. In: Raper J.F. (Ed.). 

Three Dimensional Applications in Geographic Information Systems. London: Taylor and 

Francis, 51- 77. 

Dike, R., Brabb, E.E., Mark, R.K., Pike, R.J.1995. Morphometric landform analysis of New 

Mexico. Zeitschrift für Geomorphologie Supplement, 101 109–126. 

Dikau, R., Cavallin, A. and Jager, S. 1996. 'Databases and GIS for landslide research in Europe', 

Geomorphology, 15, 227-239. 

Dragovich, J.D., Pringle, P.T. and Walsh, T.J. 1994. “Extent and geometry of the Mid-Holocene 

Osceola mudflow in the Puget Lowland – implications for Holocene sedimentation and 

paleogeography,” Washington Geol., Wash, Div. Geology and Earth Resources, Olympia, 22(3), 

3-26. 

 

Duiker, S.W., Flanagan, D.C., Lal, R. 2001. Erodibility and infiltration characteristics of five 

major soils of southwest Spain. Catena 45, 103–121. 



 

202 

 

Dykes, A.P., Selkirk-Bell, J.M. 2010. Landslides in blanket peat on subantarctic islands, Causes, 

characteristics and global significance. Geomorphology 124, 215-228. 

Eidsvig, U.M.K. 2014. Quantification of model uncertainty in debris 

flow vulnerability assessment. Engineering Geology, vol. 181, pp.15-26. 

 

Eidsvig, U.M.K. 2014. Assessment of socioeconomic vulnerability to landslides 

using an indicator-based approach: methodology and case studies. Bulletin of 

Engineering Geology and the Environment, vol. 73, issue 2, pp. 307-324. 

 
Elges, H FWK.1985. Dispersive soils. The civil Engineer in South Africa: 347-353 

Elmar Schmaltz, M Mergili, S Steger, T Glade. 2017. Computational slope stability experiments 

implementing root system morphology in a generic hillslope environment. EGU General Assembly 

Conference Abstracts, 2017 

 

FAO. 2006. Guidelines for soil description. Rome (Italy). ISBN: 92-5-105521-1. 

 

FAO. 2010. Food and Agriculture Organization of the United Nations: Global Forest Resources 

Assessment Main report, FAO Forestry Paper 163, Food and Agriculture Organization of the 

United Nations, Rome, 2010. 

 

Fairfield, J., Leymarie, P. 1991. Drainage networks from grid digital elevation models. Water 

Resources Research, 27, 709–717. 

Farley, C. 1996. Smallholder knowledge, soil resource management and land use change in the 

highlands of southwest Uganda. PhD Dissertation, University of Florida. 

 

Fauziah, A., Yahaya, A, S. and Farooqi, M.A. 2006. Characterization and geotechnical properties 

of Penang residual soils with emphasis on landslides. American Journal of Environmental 

Sciences, 2, 121- 128. 

Fell, R., Ho, K.K.S., Lacasse, S., Leroi, E. 2005. A framework for landslide risk assessment and 

management. In Hungr, O., Fell, R., Couture, R., Eberhardt, E. (Eds.), Landslide Risk 

Management. Taylor and Francis, London, 3–26. 

 

Ferguson, R. I. 2005. Estimating critical stream power for bed load transport calculations in gravel-

bed rivers: Geomorphology, v. 70, no. 1-2, 33-41. 

 

Fernandes, N. F., Guimaraes, R. F., Gomes, R. A.T., Vieira, B. C., Montgomery, D. R., and 

Greenberg, H. 2004. Topographic controls of landslides in Rio de Janeiro: Field evidence and 

modelling. Catena, 55(2), 163–181. https://doi.org/10.1016/S0341-8162 (03)00115-2 

 

Fernandez, T., Irigaray, C., El Hamdouni, R., Chacon, J. 2003. Methodology for landslide 

susceptibility mapping by means of a GIS, application to the contraviesa area (Granada, Spain). 

Natural Hazards, 30, 297–308 

https://scholar.google.at/scholar?oi=bibs&cluster=4142586716672797582&btnI=1&hl=de
https://scholar.google.at/scholar?oi=bibs&cluster=4142586716672797582&btnI=1&hl=de


 

203 

 

Ferrer, M. and Ayala-Carcedo, F. 1997. Landslides in Spain: extent and assessment of the climatic 

susceptibility. In Marinos P.G , G.C. Koukis, G.C. Tsiambaos and G.C. Stournaras (eds.), 

Processes of the Symp. on Engineering Geology and Environment., Balkema, Rotterdam (1997), 

625–631. 

Ferreira, C. S. S., Walsh, R. P. D., Steenhuis, T. S., Shakesby, R. A., Nunes, J. P. N., Coelho, C. 

O. A. and Ferreira, A. J. D. 2015. Spatiotemporal variability of hydrologic soil properties and the 

implications for overland flow and land management in a peri-urban Mediterranean catchment. 

Journal of Hydrology, 525, 249–263. https://doi.org/10.1016/j.jhydrol.2015.03.039 

Finlay, P.J., Fell, R. and Maguire, P.K. 1997. The relationship between the probability of landslide 

occurrence and rainfall, Can. Geotechnical. J. 34 (1997), 811–824.  

Finlayson, D.P., Montgomery, D.R. and Hallett, B. 2002. 'Spatial coincidence of rapid inferred 

erosion with young metamorphic massifs in the Himalayas', Geology, 30,  219-222. 

Finlayson, D. P. and Montgomery, D. R. 2003. Modelling large-scale fluvial erosion in geographic 

information systems: Geomorphology, v. 53, no. 1, 147-164. 

 

Finnegan, N. J., Hallet, B., Montgomery, D. R., Zeitler, P. K., Stone, J. O., Anders, A. M. and 

Yuping, L. 2008 Coupling of rock uplift and river incision in the Namche Barwa-Gyala Peri 

massif, Tibet: Geological Society of America Bulletin, v. 120, no. 1-2, 142-155. 

 

Finnegan, N. J., Roe, G., Montgomery, D. R. and Hallet, B. 2005. Controls on the channel width 

of rivers: Implications for modelling fluvial incision of bedrock: Geology, v. 33, no. 3,  229-232 

Fohrer, N., Haverkamp, S., Eckhardt, K. and Frede, H. G. 2001. Hydrologic response to land use 

changes on the catchment scale. Physics and Chemistry of the Earth, Part B: Hydrology, Oceans 

and Atmosphere, 26, 577-582. 

 

Foster, C., Gibson, A., Wildman, G. 2008. The New National Landslide Database and Landslide 

Hazard Assessment of Great Britain. British Geological Survey, Nottingham, UK. 

http://pubs.usgs.gov/fs/2004/3072. Landslides types and processes (accessed 13.04.13). 

Frazier, T.G., Walker, M. H., Kumari, A and Thompson, C. M. 2013. Opportunities and constraints 

to hazard mitigation planning. Applied Geography, 40, 52-60. 

Freeman, T.G. 1991. Calculating catchment area with divergent flow based on a regular grid. 

Computers and Geosciences, 17, 413–422. 

 

Gao, J. and Maro, J. 2010. Topographic controls on evolution of shallow landslides in pastoral 

Wairarapa, New Zealand, 1979-2003. Geomorphology, 114(3), 373–381. https://doi.org/10.1016/ 

j.geomorph.2009.08.002 

 

Garcia-Mora, T.J., Mas, J.F., and Hinkley, E.A. 2012. Land cover mapping applications with 

MODIS: a literature review. International Journal of Digital Earth, 5, 63-87. 



 

204 

 

Garcıa-Ruiz, J.M., Lasanta, T. 1993. Land-use conflicts as a result of land-use change in the 

Central Spanish Pyrenees: a review. Mountain Research and Development, 13, 295– 304. 

 

Garcıa-Ruiz, J.M., Valero, B. 1998. Historical geomorphic processes and human activities in the 

Central Spanish Pyrenees. Mountain Research and Development, 18, 309– 320. 

 

Garcıa-Ruiz, J.M., Arnaez, J., Ortigosa, L., Go´mez Villar, A., 1988. Debris flows subsequent to 

a forest fire in the Najerilla River Valley (Iberian System, Spain). Pirineos 131, 3 –24. 

 

Gartner, J.D., Dade, W. B., Renshaw, C. E., Magilligan, F. J. and Buraas, E. M. 2015a. Gradients 

in stream power influence lateral and downstream sediment flux in floods: Geology, v. 43, no. 11, 

983-986. 

Gartner, J.D., Magilligan, F.J. and Renshaw, C. E. 2015b. Predicting the type, location and 

magnitude of geomorphic responses to dam removal: Role of hydrologic and geomorphic 

constraints: Geomorphology, v. 251, 20-30. 

Gasiev, E. 1984 “Study of the Usoy landslide in Pamir,” in Processes., 4th International. 

Symposium. On Landslides, Toronto, 16-21 September, 1, 511-515. 

 

Garwood, N.C.1985. “Earthquake-caused landslides in Panama: recovery of the vegetation,” 

National Geography Society. Research Reports, 21, 181-184. 

Gee, G.W., Bauder, J.W.1986. Particle-size analysis. In Klute A (Ed) Methods of soil analysis. 

Part 1. Agronomy series No. 9, Madison, pp 383–411Google Scholar. 

 

Gemitzi, A., Falalakis, G., Eskioglou, P., Petalas, C. 2010. ‘Evaluating Landslide Susceptibility 

Using Environmental Factors, Fuzzy Membership Functions and GIS’ Global NEST Journal, vol 

12. No 4. 

Gillot, E.J. 1986. Some clay-related problems in engineering geology in North America, Clay 

Minerals, 21 (1986), 261–278. 

Gimbarzevsky, P.1988 Mass Wasting on the Queen Charlotte Islands: A Regional Inventory, 

Brit.Columbia Ministry Forestry, Land Management Rept., 29. 

 

Glade, T. and Crozier, M.J. 1996. 'Towards a National Landslide Information Base for New 

Zealand', New Zealand Geographer, 52(1), 29-40. 

Glade, T. 2002. Landslide occurrence as a response to land use change. A review of evidence from 

New Zealand. Catena, 51(3–4), 294–314. 

 

Glade, T. 2003. 'Landslide occurrence as a response to land use change: a review of evidence from 

New Zealand', Catena, 51, 297-314. 

Glade, T.  and Crozier, M.J 2004. The nature of landslide hazard impact. In Glade T, Anderson 

MG (Eds.) Landslide hazard and risk. Wiley, Chichester, U.K, 43–74. 

 

http://scholar.google.com/scholar_lookup?title=Particle-size%20analysis&author=GW.%20Gee&author=JW.%20Bauder&pages=383-411&publication_year=1986


 

205 

 

Glade, T. and Crozier, M.J. 2005. 'The Nature of Landslide Hazard Impact'. In Glade T, M. 

Anderson, and M. Crozier (Eds.) Landslide Hazard and Risk, Wiley, Chichester, U.K, 43-74. 

 

Glenn, N.F., Streutker, D.R., Chadwick, D.J., Thackray, G.D. and Dorsh, S.J. 2006. Analysis of 

LiDAR-derived topographic information for characterizing and differentiating landslide 

morphology and activity. Geomorphology, 73, 131 – 148. 

 

Gomez, H. and Kavzoglu, T.2005. Assessment of shallow landslide susceptibility using artificial 

neural networks in Jabanosa River Basin, Venezuela. Engineering Geology, 78, 11–27. 

 

Gomi, T., Sidle, R. C., Ueno, M., Miyata, S. and Kosugi, K. 2008. Characteristics of overland flow 

generation on steep forested hillslopes of central Japan. Journal of Hydrology, 361(3–4), 275– 

290. https://doi.org/10.1016/j.jhydrol.2008.07.045. 

 

Gonghui, W., Suemine, A. and Schulz, W.H. 2010. Shear-rate-dependent strength control on the 

dynamics of rainfall-triggered landslides, Tokushima Prefecture, Japan. Earth Surfaces processes 

and Landforms, 35, 407 – 416. 

 

Gonzalez-Diez, A., Remondo, J., Teran, J.R.D. and Cedrero, A. 1999. A methodological approach 

for the analysis of the temporal occurrence and triggering factors of landslides. Geomorphology, 

66, 69 – 84. 

 

Gourley, C.S. and Schreiner, H,D. 1993. Assessment of the expansiveness of soils. Transport 

research Laboratory, Project Report PR/OSC/012/93. Crowthorne, UK 

 

Gourley, C.S. and Schreiner, H.D. 1994. Geotechnical properties of expansive soils. Transport 

research Laboratory, Project Report PR/OSC/015/94. Crowthorne, UK 

 

      Grabs, T., Seibert, J., Bishop, K. and Laudon, H. 2009. Modelling spatial patterns of saturated 

areas: A comparison of the topographic wetness index and a dynamic distributed model. Journal 

of Hydrology, 373(1–2), 15–23. https://doi.org/10.1016/j.jhydrol.2009.03.031. 

 

Gray, D.H. and Leiser, A.T. 1982. Biotechnical Slope Protection and Erosion Control, Van 

Nostrand Reinhold Company, New York, 271. 

 

Gray, D.H. and Sotir, R.B.1992. Biotechnical stabilization of cut and fill slopes. In Seed R.B and 

R.W. Boulanger (eds.), Stability and Performance of Slopes and Embankments-II, Am. Soc. Civil 

Engineers. Geotechnical. Spec. Publ., pp. 1395-1410. 

 

Gray, D.H. and Sotir, R.B. 1996. Biotechnical and Soil Bioengineering Slope Stabilization – A 

Practical Guide for Erosion Control, John Wiley and Sons, Inc., New York, 378. 

 

Green, P.P. and Turner, D. 2009. The Preliminary Identification of Problem soils for Infrastructure 

Projects. Proceedings of the Conference on Problem Soils in South Africa, Midrand, Gauteng, 3 - 

4 November 2008, 25 - 34. 

 



 

206 

 

Greenway, D.R.1986. “Vegetation and slope stability”. In Anderson M.G and K.S. Richards 

(eds.), Slope Stability – Geotechnical Engineering and Geomorphology, John Wiley & Sons, 

Chichester, U.K., 187-230. 

 

Greenway, D.R.1987. Vegetation and slope stability. In Anderson MG, Richards KS (Eds) Slope 

stability. Wiley, Chichester, 187–230 

 

Green, P.P. and Turner, D. 2009. The preliminary identification of problem soils for infrastructure 

projects. In Proceedings of the conference on problem soils in South Africa, Midrand, Gauteng. 

ISBN: 978-0-620-42511-7 

 

Grisley, W. and Mwesigwa, D. 1994. Socio-economic determinants of seasonal cropland fallowing 

decisions: smallholders in south-western Uganda. Journal of Environmental Management, Vol. 

42, 81-89. 

 

Gu, Y. and Wylie, B. K. 2016. Using satellite vegetation and compound topographic indices to 

map highly erodible cropland buffers for cellulosic biofuel crop developments in eastern 

Nebraska, USA. Ecological Indicators, 60, 64–70. https://doi.org/10.1016/j.ecolind.2015.06.019 

 

Guan-Wei, L. and Hongey, C. 2012. The relationship of rainfall energy with landslides and 

sediment delivery. Engineering Geology, 125, 108-118. 

Guariguata, M.R. 1990. “Landslide disturbance and forest regeneration in the Upper Luquillo 

Mountains of Puerto Rico,” Journal of Ecology, 78, 814-832. 

 

Giuseppe, F., Giovanna, C. and Pasquale, V. 2016. Evaluating performance of simplified 

physically based models for shallow landslide susceptibility. Journal of Hydrology and Earth 

Systems Science, 20, pp. 4585–4603. 

Gupta, R.P. and Joshi, B.C.1990. Landslide hazard zoning using the GIS approach. A case study 

from the Ramganga catchment, Himalayas. Engineering Geology 28:119–131 

 

Gupta, A.K. and Anderson, D.M. 2005. 'Mysteries of the Indian Ocean monsoon system', Journal 

of Geological Society of India, 65(1), 54-60. 

Gutierrez, R., Gibeaut, J.C., Smyth, R.C., Hepner, T.L., Andrews, J.R. 2001. Precise airborne 

LiDAR surveying for coastal research and geohazards applications. International Archives on 

Photogrammetry and Remote Sensing, Volume XXXIV-3/W4, Annapolis, MD, 22–24 Oct. 2001, 

pp. 185–192. 

Guzzetti, F.G., Crosta, M., Marchetti, M. and Reichenbach, P. 1992. Debris flows triggered by the 

July, 17–19, 1987 storm in the Valtellina Area (Northern Italy), Proceedings of the VII 

International Congress Interpraevent 1992, Bern, vol. 2 (1992), 193–204. 

Guzzetti, F., Cardinali, M. and Reichenbach, P. 1994, 'The AVI Project: A bibliographical and 

archive inventory of landslides and floods in Italy', Institute for Hydrogeological Protection in 

Central Italy, (online): URL: http://avi. gndci.pg.cnr.it/docs/lavori/avi en.htm  



 

207 

 

Guzzetti, F., Carrara, A., Cardinali, M., Reichenbach, P.1999. Landslide hazard evaluation: a 

review of current techniques and their application in a multi–scale study, Central Italy. 

Geomorphology, 31,181–216 

 

Guzzetti, F. 2000, 'Landslide fatalities and the evaluation of landslide risk in Italy', Engineering 

Geology, 58, 89-107. 

Guzzetti, F., Malamud, B. D., Turcotte, D. L. and Reichenbach, P. 2002. Power–law correlations 

of landslide areas in central Italy. Earth and Planetary Science Letters, 195, 169–183 

Guzzetti, F. and Tonelli, G. 2004. 'Information system on hydrological and geomorphological 

catastrophes in Italy (SICI): a tool for managing landslides and flood hazards'. Natural Hazards 

and Earth System Sciences, 4, 213-232. 

Guzzetti, F., Reichenbach, P., Cardinali, M., Galli, M., Ardizzone, F. 2005. Probabilistic landslide 

hazard assessment at the basin scale. Geomorphology, 72, 272–299 

 

Guzzetti, F., Galli, M., Reichenbach, P., Ardizzone, F., Cardinali, M. 2006a. Landslide hazard 

assessment in the Collazzone area, Umbria, central Italy. Natural Hazards Earth Systems Science, 

6,115–131 

 

Guzzetti, F., Reichenbach, P., Ardizzone, F., Cardinali, M., Galli, M.2006b. Estimating the quality 

of landslide susceptibility models. Geomorphology, 81,166–184 

 

Hajime, Y.1968. Relationship between soil cohesion and shear strength, Soil Science and Plant 

Nutrition, 14:3, 89-93, DOI: 10.1080/00380768.1968.10432750 

 

Hakuno, M., Okuna, S. and Michiue, M.1988. Study Report of Damage Done by the 1987 

Earthquakes in Ecuador, Research Field Group, Natural Disasters and the Ability of the 

Community to Resist Them, Japan, Research Report on Unexpected Disasters, B- 62-2, 38. 

 

Harp, E.L., Castañeda, M.R., Held, M.D. 2002a. Landslides triggered by Hurricane Mitch in 

Tegucigalpa, Honduras. U.S. Geological Survey Open-File Report 02-33. pp11. 

 

Harp, Edwin L., Held, Matthew, D., Castañeda, Mario, McKenna, Jonathan, P., Jibson, Randall,W. 

2002b. Landslide hazard map of Tegucigalpa, Honduras. U.S. Geological Survey Open-File 

Report 02-219, pp9. 

 

Hartmann, R., De Boodt, M.1974. The influence of the moisture content, texture and organic 

matter on the aggregation of sandy soil and loamy soils. Geoderma 11(1):53–62. doi; 

10.1016/0016-7061(74)90006-8 

 

Hickey, R. 2000. Slope Angle and Slope Length Solutions for GIS.  29, 1-8. 

Highland, L.M. and Bobrowsky, P. 2008. The landslide handbook. A guide to understanding 

landslides: Reston, Virginia, U.S. Geological Survey Circular 1325, 129 p. 
 



 

208 

 

Hong, Y., Adler, R., Huffman, G. 2007. Use of satellite remote sensing data in the mapping of 

global landslide susceptibility. Natural Hazards 43, 245-256. 

Hong, Y. and Adler, R.F. 2007. Towards an early-warning system for global landslides triggered 

by rainfall and earthquake. International Journal of Remote Sensing 28 (16), 3713–3719. 

 

Hong, Y., Adler, R.F., Negri, A., Huffman, G.J. 2007. Flood and landslide applications of near 

real-time satellite rainfall estimation. Natural Hazards 43 (2), 285–294. 

Hopkins, L.D. 1977. "Methods for Generating Land Suitability Maps: A Comparative Evaluation" 

in American Institute of Planning Journal, vol. 43, 386-400.  

Hosseini, S.A., Reza Lotfi, Majid Lotfalian, Ataollah Kavian, AidinParsakhoo, A. 2011. The effect 

of terrain factors on landslide features along forest road. African journal of  Biotechnology 10(64). 

Howard, P.C.1991. Nature conservation in Uganda’s forest reserves. Gland, Switzerland 

 

Huabin, W., Gangjun, L., Weiya, X. and Gunghui, W. 2005. GIS-based landslide hazard 

assessment: an overview. Progress in physical geography, 29(4):548-567.  

 

Hungr, O., Fell, R., Couture, R., Eberhardt, E. 2005. Landslide Risk Management. Taylor and 

Francis, London, 763. 

Hutchinson, J.N. and Kogan, E. 1974. 'The Mayunmarca Landslide of 25 April “in UNESCO 

Serial No. 3124/RMO.RD/SCE (Paris: UNESCO, February, 1975).  

Hutchinson, J.N. 1988. Morphological and geotechnical parameters of landslides in relation to 

geology and hydrogeology. In Bonnard, Ch. (Ed.), Landslides. Proceedings of 5th International 

Conference on Landslides, vol. 1. Lausanne, 3–35. 

 

Hutchison, J.N. 2000.  ‘Chalk Flows from the Coastal Cliffs of North-west Europe’. In Evans, S.G. 

and DeGraff, J. (eds.), Catastrophic Landslides: Effects of America Reviews in Engineering 

Geology 14. 

 

Husein-Malkawi, A.I., Alawneh, A.S., Abu-Safaqah, O.T. 1999. Effects of organic matter on the 

physical and the physicochemical properties of an illitic soil. Applied Clay Science 14(5):257–278. 

doi: 10.1016/s0169- 1317(99)00003-4. 

 

Ichangi, D.W. and Ngecu, W.M. 1999. ‘The Environmental Impact of Landslides on the 

Population living on the Eastern Foot Slopes of the Aberdare Ranges in Kenya: A case Study of 

Muringa Village landslide’ Journal Environmental Geology 38. 

 

Igwe, O. 2012. ICL/IPL regional activities in West Africa. Landslides 9, 433-437. 

Inganga SF, Ucakuwun EK, Some DK .2001. Rate of swelling of expansive clays: a critical factor 

in the triggering of landslides and damage to structures. Doc Nat 136:93–98. 

 



 

209 

 

Infascelli, R., Faugno, S., Pindozzi, S., Boccia, L. and Merot, P. 2013. Testing Different 

Topographic Indexes to Predict Wetlands Distribution. Procedia Environmental Sciences, 19, 

733–746. https://doi.org/10.1016/j.proenv.2013.06.082. 

 

Isik, Y., Keskin, Y. 2008. GIS based statistical and physical approaches to landslide susceptibility 

mapping (Sebinkarahisar, Turkey). Bull Engineering Geology Environ ,68, 459–471. 

 

Ives, J.D. and Messerli, B. 1981. 'Mountain hazards mapping in Nepal: introduction to an applied 

mountain research project', Mountain Research and Development, 1(3-4), 223-230. 

Ives, J.D. 2004. Himalayan Perceptions - Environmental change and the well-being of mountain 

peoples, Routledge, Oxon. 

Iverson, R.M. and M.E. Reed. 1992. Gravity-driven groundwater flow and slope failure potential, 

1. Elastic effective stress model, Water Resources. Res. 283 (1992), 925–938.  

Iversion, R.M.1997.  ‘The Physics of Debris Flow. Reviews of Geophysics’ Vol.35, No.3, pg 245- 

296. 

 

Iverson, R.M., Reid, M.E., LaHusen, R.G. 1997. Debris flow mobilization from landslides. Annual 

Review of Earth and Planetary Sciences 25, 85–138. 

 

Jacob, K.N. 2010. ‘Landslide hazard mapping in Murang’a District, Central Kenya’. Mines and 

Geological Department. 

 

Jadda, M., Shafri, H.Z., Mansor, S. and Sharifikia, M. 2009. Landslide susceptibility evaluation 

and factor effect analysis using probabilistic –frequency ratio model. European Journal of 

scientific research, 33, 654 – 668. 

 

Jakob, M. 2000. The impacts of logging on landslide activity at Clayoquot Sound British 

Columbia. Catena, 38, 279–300. doi: 10.1016/S0341-8162(99)00078-8. 

 

Jakob, M. and Weatherly, H. 2003. 'A hydroclimatic threshold for landslide initiation on the North 

Shore Mountains of Vancouver, British Columbia', Geomorphology 54, (3-4): 137-156. 

Jamali, A.A. and Abdolkhani, A. 2009. Preparedness against landslide disaster with mapping of 

landslide potential by GIS – SMCE (Yazd – Iran). International journal of geoinformatics, 

5(4):25–31. 

 

James, B.C. and Randolph, H.W. 2011. Introduction to remote sensing. The Guilford Press, New 

York, U.S.A, 335-375. 

 

Jamison, V.C., Smith, D.D., Thornton, J.F. 1968. Soil and water research on a clay pan soil. 

USDA-ARS Technical 

Jenness, J. 2006. Topographic Position Index (tpi_jen.avx) extension for ArcView 3.x, v. 1.3a. 

Jenness Enterprises. Available at: http://www.jennessent.com/arcview/tpi.htm. 



 

210 

 

Jenness, J. 2010. “Topographic Position Index (tpi jen.avx) extension for ArcView 3.x”, v. 1.3a. 

Jenness. 

Jensen, J.R. 1996. Introductory digital image processing: a remote sensing perspective. Prentice-

Hall, Upper. 

Jensen, J.R. 2005. Introductory Digital Image Processing: A Remote Sensing Perspective. Pearson 

Education, Inc., New Jersey, U.S.A., 107-312. 

 

Jiang, F.S., Huang, Y.H., Wang, M.K., Lin, J.S., Zhao, G., Ge, H.L. 2014. Effects of Rainfall 

Intensity and Slope Gradient on Steep Colluvial Deposit Erosion in Southeast China. Soil Science. 

Society of American Journal. 

Jones, D.K.C. 1992, 'Landslide hazard assessment in the context of development'. In McCall, 

G.J.H., J.C. Laming and B.C. Scott, Chapman and Hall (eds.) Geohazards, 117- 141. 

 

Juventine, E.J. 2012. Landslide Hazards: Household Vulnerabilty, Resilience and coping in 

Bududa District, Eastern Uganda. Msc. Thesis. University of The Free State. 
 

Kabale Meteorology Station, weather data. 2015. WMO No. 63726, National No. 91290000, 

station name KABALE, Elevation 1867m, Latitude 01° 15’, Longitude 29° 59’. 

Kabale District local Government Environmental Report. 2008. Unpublished report 

Kabale District local Government Environmental Report. 2010. Unpublished report 

Kabale District local Government Environmental Report. 2012. Unpublished report 

Kabale District local Government Environmental Report. 2015. Unpublished report 

Kamp, U., Growley, B.J., Khattak, G.A. and Owen, L.A. 2008. GIS-based landslide susceptibility 

mapping for the 2005 Kashmir earthquake region. Geomorphology, 101:631-642. 

Kamps, M., Seijmonsbergen, A.C., Rutzingerbc, A.C. and Zieherbc, T. 2008.  Assessment of the 

interaction of land-cover change on shallow landslide occurrence using an automated object-based 

approach. Earth Surface Processes and Landforms; 33, 827–840. 

 

Kamusoko, C., Aniya, M. 2009. Hybrid classification of Landsat data and GIS for land use/cover 

change analysis of the Bindura District, Zimbabwe. International Journal of Remote Sensing 30, 

97–115. 

Kato, S. and Mutonyi, R. 2011. The challenges of managing increasing landslides vulnerability on 

mount Elgon ecosystem, Uganda: A case of human interactions with its environment on the verge 

of collapsing. 

Karlsi, F., Atasoy, M., Yalcin, A., Reis, S., Demir, O. and Gokceoglu, C. 2009. Effects of land use 

changes on landslides in a landslide-prone area (Andean, Rize, NE Turkey). Environmental 

Monitoring and Assessment, 156, 241 – 255. 



 

211 

 

Keller, T. and Dexter, A. 2012. Plastic limits of agricultural soils as functions of soil texture and 

organic matter Soil Resources, 50, 7 – 17. 

Kent, D.M. and Simpson, F. 1973. Geological Road Log of the Cypress Hills - Milk River Area, 

South eastern Alberta. In Simpson F, Saskatchewan (eds.) An Excursion Guide to the Geology of 

Saskatchewan. Geological Society, Special Publication, Number 1, 297-318. 

Kirkby, M.J. and Morgan, R.P.C1980. Soil erosion. A publication of the British Geomorphological 

Research Group; Chichester: John Wiley and sons.    

 

Kirschbaum, D. B. and Zhou, Y. 2015. Spatial and temporal analysis of a global landslide catalog, 

Geomorphology https://doi.org/10.1016/Journal of Geomorphology.2015.03.016. 

Kirschbaum, D.B., Stanley, T. and J. Simmons, J. 2015. A dynamic landslide hazard assessment 

system for Central America and Hispaniola, Natural Hazards Earth System Science, 15(10), 2257–

2272, doi: 10.5194/nhess-15-2257-2015. 

Kirschbaum, D. B., Stanley,T. and Y. Zhou, T.2015. Spatial and temporal analysis of a global 

landslide catalog, Geomorphology, 249 (Geohazard Databases: Concepts, Development, 

Applications), 4–15, doi:10.1016/j.geomorph.2015.03.016. 

Kirschbaum, D.B., Stanley, T. and S. Yatheendradas, S. 2016: Modelling landslide susceptibility 

over large regions with fuzzy overlay. Landslides, 13, 485–496, doi:10.1007/s10346-015-0577-2. 

http://dx.doi.org/10.1007/s10346-015-0577-2 

Kitutu, M.G., Muwanga, A., Posen, J., Deckers, J.A. 2004. The relationship between geology and 

landslides in Manjiya County, south west of Mount Elgon, Eastern Uganda. Geoscience Africa 

2004 Conference. Abstract volume 1. University of Witwatersrand, Johannesburg, South Africa, 

349–350. 

 

Kitutu, M.G., Muwanga, A., Poesen, J., Deckers, J.A. 2009. Influence of soil properties on 

landslide occurrence in Bududa district, Eastern Uganda. African Journal of Agriculture Res 4(7), 

611–620 

 

Kitutu, M.G., Poesen, J.M., Deckers, J. 2011. Farmer’s perception on landslide occurrences in 

Bududa District, Eastern Uganda. African Journal of Agricultural Research, 6, 7-18. 

Knapen, A. 2003. Spatial and temporal analysis of landslides in Manjiya county, Mount Elgon 

area, Eastern Uganda. Unpublished Msc thesis, Catholic University Leuven, Belgium. 

Knapen, A., Kitutu, M.G., Poesen, J., Breugelmans, W., Deckers, J., Muwanga, A. 

2006.  Landslides in a densely populated county at the footsteps of Mount Elgon 

(Uganda): characteristics and causal factors. Geomorphology, 73,149–165. 

Lambin, E.F., Turner, B.L., Geist, H.J., Agbola, S.B., Angelsen, A., Bruce, J.W., Coomes, O.T., 

Dirzo, R., Fischer, G. and Folke C. 2001. The causes of land-use and land-cover change: Moving 

beyond the myths. Global Environmental Change, 11:261-269. 



 

212 

 

 

Lang, A., Moya, J., Corominas, J., Schrott, L., Dikau, R.1999. Classic and new dating methods for 

assessing the temporal occurrence of mass movements. Geomorphology 30 (1–2), 33–52. 

  

Langlands, B.W. 1972. Uganda in maps, the physical environment part 2: London; University of 

London press. 

 

Langlands, B.W. 1974. Uganda in maps, the biological environment, part 3: London; University 

of London press. 

 

Larsen, M.C. and Simon, A.1993. ‘A Rainfall-threshold Conditions for Landslides in a Humid-

Tropical System, Puerto Rico’. Geografiska Annaler. Series A, Physical Geography Vol.75, No. 

1/2, 1993, pp 13– 23. http://www.jstor.org/pss/521049 

 

Larsson, M. 1986. ‘Landslides in the Mountain Areas of Kenya: Causes, Effects and 

Rehabilitation’. Unpublished Research Proposal, 93p. Department of Physical Geography, 

Stockholm University. 

Leckie, D.A. and Cheel, R.J. 1989. The Cypress Hills formation (upper Eocene to Miocene): A 

semi-arid braid plain deposit resulting from intrusive uplift. Canadian Journal of Earth Sciences, 

26: 1918-1931. 

Lee, S., Chwae, U., Min, K. 2002. Landslide susceptibility mapping by correlation between 

topography and geological structure: the Janghung area, Korea. Geomorphology 46 (3–4), 149–

162. 

 

Lee, M. and David, K.C. Jones. 2004. Landslide risk assessment. Thomas Telford, Natural 

disasters. 

 

Lee, S., Talib, J.A. 2005. ‘Probabilistic Landslide Susceptibility and Factor Effect Analysis’ 

Environmental Geology, 47, 982-990. 

 

Liang, W. L. and Uchida, T. 2014. Effects of topography and soil depth on saturated-zonedynamics 

in steep hillslopes explored using the three-dimensional Richards’ equation. Journal of Hydrology, 

510, 124–136. https://doi.org/10.1016/j.jhydrol.2013.12.029 

 

Lillesand, T., Kiefer, R.W. and Chipman, J.W. 2007. Remote sensing and image interpretation. 

John Wiley and Sons, Inc., U.S.A, 302-476. 

 

Liesbet, J., Olivier, D., Jean, P., Damien, D., Wim, T. and Matthieu, K. 2015.The Rwenzori 

Mountains, a landslide prone region; DOI 10.1007/s10346-015-0582-5 

 

Lindblade, K. and Carswell, G. 1998. Mitigating the relationship between population growth and 

land degradation. Land-use change and farm management in South Western Uganda. AMBIO 27. 

 



 

213 

 

Lin, S. H., Lai, C. F. and Chen, Y. J. 2007. A study on the root system of Makino’s bamboo forest 

and its effect on the subsequent landslide. Journal of Soil and Water Conservation, 39, 173–187. 

 

Li, W., Wu, A., Ding, X. 2006. Study on influencing factors of shear strength parameters of slide 

zone clay in three Gorges Reservoir area, Rock Soil Mechanics 27(1), 56–60 

 

Li, X., Liang, S., Zheng, G. 2010. Progresses in sliding zone soil of landslides. Advanced Earth 

Science, 25(5), 484–490 

 

Lillesand, T.M. and Keifer, R.W. 2004. Remote sensing and image interpretation, 3rd edition. John 

Wiley and sons, New York. 

 

Lin, C.W., Liu, S.H., Lee, S.Y., Shieh, C.L., Yuan, B.D. and Shieh, Y.C. 2004. 'Impact of Chi-Chi 

earthquake on the occurrence of landslides and debris flows: Example from the Chenyulan River 

watershed, Nantou, Taiwan', Engineering Geology 71, no.1-2 (2004), 49-61. 

Lin, M.L. and Jeng, F.S. 2000. 'Characteristics of hazards induced by extremely heavy rainfall in 

Central Taiwan - Typhoon Herb', Engineering Geology, 58, 191-207. 

Loos, M. and Elsenbeer, H. 2011.Topographic controls on overland flow generation in a forest - 

An ensemble tree approach. Journal of Hydrology, 409(1–2), 94–103.https://doi.org/10.1016/j.j 

hydrol.2011.08.002 

 

López-Davalillo, B., Monod, M.I., Alvarez-Fernandez, G., Herrera Garcia, J., Darrozes, C., 

Gonzalez-Nicieza, Olivier, M. 2014. Morphology and causes of landslides in Portalet area 

(Spanish Pyrenees): Probabilistic analysis by means of numerical modelling. Engineering Falure 

Analysis 36. 

Lufafa, A., Tenywa, M.M., Isabirye, M., Majaliwa, M.J.G. and Woomer, P.L. 2003. Prediction of 

soil erosion in a Lake Victoria basin catchment using a GIS-based Universal Soil Loss model. 

Agricultural Systems, 76, 883-894 

Lu, D. and Weng, Q. 2007. A survey of image classification methods and techniques for improving 

classification performance. International Journal of Remote Sensing, 28(5), 823-870. 

 

Luino, F. 2005. 'Sequence of instability processes triggered by heavy rainfall in Northern Italy', 

Geomorphology, 66 (1-4) special issue, 13-39. 

Luo, H.Y., Chen, G., Zhou, W. and Huang, S.L. 2004. 'Earthquake-induced landslide stability 

analysis of the las Colinas landslide in El Salvador', International Journal of Rock Mechanics and 

Mining Sciences, 41(1), 1-6. 

 

Macks, S.P., Murphy, B.W., Cresswell, H.P. and Koen, T.B. 1996. Soil friability in relation to 

management history and suitability for direct drilling. Australia Journal of Soil Research, 34, 343 

– 60. 

 



 

214 

 

MacMillan, R.A., Pettapiece, W.W., Nolan, S.C., Goddard, T.W. 2000. A generic procedure for 

automatically segmenting landforms into landform elements using DEMs, heuristic rules and 

fuzzy logic. Fuzzy Sets and Systems, 113, 81-109. 

Magunda, M. K., Larson, W.E., Linden, D.R. and Nater, E.A. 1997. Changes in micro-relief and 

their effects on infiltration and erosion during simulated rainfall. Soil Technology, 10, 57-67. 

 

Malone, A.W. 2005. 'The story of quantified risk and its place in slope safety policy in Hong 

Kong'. In Glade, T. M.B. Anderson and M.J Crozier (eds.) Landslide Hazard and Risk, John Wiley 

 

Mario, P., Pasuto, A., Silvano, S. and Soldati, M. 1996. Temporal occurrence and activity of 

landslides in the area of Cortina d’Ampezzo (Dolomites, Italy). Geomorphology, 15, 311 - 326. 

 

Masibo, M.N.1998. ‘Natural Hazard Appraisal: Rock Fall Disaster at Mount Elgon Slopes, 

Chesikaki Area. Mines and Geological Department, 9. 

 

Massimo, A., Lorenzo, M. 2008. Systems and sensors for debris-flow monitoring and warning. 

Sensors, 8, 2436-2452. 

Mathu, E.M., Ngecu, W.M.1999.‘The El-Nino-triggered Landslides and their Socioeconomic 

Impact on Kenya’ Journal Environmental Geology 38. 

McCook, D.K. 1980. The identification and treatment of dispersive clay soils. Oral presentation 

to AEG 1980 Annual meeting, Dallas, Texas, USA.  

Merino-Martín, L., Moreno-de las Heras, M., Espigares, T. and Nicolau, J. M. 2015. Overland 

flow directs soil moisture and ecosystem processes at patch scale in Mediterranean restored 

hillslopes. Catena, 133, 71–84. https://doi.org/10.1016/j.catena.2015.05.002 

 

Meusburger, K., Alewell, C. 2008. Impacts of anthropogenic and environmental factors on the 

occurrence of shallow landslides in an alpine catchment (Urseren Valley, Switzerland). 

Meyer, W. B. and Turner, I.B.1994. Changes in land use and land cover: A global perspective. 

Cambridge University Press, United Kingdom  

 

Ministry of Finance, Planning and Economic Development for Uganda. 1994. The 1991 population 

and housing census (national summary). 

 

Moayedi, H., Huat, B.B.K., Ali, T.A.M., Asadi, A., Moayed, F. and Mokhberi. 2011. Preventing 

landslides in times of rainfall, Case study and FEM analysis. Disaster prevention and management, 

20:2, 115-124. 

 

Moeyersons, J. 1989. A possible causal relationship between creep and sliding on Rwaza Hill, 

Southern Rwanda. Earth Surface and Landforms, 14, 597–614. 

Moeyersons, J. 2003. The topographic thresholds of hillslope incisions in south western Rwanda. 

Catena, 50, 381–400. 



 

215 

 

Moeyersons, J., Trefois, P.H., Lavreau, J., Alimasi, D., Badriyo, I., Mitima, B., Mudala, M., 

Munganga, D.O., Nahimana, L. 2004. A geomorphological assessment of landslide origin at 

Bukavu, Democratic Republic of the Congo. Engineering Geology, 72, 73–87. 

Moeyersons, J., Van Den Eeckhaut, M., Nyssen, J., Gebreyohannes, T., Van de Wauw, J., 

Hofmeister, J., Poesen, J., Deckers, J., Mitiku, H. 2008. Mass movement mapping for 

geomorphological understanding and sustainable development: Tigray, Ethiopia. Catena 75, 45–

54. 

Moeyersons, J., Tréfois, P.H., Nahimana, L., Ilunga, L., Vandecasteele, I., Byizigiro, V., Sadiki, 

S. 2010. River and landslide dynamics on the western Tanganyika rift border, Uvira, D.R. Congo: 

diachronic observations and a GIS inventory of traces of extreme geomorphologic activity, Natural 

Hazard 53 (2), 291–311. 

Mokarram, M. and Seif, A. 2014. Landform Classification and its Comparison with Mapping of 

Soil in Zagros Mountain. Bulletin of Environment, Pharmacology and Life Sciences. Vol 3,pp.13-

19. 

Mokarram, M., Roshan, G. and Negahban, S. 2015. Landform classification using topographic 

position index (case study: salt dome of Korsia-Darab plain, Iran). Modelling Earth Systems and 

Environment, 1(4), 40. https://doi.org/10.1007/s40808-015-0055-9. 

 

Mollard, J.D. 1977. Regional landslide types in Canada. Reviews in Engineering Geology, Volume 

3, Geological Society of America, 29-56, 27. 

Montgomery, D.R. and Dietrich, W.E. 1994. A physically-based model for the topographic control 

on shallow landsliding. Water Resources Research 30, 1153– 1171. 

 

Montgomery, D.R., Balco, G. and Willett, S.D. 2001. 'Climate, tectonics, and the morphology of 

the Andes', Geology, 27, 579-582. 

 

Montgomery, D.R. and Brandon, M.T. 2002. 'Topographic controls on erosion rates in tectonically 

active mountain ranges'. Earth and Planetary Science Letters, 201, pp.481- 489. 

 

Moore, R. 1979. Rainfall erosivity in East Africa. Geografiska Annaler Series, Physical 

Geography 61:147-156.  

Moore, R. 1991. The chemical and mineralogical controls upon the residual strength of pure and 

natural clays, Geotechnique, 41 (1991), 35–47.  

Moore, I.D., Grayson, R.B., Ladson, A.R. 1991. Digital terrain modelling; a review of 

hydrological, geomorphological, and boilogical applications. Hydrological processes, Vol.5, No.1 

 

Moore, I.D., Lewis, A., Gallant, J.C. 1993b. Terrain attributes: estimation methods and scale 

effects. In Jakeman, A.J., Beck, M.B., McAleer, M.J. (Eds.), Modelling Change in Environmental 

Systems. John Wiley and Sons, Chichester, 189–214. 

 



 

216 

 

Moore, A.D., McLaughlin, R.A., Mitasova, H., Line, D.E. 2007. Calibrating WEPP model 

parameters for erosion prediction on construction sites. Trans. Asabe, 50, 507–516. 

Moreiras, S.M. 2005. Climatic effect of ENSO associated with landslide occurrence in the Central 

Andes, Mendoza province, Argentina. Landslides, 2, 53-59. 

Moreiras, S.M. 2005. 'Landslide susceptibility zonation in the Rio Mendoza Valley, Argentina', 

Geomorphology, 66(1-4), pp.345-357. 

 

Morgan, R.P.C. 1986. Soil Erosion and Conservation. Longman Group, New York. 

Morgan, R.P.C. 1993. Soil Erosion and Conservation. Longman Group, New York. 

Morgan, R. P. C. 2009. Soil Erosion and Conservation. John Wiley & Sons, Inc., New York.  

 

Moussadek, R., Laghrour, M., Mrabet, R., Van Ranst, E., Badraoui, M., Mekkaoui, M. 2017. 

Morocco’s Vertisol Characterization. Journal of Materials and Environmental Sciences ISSN; 

2028-2508, Volume 8, Issue 11, pp. 3932-3942. 

 

Msilimba, G.G. and Holmes, P.J. 2005. A landslide hazard assessment and vulnerability appraisal 

procedure: Vunguvungu/Banga catchment, Northern Malawi. Natural Hazards, 34, 199 - 216. 

 

Mugagga, F., Buyinza, M. and Kakembo, V. 2010. Livelihood diversification strategies and soil 

erosion on mountain Elgon, Eastern Uganda: A Socio-economic Perspective. Environmental 

Research Journal, 4, 272 - 280. 

Mugagga, F. 2011. Land use change, landslide occurrence and livelihood strategies on Mount 

Elgon slopes, eastern Uganda. Unpublished PhD thesis, Nelson Mandela Metropolitan University, 

Port Elizabeth 

 

Mugagga, F., V. Kakembo,V., Buyinza, M. 2011. A characterisation of the physical properties of 

soil and the implications for landslide occurrence on the slopes of Mount Elgon, Eastern Uganda, 

Journal of the International Society for the Prevention and Mitigation of Natural Hazards ISSN 

0921-030X, DOI 10.1007/s11069-011-9896-3. 

Mugagga, F., Kakembo, V., Buyinza, M., 2012. Land use changes on the slopes of Mount Elgon 

and the implications for the occurrence of landslides. Catena 90, 39-46. 

Mukasa-Tebandeke, I.Z., Ssebuwufu, P.J.M., Lugolobi, F., Nyanzi, S., Schumann, A. and Kirsch, 

N. 2003. The Bleaching Clays of Central and Eastern Uganda: The Relation between Mineralogy 

and Chemical Composition to Bleaching Properties. International Journal of Environmental 

Issues, 1, 20-29. 

Mukasa-Tebandeke, I. Z., Ssebuwufu, P. J. M., Nyanzi, S. A., Schumann, A., Nyakairu, G. W. A., 

Ntale, M., and Lugolobi, F. 2015. "The elemental, mineralogical, IR, DTA and XRD analyses 

characterized clays and clay minerals of Central and Eastern Uganda." Advances in Materials 

Physics and Chemistry, vol. 5, 67-86. 

 



 

217 

 

Mukasa-Tebandeke, I.Z., Wasajja-Navoyojo I. Z, Ssebuwufu P. J. M. Schumann A. Ntale M. 

Lugolobi F. 2016. Concentration, Analysis and Characterization of Smectite Selected From 

Volcanic Sediments of Eastern Uganda ISSN (e): 2412-2599, ISSN (p): 2413-8835. Vol. 2, No. 

12, 117-131, 2016. 

 

Murphy, B, W. 2014. Soil organic matter and soil function – Review of the literature and 

underlying data. Department of the Environment, Canberra, Australia. 

 

Mutekanga, F. P., Visser, S.M. and Stroosnijder, L. 2010. A tool for rapid assessment of erosion 

risk to support decision-making and policy development at the Ngenge watershed in Uganda. 

Geoderma, 160,165-174. 

Muwanga, A., Schuman, A. and Biryabarema, M. 2001. Landslides in Uganda—documentation 

of a natural hazard, Natural Hazards, 136,111–115. 

 

Nabasirye, Tenywa, M.M., Bamutaze, Y., Shisanya, C.A., Nsengiyunva, M.M. 2010. Assessing 

the impact of climate change and climate variability on agricultural productivity in selected 

climatological zones of Uganda: An overview. 

Najafabadi, M., Somayeh, S., Masoumeh, R. 2012. The impacts of formative system on the 

landslides of Iran. Management Science Letters 2. 

Nath, S. K., Thingbaijam, K. K. S., Adhikari, M. D., Nayak, A., Devaraj, N., Ghosh, S. K. and 

Mahajan, A. K. 2013. Topographic gradient based site characterization in India complemented by 

strong ground-motion spectral attributes. Soil Dynamics and Earthquake Engineering, 55, 233– 

246. https://doi.org/10.1016/j.soildyn.2013.09.005 

 

National Biomass Study. 1996. 1:50,000 Land cover (use) data sheets for Uganda. Kampala, Forest 

Department, Ministry of Natural Resources. (Data File.) 

 

NEMA. 2004. National State of environment report for Uganda for 2003/04. National 

Environment Management Authority, Kampala, Uganda. 

 

NEMA. 2006. National State of environment report for Uganda for 2005/06. National 

Environment Management Authority, Kampala, Uganda. 

 

NEMA. 2008. National State of environment report for Uganda for 2007/08. National 

Environment Management Authority, Kampala, Uganda. 

 

NEMA. 2010. National State of environment report for Uganda for 2009/2010. National 

Environment Management Authority, Kampala, Uganda. 

 

NEMA. 2012. National State of environment report for Uganda for 2011/12. National 

Environment Management Authority, Kampala, Uganda. 

 

NEMA. 2014. National State of environment report for Uganda for 2013/14. National 

Environment Management Authority, Kampala, Uganda. 



 

218 

 

 

Ngecu, W.M. and Ichangi, D.W.1989. The environmental impact of landslides on the population 

living on the Eastern foot slopes of Aberdare Ranges in Kenya. A case study of Maringa village. 

Environmental Geology, 38(3), 259–264 

 

Ngecu, W.M. and Mathu, E.M.1999. The El Nino-triggered landslides and their socioeconomic 

impact on Kenya. Environmental Geology, 38(4), 277–284 

 

Ngecu, W.M., Nyamai, C. and Erima, G. 2004. The extent and significance of mass-movements 

in Eastern Africa: case studies of some major landslides in Uganda and Kenya. Environmental 

geology 46, 1123-1133. 

Nkonya, E. 2001. Soil conservation practices and non-agricultural land use in the South Western 

highlands of Uganda. SCRIP phase II report submitted to the USAID Uganda Mission. 

International Food Policy Research Institute, Washington, DC. 

 

Ohlmacher, G.C. 2000. The relationship between geology and landslide hazards at Atchison, 

Kansas and vicinity. Current Research in Earth Science, 244, 1 – 16. 

 

Ohlmacher, G.C. 2000a. Landslide-inventory map of the Atchison West and East 7.5 minute 

quadrangles, Atchison County, Kansas. Kansas Geological Survey, Map M 89A. 

 

Ohlmacher, G.C. 2000b. The relationship between geology and landslide hazards of Atchison, 

Kansas, and vicinity. Current Research in Earth Sciences. Kansas Geological Survey Bulletin 244, 

part3, 16. 

 

Ohlmacher, G.C. 2003. Landslide-inventory map of the Leavenworth, Weston, Platte City 7.5-

minute Quadrangles, Leavenworth and Atchison Counties, Kansas. Kansas Geological Survey, 

Map M 109A. 

 

Ohlmacher, G.C. and Davis, J.C. 2003. Using multiple logistic regression and GIS technology to 

predict landslide hazard in northeast Kansas, USA. Engineering Geology, 69, 331–343. 

Ohlmacher, G.C. 2004a. Landslide-inventory map of the Potter and Oak Mills 7.5-minute 

Quadrangles, Jefferson, Leavenworth and Atchison Counties, Kansas. Kansas Geological Survey, 

Map M 113A 

 

Ohlmacher, G.C. 2004b. Landslide-inventory map of the Easton SW and Easton 7.5-minute 

Quadrangles, Jefferson and Leavenworth Counties, Kansas. Kansas Geological Survey, Map M 

115A. 

Ohlmacher, G.C. 2005. Landslide-inventory map of the McLouth and Jarbalo 7.5-minute 

Quadrangles, Jefferson and Leavenworth Counties, Kansas. Kansas Geological Survey, Map M 

117A. 

Okalebo, J.R., Gathua, K.W., Woomer, P.L. 1993. Laboratory Methods of Soil and Plant Analysis: 

A working Manual, Soil Science Society of East Africa, EPZ (Kenya) Limited, Nairobi, Kenya. 

 



 

219 

 

Ollier, C.D. 1969. Terrain classification and Data storage, Uganda land System, MEXE report no: 

959:0xford; University of Oxford press. 

 

Ozesmi, S.L. 2000. Satellite Remote Sensing of Wetlands and a Comparison of Classification 

Techniques, 220 p. 

 

Ozesmi, S.L. and Bauer, M.E. 2002. Satellite remote sensing of wetlands. Wetlands Ecology and 

Management, 10:381-402. 

 

Pánek, T., Brázdil, R., Klimeš, J., Smolková, V., Hradecký, J., Pavel, Zahradníček, 2011. Rainfall-

induced landslide event of May 2010 in the Easten part of the Czech Republic. 

Papathoma-Köhle, M. 2016.Vulnerability curves vs. vulnerability indicators: application of an 

indicator-based methodology for debris-flow hazards. Natural Hazards and Earth System 

Sciences, vol. 16, pp. 1771-1790. 

Pece, V. G., Paul E. G., Jan, B., William, J. E., Randy, B.F. 2006. Spatially and temporally 

distributed modelling of landslide susceptibility, Journal of Geomorphology 80, pp.178–198. 

Pedrozzi, G. 2004. ‘Triggering of Landslides in Canton Ticino (Switzerland) and Prediction by the 

Rainfall Intensity and Duration Method’. Bull Engineering Environment, 63, pp 281-291. 

http://www.springerlink.com/content/30jd2wv4pt3cm6uh/  

Peter, T.F.1970. ‘Environmental Geology: Conservation Land-use Planning and Resource 

Management’. New York. Horper and Row Publishers. 

Peter V. G., Randy B. F., Paul E. G., Terrance W. C.2010. ‘Statistical Modelling of Landslide 

Hazard using GIS’ Proceedings of the Seventh Federal Interagency Sedimentation Conference, 

March 25 to 29, 2001, Reno, Nevada, 103. 

Petley, D.N., Dunning, S.A. and Rosser, N.J. 2005. 'The analysis of global landslide risk through 

the creation of a database of worldwide landslide fatalities', in Proceedings of the International 

Conference on Landslide Hazard and Risk, Vancouver. 

Petley, D. N. 2008. The global occurrence of fatal landslides in 2007, 10, 7–9. 

 

Petschko, H., Glade, T., Bell, R., Schweigl, J., & Pomaroli, G. 2010. Landslide inventories for 

regional early warning systems. In Malet, J.P, P T. Glade, & N. Casagli (Eds.), Mountain Risks: 

Bringing science to society (pp. 277e282). Firenze, Italy: CERG. 

Philips, C. E. and Kitch. W.A. 2011. A review of methods for characterization of site infiltration 

with design recommendations. Paper presented at 43rd Symposium on Engineering Geology and 

Geotechnical Engineering, University of Las Vegas, Las Vegas, NV, March 23-25, 2011. 

Polemio, M. and Sdao, F. 1999. The role of rainfall in the landslide hazard: the case of the 

Avigliano urban area (Southern Apennines, Italy), Engineering Geology. 53, pp.297–309.  

http://wakengineering.com/wp-content/uploads/2015/07/Philips__Kitch_2011.pdf
http://wakengineering.com/wp-content/uploads/2015/07/Philips__Kitch_2011.pdf


 

220 

 

Polloni, G.M., Ceriani, S., Lauzi, N., Padovan, N. and  Crosta, G.B. 1992. Rainfall and soil slipping 

events in Valtellina. In Bell-David H (ed.) Proceedings of the International Symposium on 

Landslides (1992), 183–188. 

Promper, C. and Glade, T. 2012. Land cover changes for landslide risk evolution first results from 

Lower Austria. In E. Eberhardt, C. Froese, A. K. Turner, & S. Leroueil (Eds.), 2012, Proceedings 

of the 11th International Symposium on landslides and 2nd North American Symposium on 

landslides and Engineered slopes protecting society through improved understanding (pp. 

409e413). Banff, Canada. 

Purseglove, J. 1946. Land use in the overpopulated areas of Kabale, Kigezi District, Uganda. East 

African Agriculture and Forestry Journal, Vol. 12, 3-10. 

 

Qiang, X., Xuanmei, F., Dong, X. 2011. Characteristics and formation mechanism of a 

catastrophic rainfall-induced rock avalanche-mud flow in Sichuan, China, 2010. 

Quinn, P., Beven, K., Chevalier, P., Planchon, O. 1991. The prediction of hillslope flow paths for 

distributed hydrological modelling using digital terrain models. Hydrological Processes 5, 59–79. 

 

Quinn, P., Beven, K.J., Lamb, R., 1995. The ln (a/tan ß) index: how to calculate it and how to use 

it within the TOPMODEL framework. Hydrological Process 9, 161–182. 

 

Raju, B.C.K. and  Nandagiri, L. 2015. Identification of Hydrologically Active Areas in a 

Watershed Using Satellite Data. Aquatic Procedia, 4(Icwrcoe),1339–1344. 

https://doi.org/10.1016/j. aqpro.2015.02.174. 

 

Rapp, A., Berry, L., Temple, P. 1972. Landslides in the Mgeta Area, Western Uluguru Mountains. 

Bureau of Resource Assessment and Land use Planning, University of Dar es Salaam and 

Department of Physical Geography, University of Uppsala, Tanzania. 

Rawls, W.J., Ahuja, L.R. and Brakensiek, D.L. 1992. Estimating soil hydraulic properties from 

soils data. In Van Genuchten M and FJ Leij (Eds). Indirect methods for estimating hydraulic 

properties of unsaturated soils. Proceedings of International Workshop on Indirect Methods for 

Estimating the Hydraulic Properties of Unsaturated Soils. Riverside, California, October 11 – 13, 

1989. US salinity Laboratory, Agricultural research Service, US Department of Agriculture, 

Riverside, California. 

 

Reed, S.B. 1992. Introduction to hazards, UNDP disaster management training program 1st 

edition, UNDRO.  

 

Regmi, N.R., Giardino, J.R., Vitek, J.D. 2010. Modelling susceptibility to landslides using the 

weight of evidence approach: Western Colorado, USA, 172-187. 

Rembold, F., Carnicelli, S., Nori, M., and Ferrari, G.A. 2000. Use of aerial photographs, Landsat 

TM imagery and multidisciplinary field survey for land-cover change analysis in the lakes region 

(Ethiopia). International Journal of Applied Earth Observation and Geoinformation, 2(34), 181-

189. 



 

221 

 

Reneau, S.L. and Dietrich, W.E.1987. The importance of hollows in debris flow studies; examples 

from Marin County, California. In Costa, J.E., Wieczorek, G.F. (Eds.), Debris Flows/Avalanches: 

Process, Recognition, and Mitigation. Geological Society of America, Boulder, Colorado, Reviews 

in Engineering Geology, vol. VII, 165–180. 

Reynolds, W.D., Elrick, D.E., Youngs,  E.G., Amoozegar, A., Booltink, H.W.G. and Bouma, J. 

2002. Saturated and field-saturated water flow parameters. In Dane J.H and G.C. Topp (Eds.) 

Methods of soil analysis. Part 4. Physical methods. SSSA Book Ser. 5. SSSA, Madison, WI, 797–

878. 

Reynolds, R.C. and Moore, D.M. 1989. Principles and Techniques of Quantitative Analysis of 

Clay Minerals by X-Ray Powder Diffraction. Oxford University Press, New York, 332-337. 

Roller, S., Wittmann, H., Kastowski, M., Hinderer, M. 2012. Erosion of the Rwenzori Mountains, 

East African Rift, from in situ‐produced cosmogenic 10Be. ‐ Journal of Geophysical Research, 

117, F03003 

Rousseau, M., Cerdan, O., Ern,  A., Le Maître, O. and Sochala, P. 2012. Study of overland flow 

with uncertain infiltration using stochastic tools. Advances in Water Resources, 38, 1–12. 

https://doi.org/10.1016/j.advwatres.2011.12.004 

 

Rosenfeld, C.L. 1994. 'The geomorphological dimensions of natural disasters', Geomorphology, 

10, 27-36. 

Rounsevell, M. D. A., Ewert, F., Reginster, I., Leemans, R. and Carter, T. R. 2005. Future 

scenarios of European agricultural land use: II. Projecting changes in cropland and grassland. 

Agriculture. Ecosystems & Environment, 107(2e3), 117-135. 

Ruelland, D., Levavasseur, F. and Tribotte, A. 2010. Patterns and dynamics of land cover changes 

since the 1960s over three experimental areas in Mali. International Journal of Applied Earth 

Observation and Geoinformation, 12, 11-17. 

Saadat, H., Bonnell, R., Sharifi, F., Mehuys, G., Namdar, M., Ale-Ebrahim, S. 2008. Landform 

classification from a digital elevation model and satellite imagery. Geomorphology, 100, 453–464. 

Sarkar, S. 1999. Landslides in Darjeelmg Himalayas, India, Chikei, 20(3), 299-315. 

Sassa, K., Fukuoka, H., Wang, F.W. 2005. Landslides risk analysis and sustainable disaster 

management. In Proceedings of the first general assembly of the international consortium on 

landslides. Springer, Berlin. 

 

Sauchyn, D.J. 1993. Quaternary and Late Tertiary Landscape Evolution in the Western Cypress 

Hills. In Sauchyn D.J (ed.), Quaternary and Late Tertiary Landscapes of South western 

Saskatchewan and Adjacent Area Canadian Plains Research Centre, Regina. 

Sauchyn, D.J. and Lemmen, D.S. 1996. Impacts of landsliding in the western Cypress Hills, 

Saskatchewan and Alberta. Current Research, 1996-B, Geological Survey of Canada, 7-14. 



 

222 

 

 

Scheidegger, A.E. and Ajakaive, D.E. 1994. 'Mass movement events in hilly areas (with example 

from Nigeria)', Natural Hazards, 9 (1-2), 191-196. 

Schuster, R. L. 1995. Landslides and floods triggered by the June 6, 1994, Paez earthquake, south 

western Colombia. Association of Engineering Geologists, AEG News, 38(1), 32–33. 

Schuster, R.L. and Highland, L.M. 2001. US Geological Survey Open-File Report 01-0276. US 

Geological Survey. 

Schmidt, J. and Hewitt, A. 2004. Fuzzy land element classification from DTMs based on Geometry 

and terrain position, Geoderma, 121 243–256. 

Schuster, R.L. and Wieczorek,G.F. 2002. 'Landslide triggers and types'. In Rybar J, J. Stemberk 

and P. Wagner, A.A. Balkena (Eds.) Landslides, Proceedings of the first European Conference on 

Landslides, Prague Netherlands. 

Scott, K.M., McGeehin, J.P., Macias, J.L., Naranjo, J.A. and Rodriguez, S. 2001. 'Catastrophic 

debris flows transformed from landslides in volcanic terrains: Mobility, hazard assessment, and 

mitigation strategies', US Geological Survey Professional Paper no. 1630, 1-59. 

Seed, H.B. 1967. "Fundamental Aspects of the Atterberg Limits". Journal of Soil Mechanics and 

Foundations Div., 92(SM4), Retrieved from http://trid.trb.org/view.aspx?id=38900 

Seed, H. B. and Idriss, I. M. 1971. ‘‘Simplified procedure for evaluating soil liquefaction 

potential’’. Journal of Geotechnical Engineering. Div., ASCE, 97(9), 1249–1273. 

 

Seif, A. 2014. Using Topography Position Index for Landform Classification (Case study : Grain 

Mountain). Bulletin of Environment, Pharmacology and Life Sciences, 3(11), 33–39. 

 

Seif, A. and Mokarram, M. 2014. GIS-Based Automated Landform Classification in Zagros 

mountain (case study: Grain mountain). Bulletin of Environment, Pharmacology and Life Sciences 

.Vol 3 (3) February 2014: 20-33. 

Selby, M.J. 1982. Hillslope materials and processes, Oxford: Oxford University Press. 

 

Selby, M.G. 1993. Hillslope materials and processes. Oxford University Press, New York. 

Sidle, R.C., Pearce, A.J. and Loughlin, C.L.O. 1985. Hillslope stability and land-use. American 

Geophysical Union, Washington DC, USA, 125. 

Sidle, R.C. and Terry, P.K.K. 1992. Shallow landslide analysis in terrain with managed vegetation. 

Erosion, debris flows and environment in mountain regions. Proceedings of the Chengdu 

symposium, July 1992. IAHS publication number 209, 1992. 

 

Sidle, R.C., Ziegler, A.D., Negishi, J.N., Nik, A.R., Siew, R. and Turkelboom, F. 2006. Erosion 

processes in steep terrain - Truths, myths, and uncertainties related to forest management in 

Southeast Asia. Forest Ecology and Management, 224, 199-225. 

 

http://trid.trb.org/view.aspx?id=38900


 

223 

 

Sidle, R.C, Ochiai, H. 2006. Landslides: processes, prediction, and land use. American 

Geophysical Union, Water Resources Monograph 18, Washington, DC. 

 

Singh, A.K. 2010. Landslide management: concept and philosophy. Disaster prevention and 

management, 19:11, 119-134.  

 

Siriri, D. and T. Raussen. 2001. The development potential of agroforestry technologies in the 

Kigezi highlands. Unpublished manuscript. 

 

Siriri, D., Zake, J.K. and Raussen, T. 2002. Crop and soil variability on terrace benches in the 

highlands of Uganda. Unpublished manuscript. 

Siriri, D. and Raussen, T. 2002. The agronomic and economic potential of tree fallows on scoured 

terrace benches in the humid highlands of South Western Uganda. Unpublished manuscript. 

Skempton, A.W. 1985. Residual strength of clays in landslides, folded strata, and the laboratory, 

Geotechnique 35 (1) (1985), 3–18.  

Skirvin, S.M., Kepner, W.G., Marsh, S.E., Drake, S.E., Maingi, J.K., Edmonds, C.M., Watts, C.J. 

and Williams, D.R. 2004. Assessing the accuracy of satellite – derived land – Cover classification 

using historical aerial photography, Digital orthophoto quadrangles and air borne video data. In R. 

Lunetta and J.C. Lyon (Eds.), Remote Sensing and GIS Accuracy Assessment, CRC Press, Bocca 

Raton, Florida, pp. 115 –131. 

Slay maker, O. 2000. In: Slaymaker, O, (Ed), Geomorphology, Human activity and global 

environmental change, Wiley, Chichester, NY (2000). 

 

Spiker, E.C. and Gori, P. 2003. National landslide hazards mitigation strategy; A frame work for 

loss reduction. 

Song, C., Woodcock, C.E., Seto, K.C., Lenney, M.P. and Macomber, S.A. 2001. Classification 

and change detection using Landsat TM data: when and how to correct atmospheric effects? 

Remote Sensing of Environment, 75:230-244. 

Sowers. 1979. Introductory Soil Mechanics and Foundations: Geotechnical Engineering, 4th Ed., 

Macmillan, New York. In Coduto, 1999 (Ed.). Geotechnical Engineering: Principles and 

Practices. Prentice Hall. New Jersey. 

Sparks, B.W. 1986. Geomorphology, 3rd (Ed.): New York; Longman Inc. 

 

Stolte, J. 2003. Effects of land use and infiltration behaviour on soil conservation strategies. 

Wageningen, Netherlands. 

Susana, A., Elizabeth, A.H., Francesca, P. and Thorsten, W. 2017. Dealing with deep uncertainties 

in landslide modelling for disaster risk reduction under climate change. Journal of Natural 

Hazards and Earth Systems Science, 17, pp. 225–241. 



 

224 

 

Suzuki, M., Tsuzuki, S., Yamamoto, T. 2007. Residual strength characteristics of naturally and 

artificially cemented clays in reversal direct box shear test. Soils Foundation, 47(6), 1029–1044 

Swanson, F.J. and Dyrness, C.T. 1975.  "Impact of Clear cutting and Road Construction on Soil 

Erosion by Landslides in the Western Cascade Range, Oregon" in Geology, vol. 3, 393-396.  

Tagil, S. and Jenness, J. 2008. GIS-based automated landform classification and topographic, land 

cover and geologic attributes of landforms around the Yazoren Polje, Turkey. Journal of Applied 

Sciences, 8(6), 910–921. https://doi.org/10.3923/jas.2008.910.921 

Thomson, S. and Morgenstern, N.R. 1977. Factors affecting the distribution of landslides along 

rivers in southern Alberta. Canadian Geotechnical Journal, 14, 508-523. 

Thomson, S. and Morgenstern, N.R. 1978. Landslides in argillaceous rock, Prairie Provinces, 

Canada. In Voight B. (Ed.), Rockslides and Avalanches 2, Developments in Geotechnical 

Engineering, 14B, Elsevier Scientific Publishing, New York, 515-540. 

Thornes, J.B. and Alcantara-Ayala, I. 1998. Modelling mass failure in a Mediterranean mountain 

environment: climatic, geological, topographical and erosional controls, Geomorphology 24 

(1998), 87–100.  

Tukahirwa, J.M. 1988. Soil resources in the highlands of Uganda, prospects and 

sensitivities,vol.8,nos.2/3,pp.165-172:Kampala;Department of Geography, Makerere University 

 

Tukahirwa, J.M.., 1995. Measurement, Prediction and social ecology of accelerated soil erosion in 

Kabale district, South western Uganda. 

Tukahirwa, J.M. 1999. Diagnostic and characterisation studies conducted from 1945-1995 in 

South Western Uganda. African Highlands Initiative, Report No. 10. 

 

Tukahirwa, F. 2000. The role of NGOs in urban development: A case study of Kabale town. 

UBOS. 2002. Uganda national household survey 2002/2003. Ministry of Finance, Planning and 

Economic Development, Uganda. http:// www.ubos.org.  

UBOS. 2014. Uganda national household survey 2014. Ministry of Finance, Planning and 

Economic Development, Uganda. http:// www.ubos.org.  

UNESCO. 1985.  Landslide Hazard Zonation: A Review of Principles and Practices, UNESCO 

Natural Hazards Series No. 3 (Paris) 

UNESCO-WP/WLI. 1993a. Multilingual Landslide Glossary. Bitech Publishers Ltd., Richmond, 

Canada. 34 pp. 

 

UNESCO-WP/WLI. 1993b. A suggested method for describing the activity of a landslide. Bulletin 

of the International Association of Engineering Geology 47, 53–57. 



 

225 

 

UNESCO-WP/WLI. 1994. A suggested method for reporting landslide causes. Bulletin of the 

International Association of Engineering Geology 50, 71–74 

U.S. Geological Survey. 1982.  Goals and Tasks of the Landslide Part of a Ground-Failure Hazards 

Reduction Program, U.S. Geological Survey Circular 880 (Reston, Virginia: U.S. Geological 

Survey. 

USGS. 2014a. Shuttle radar topography mission, 1 Arc second scenes SRTM1N00E030V3, 

SRTM1N00E029V3, SRTM1S01E030V3, SRTM1S01E029V3, Unfilled Unfinished, Global 

Land Cover Facility, University of Maryland, College Park, Maryland, February 2000. 

Uzielli, M., Nadim, F., Lacasse, S. and Kaynia, A.M. 2008. A conceptual framework for 

qualitative estimation of physical vulnerability to landslides. Engineering geology, 102:251-256. 

 

Vagen, T.G. 2010. Africa Soil Information Service: hydrologically corrected / adjusted SRTM 

DEM (AfrHySRTM). Nairobi, Kenya and Palisades, NY: International Centre for Tropical 

Agriculture - Tropical Soil Biology and Fertility Institute (CIAT-TSBF), World Agroforestry 

Centre (ICRAF), Centre for International Earth Science Information Network (CIESIN), 

Columbia University.  

 

Van Beek, R. 2002. Assessment of the influence of changes in climate and land use on landslide 

activity in a Mediterranean environment. Netherlands Geographical Studies no 294, KNAG, 

Faculty of Geosciences, University of Utrecht. 366 pp. 

 

Van Beek, L.P.H. and Van Asch, T.W.J. 2004. Regional assessment of the effects of land-use 

change and landslide hazard by means of physically based modelling. Natural Hazards 30 (3), 

289–304. 
 

Van Den Eeckhaut, M., Poesena, J., Goversa, G., Verstraeten, G. and Demoulinc, A. 2007. 

Characteristics of the size distribution of recent and historical landslides in a populated hilly 

region. Earth and Planetary Science Letters, 256, 588–603. 

 

Van Den Eeckhaut, M., Poesen, J., Hervas, J. 2013. Mass-movement causes: overloading. In: 

Schroder, J.F. (Ed.). Treatise on geomorphology, vol 7, mountain and hillslope geomorphology. 

Academic, San Diego, 200–206 

 

Van Der Merwe, D.H. 1964. The Prediction of Heave from the Plasticity Index and Percentage 

Clay Fraction of Soils. Trans. South African Institute of Civil Engineers, 6(6), 103 - 107. 

 

Van Der Merwe, D.H. 1976. Plasticity Index and percentage of clay fraction of soils. Proceedings 

of the 6th Regional Conference for Africa on Soil Mechanics and Foundation Engineering, 2, 166-

167. 

Van Der Merwe, G.M.E., Laker, M.C., Buhmann, C. 2002. Factors that Govern the Formation of 

Melanic Soils in South Africa. Geodarma, 107, 165 - 176. 



 

226 

 

Van Westen, C.J. 1994. GIS in landslide hazard zonation: a review, with examples from the Andes 

of Colombia. In Price M, Heywood I (eds.) Mountain environments and geographic information 

system. Taylor and Francis, London, 135–165. 

Van Westen, C.J., Seijmonsbergen, A.C., Mantovani, F.1999. Comparing landslide hazard maps. 

Natural Hazards 20,137–158. 

Van Westen, C.J., Rengers, N., Soeters, R. 2003. Use of geomorphological information in indirect 

landslide susceptibility assessment. Natural Hazards, 30, 399–419. 

Van Westen, C.J. 2004. Geo-information tools for landslide risk assessment — an overview of 

recent developments. In: Lacerda, W., Ehrlich, M., Fontoura, S., Sayao, A. (Eds.), Landslides, 

Evaluation & Stabilization. Proceedings of the 9th International Symposium on Landslides, Rio 

de Janeiro, 28th June–2nd July, pp. 39–56 

Van Westen, C.J., Van Asch, T.W.J., Soeters, R. 2005. Landslide hazard and risk zonation; why 

is it still so difficult? Bulletin of Engineering geology and the Environment 65 (2), 167–184 

 

Van Westen C.J., Enrique Castellanos, Sekhar L. Kuriakose. 2008.  Spatial data for landslide 

susceptibility, hazard, and vulnerability assessment: An overview, Engineering Geology, 

doi:10.1016/j.enggeo.2008.03.010 

Varnes, D.J. 1978.  "Slope Movement Types and Processes" in R.L. Schuster and R.J. Krizek 

(eds.), Landslides, Analysis, and Control, Special Report 176 (Washington, D.C.: Transportation 

Research Board, 12-33.  

Verburg, P.H., Eickhout, B. and Meijl, H. 2008. A multi-scale, multi-model approach for analysing 

the future dynamics of European land use. The Annals of Regional Science, 42(1), 57-77. 

Verburg, P.H., Kok, K., Pontius, R. and Veldkamp, A. 2006. Modelling land-use and land-cover 

change. In E. Lambin, and H. Geist (Eds.), Land-use and land-cover change, 117-135. Heidelberg. 

Verburg, P., and Overmars, K. 2009. Combining top-down and bottom-up dynamics in land use 

modelling: exploring the future of abandoned farmlands in Europe with the Dyna-CLUE model. 

Landscape Ecology, 24(9), 1167-1181. 

Verburg, P. H., Soepboer, W., Veldkamp, A., Limpiada, R., Espaldon, V. and Mastura, S.S. 2002. 

Modelling the spatial dynamics of regional land use: the CLUE-S model. Environmental 

Management, 30(3), 391-405. 

Verburg, P. H., van de Steeg, J., Veldkamp, A. and Willemen, L. 2009. From land cover change 

to land function dynamics: a major challenge to improve land characterization. Journal of 

Environmental Management, 90(3), 1327-1335. 

Walsh, E. and McDonnell, K.P. 2012. “The influence of measurement methodology on soil 

infiltration rate.” International Journal of Soil Science. 7(4), 168-176. 



 

227 

 

Wang, F.W. and Li, T.L. 2009. Landslides disaster mitigation in three Gorges Reservoir, China. 

Springer, Berlin 

 

Wasowski, J., Lamanna, C. and Casarano, D. 2010. Land-use and climate change impacts on 

landslides. Quarterly Journal of Engineering Geology and Hydrogeology, 43, 387 – 401. 

 

Wati, S.E., Hastuti, T., Wijojo, S. and Pinem, F.2010. Landslide susceptibility mapping with 

heuristic approach in mountainous area. A case study in Tawangmangu sub District, Central Java, 

Indonesia. International Achieves of the Photogrammetry, Remote Sensing and Spatial 

Information Science, 38, 248 – 253. 

 

Wayland, E.J.1934. Peneplains and some other erosional platfaorms. Annual report and Bulletin, 

protectorate of Uganda Geological survey, Department of mines; Note 1, 77-79. 

 

Weiss, A.D. 2001. “Topographic Positions and Landforms Analysis” (Conference Poster). ESRI 

International User Conference. San Diego, CA, 9-13. 

Wenck Associates, Inc. 2008. “Infiltration basin test results.” Prepared for: Coon Creek Watershed 

District. 

Wen, B.P. and Aydin, A. 2004. Deformation history of a landslide slip-zone in light of soil 

microstructure. Environmental Engineering Geoscience 10(2):123–149 

 

Westerberg, L. and Christiansen, C. 1998. Landslides in East African Highlands. Slope instability 

and its interrelation with landscape characteristics and land use. Advanced Geology Ecology, 31, 

317–325 

 

Westerberg, L.O. 1999. Mass movements in East African highlands: processes, effects and scarp 

recovery. Dissertation 14. Department of Physical Geography, Stockholm University, Sweden. 

Wieczorek, G.F. 1984.  "Preparing a Detailed Landslide-Inventory Map for Hazard Evaluation and 

Reduction" in Bulletin of the Association of Engineering Geologists, vol. 21.  

Wieczorek, G.F. 1987. Effect of rainfall intensity and duration on debris flows in Central Santa 

Cruz Mountains, California. In Costa, J.E, Wieczoek, G.F (Eds), Debris flows/avalanches: 

Processes, recognition and mitigation, Reviews in Engineering Geology, Geological society of 

America, Boulder 1987, 63 – 79. 

 

Williams, A.A.B., Pidgeon, J.T. and Day, P.W. 1985. Expansive Soils. Transactions of the South 

African Institution of Civil Engineers, 27, 367- 397. 

 

Wilkinson, P.L., Anderson, M.G., Lloyd, D.M., Renaud, J.P. 2002a. Landslide hazard and 

bioengineering: towards providing improved decision support through integrated numerical model 

development. Environmental Modelling and Software 17 (4), 333–344. 



 

228 

 

 

Wilkinson, P.L., Anderson, M.G., Lloyd, D.M. 2002b. An integrated hydrological model for rain-

induced landslide prediction. Earth Surface Processes and Landforms, 27, 1285–1297. 

 

Wilson, J.P. and Gallant, J.C. 2000. Digital terrain analysis. In: Wilson, J.P., Gallant, J.C. (Eds.), 

Terrain Analysis: Principles and Applications. John Wiley & Sons Ltd., New York, USA, pp. 1–

27. 

 

Winter, M.G. 2014. An expert judgement approach to determining the physical 

vulnerability of roads to debris flow. Bulletin of Engineering Geology and the 

Environment, vol. 73, issue 2, pp. 291-305. 
 

Wright, R.H., Campbell, R.H. and Nilson, T.H. 1974.  "Preparation and Use of Isopleth Maps of 

Landslide Deposits" in Geology, vol. 2, 483-385. 

Xiang, W., Cui, D., Liu, L. 2007. Experimental study on sliding soil of ionic soil stabilizer-

reinforces. Earth Sciences 32(3), 397–402. 

 

Yalcin, A. 2007. The effects of clay on landslides: A case study. Applied Clay Science, 38, 78 – 

85. 

 

Yalcin, A. and Bulut, F. 2007. Landslide susceptibility mapping using GIS and digital 

photogrammetric techniques: A case study from Ardesen (NE-Turkey). Natural Hazards, 41, 201–

226. doi: 10.1007/s11069- 006-9030-0. 

Yalcin, A. 2011. A geotechnical study on the landslides in the Trabzon province, NE, Turkey. 

Applied Clay Science, 42, 11–19. 

 

Yang, H., Adler, R., Huffman, G. 2007. Use of satellite remote sensing in the mapping of global 

landslide susceptibility. Natural Hazards 43(2):245–256. doi: 10.1007/s11069-006-9104-z. 

 

Yang, X. and Lo, C.P. 2000. Relative radiometric normalization performance for change detection 

from multi-date satellite images. Photogrammetric Engineering and Remote Sensing, 66, 967–

980. 

 

Yashar, A., Asadallah, N., Ali, Y. 2013. Landslide process and impacts: A proposed classification 

method. Catena, 104, 219-232. 

Yilmaz, I. and Karacan, E. 2002. A landslide in clayey soils: an example from the Kizildag region 

of the Sivas-Erzincan highway (Sivas, Turkey), Environmental Geoscience. 9 (2002), 35–42.  

Yılmaz, M., Altun, L., Karagül, R., Yılmaz, F. and Usta, A. 2006. Results and causalities of 

landslides occurred in Rize region, first Rize symposium, 16–19 November, Rize (in Turkish). 

Yuan, F., Sawaya, K.E., Loeffelholz, B.C., Bauer, M.E. 2005. Land cover classification and 



 

229 

 

change analysis of the Twin cities (Minnesota) metropolitan area by multitemporal Landsat remote 

sensing. Remote Sensing of Environment 98, 317–328. 

 

Yu, Y.F., Lam, J.S., Siu, S.K., Pun, W.K. 2007. Recent advance in landslip warning system. In: 

Chan, R.K.S. (Eds.), Thirty years of slope safety practice in Hong Kong. Special publication. 

Geotechnical Engineering Office, Civil Engineering and Development Department, Government 

of Hong Kong, pp. 298–303. 

 

Yu, X., Zhang, X., Niu, L. 2009. Simulated multi-scale watershed runoff and sediment production 

based on GeoWEPP model. International Journal of Sediment Res. 2009, 24, 465–478. 

Zezere, J.L, Ferreira, A.B and Rodrigues, M.L. 1999. Landslides in the North of Lisbon Region 

(Portugal): conditioning and triggering factors, Phys. Chem. Earth 24 (10) (1999), 925–934.  

Zezere, J.L., Trigo, R.M., Trigo, I.F. 2005. Shallow and deep landslides induced by rainfall in the 

Lisbon region (Portugal): Assessment of relationships with the North Atlantic Oscillation. Natural 

Hazards and Earth System Sciences, 5, 331–344. 

 

Zhang, Y., Lu, D., Yang, B., Sun, C. and Sun, M. 2011. Coastal wetland vegetation classification 

with a Landsat thematic mapper image. International Journal of Remote Sensing, 32:545-561. 

 

Zhang, J.Q. 2013. Scale amplification of natural debris flows caused by cascading landslide dam 

failures. Journal of Geomorphology 182:173–189. doi:10.1016/j.geomorph.2012.11.009. 

 

Zhang, L.M., Zhang, S. R.Q. Huang, R.Q. 2014. Multi-hazard scenarios and consequences in 

Beichuan, China: the first five years after the 2008 Wenchuan earthquake. Engineering Geology, 

vol.180, pp. 4-20 

Zhou, C.H., Lee, C.F., Li, J. and Xu, Z.W. 2002. On the spatial relationship between landslides 

and causative factors on Lantau Island, Hong Kong. Geomorphology, 43, 197 – 207. 

 

Zhou, Q. and Liu, X., 2004. Analysis of errors of derived slope and aspect related to DEM data 

properties. Computers and Geosciences 30 (4), 369–378. 

 

Zhou, W., Troy, A. and Grove, M. 2008. Object-based land cover classification and change 

analysis in the Baltimore metropolitan area using multitemporal high resolution remote sensing 

data. Sensors, 8(3), 1613-1636. 

Zhou, Y., Wei, Z., Zhu, B. 2010. Study on the effect about interlayer thickness and water content 

to the strength parameters of landslide soil. China Journal of Geological Hazard Control, 21(2), 

25–29. 

 

Zone, R. 2007. Stereoscopic Cinema and the Origins of 3-D Film, 1838-1952. Lexington: 

University Press of Kentucky. pp. 9–10. ISBN 0813124611.  

 

https://books.google.com/books?id=C1dgJ3-y1ZsC&printsec=frontcover#v=onepage&q&f=false
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/0813124611


 

230 

 

Zinck, J.A. 2013. Geopedology: elements of geomorphology for soil and geo-hazard studies. ITC 

special lecture notes series: ISBN: 978-90-6164-352-4, 13. 

 

Zung, A.B., Sorensen, C.J. and Winthers, E. 2008. Landslide soils and Geomorphology in 

Bridger/Teton Forest Northwest Wyoming. Physical Geography, 30, 501 – 516. 

 

Zung, A.B., Sorensen, C.J., Winthers, E. 2009. Landslide soils and Geomorphology in 

Bridger/Teton Forest Northwest Wyoming. Physical Geography, 30(6), 501–516 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendices  

Appendix 1: Landslide scar dimensions and characteristics  

Scar dimensions in meters 
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Slide 

scar 

No.  

Average. 

Width 

Average 

depth 

Length  Landslide 

scar area in 

m2 

Volume 

of the 

scar in m3 

Average 

Gradient at 

slide zone 

Current land use on the 

slope 

1 3.7 1.7 402 1487.4 2461.7 27  Sorghum, beans & potatoes 

2 9.66 2.3 463.5 4477.4 6064.3 30  Maize and potatoes 

3 17.5 0.74 350 6125 4426.5 34  Fallow land with grass 

4 2.1 1.2 602 1264.2 3772.72 27  Grazing land 

5 8.5 2.245 14.1 119.9 257.98 33 Sorghum. Potatoes, beans 

6 10 5 600 6000 30000 35 Eucalyptus 

7 10 5 400 4000 20000 34 shrubs and grasses 

8 10 5.3 498 4980 26394 33 Grazing land 

9 16.6 4.3 315 5229 22600 35 Maize, beans, bananas 

10 10 0.5 12.5 125 62.5 25 Eucalyptus and pines 

11 5.6 0.85 525.1 2940.6 1676.2 45 Potatoes and beans 

12 5.8 2.3 530 3074 10508.3 42 Fallow land 

13 2.7 1.8 885 2389.5 3669 36 Bananas,potatoes, sorghum 

14 3.14 1.52 786 2468 4340.54 33 Potatoes,beans & sorghum 

15 2.95 1.6 784 2312.8 4517.94 37 Sorghum, maize and beans 

16 6.2 2.8 835 5177 14495.6 37 Grazing land 

17 4.33 2.8 752 3256.2 9412.5 32 Sorghum and beans 

18 5 2.5 600 3000 7500 35 Potatoes, bananas & beans 

19 2.5 2.5 653 1632.5 4081.3 37 Sorghum and potatoes 

20 1.7 1.9 268 455.6 865.64 31 Bananas, maize, potatoes 

21 1.2 1.4 198 237.6 332.64 27 Maize and sorghum 

22 0.9 2.1 213 191.7 402.57 33 Grazing land 

23 2.4 2 201 482.4 964.8 30 Fallow land 

24 1.7 1.4 341 579.7 811.58 19 Bananas, maize and beans 

25 2.3 1.9 189 434.7 825.93 23 Potatoes, beans, sorghum 

26 2.8 1.7 244 683.2 1,161.44 29 Grazing land 

27 1.9 1.2 196 372.4 446.88 34 Shrubs and thickets 

28 2.4 1.5 204 489.6 734.4 18 Beans and sorghum 

29 2.8 1.9 302 845.6 1606.64 22 Maize and beans 

30 1.9 1.6 194 368.6 589.76 32 Potatoes, sorghum & beans 

31 2.1 2 219 459.9 919.8 29 Fallow land & grazing land 

32 1.3 1.8 142 184.6 332.28 26 Maize, beans and sorghum 

33 2.7 2.2 408 1101.6 2423.52 31 Potatoes and beans 

34 2.5 2 386 965 1,930 37 Grazing land 

35 1.6 0.9 125 200 180 29 Grazing land 

36 1.7 2.1 184 312.8 656.88 23 Shrubs and thickets 

37 2.4 2.2 296 710.4 1562.88 26 Potatoes and sorghum 

38 1.8 1.2 202 363.6 436.32 31 Bananas, beans & sorghum 

39 1.4 1.7 182 254.8 433.16 34 Fallow land 

40 2.7 2.2 501 1352.7 2975.94 28 Grazing land 

41 2.1 1.7 234 491.4 835.38 21 Potatoes, sorghum & beans 

42 1.5 1.8 267 400.5 720.9 32 Maize and beans, sorghum 

43 2.2 2.2 58 127.6 281 27 Bananas, cabbage, potatoes 

44 1.9 2.7 135 256.5 693 25 Sorghum, beans, potatoes 

45 2.8 1.2 196 548.8 658.6 33 Fallow land 

46 2.3 1.9 243 558.9 1062 31 Fallow land 

47 4.2 0.9 55 231 207.9 30 Grazing land 

48 2.9 1.1 129 374.1 411.5 35 Eucalyptus  

49 3.2 0.7 231 739.2 517.4 32 Maize beans potatoes 

50 3.1 0.8 89 275.9 220.7 22 Sorghum, beans, potatoes 
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51 2.8 2.1 197 551.6 1158.4 21 Bananas, sorghum, beans,  

52 3.4 1.7 238 809.2 1375.6 19 Potatoes, beans 

53 3.2 1.2 345 1,104 1325 34 Fallow land 

54 2.8 0.8 118 330.4 264.3 18 Grazing land 

55 1.8 1.1 102 183.6 202 20 Grazing land 

56 3.6 2.8 189 680.4 1905.1 32 Grazing land 

57 3.9 3.1 213 830.7 2575.2 28 Fallow land 

58 3.2 2.7 96 307.2 829.4 29 Fallow land 

59 1.8 1.2 47 84.6 101.5 25 Grazing land 

60 1.2 0.8 66 79.2 63.4 22 Maize beans potatoes 

61 5.9 2.1 138 814.2 1709.8 29 Banana, potatoes, beans 

62 3.6 1.9 123 442.8 841.3 34 Potatoes, beans, maize 

63 6.2 3.2 84 520.8 1666.6 32 Sorghum, beans, banana 

64 7.0 1.7 73 511 868.7 25 Grazing land 

65 4.2 1.3 144 604.8 786.2 30 Grazing land 
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 Appendix 2: Soil particle sizes passing through different sieve (mm) sizes 

 
 

Appendix 3: Temporal distribution of rainfall in Kabale highlands 

YEAR JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

1980 55.6 74.3 51.9 168 189 5.7 0 39.3 104.3 0 138.5 46.8 

1981 66 17.7 148.8 139.2 103.8 22.6 7.4 129.8 59.2 121.4 57 73.7 

1982 17.9 9.3 41.7 271.2 130.9 15.8 7.4 2.7 108.6 0 166.5 21.3 

1983 12.4 50.8 87.7 127.3 45.4 12.7 19.1 88.5 70.6 238.5 73.3 94 

75.0 50.0 37.5 20.0 10.0 6.3 5.0 2.0 1.18 0.600 0.425 0.300 0.212 0.150 0.075

1 100 100 100 98 95 90 88 85 82 79 76 73 71 68 65

2 100 100 100 100 96 91 87 85 85 79 77 74 72 69 66

3 100 100 100 97 94 91 89 87 86 82 79 76 74 73 70

4 100 100 100 99 96 92 87 86 81 77 75 73 68 65 61

5 100 100 100 93 88 83 81 75 72 68 67 65 62 60 55

6 100 100 100 100 92 86 84 78 76 73 70 68 65 63 60

7 100 100 100 98 97 92 87 81 78 75 73 71 68 66 63

8 100 100 100 100 94 83 79 75 73 70 68 65 62 60 58

9 100 100 100 100 95 92 91 86 83 81 79 76 73 70 66

10 100 100 100 96 90 88 84 81 79 77 74 70 67 65 62

11 100 100 100 99 94 91 89 86 84 80 78 73 70 68 63

12 100 100 100 100 99 97 92 88 85 82 80 77 75 72 68

13 100 100 100 98 94 91 88 85 82 79 76 72 69 65 62

14 100 100 100 100 98 94 91 88 85 82 79 76 74 72 66

15 100 100 100 100 91 88 83 81 78 75 73 71 68 64 61

16 100 100 100 100 98 94 92 91 85 79 77 75 73 69 63

17 100 100 100 100 95 92 90 88 84 80 76 74 71 66 62

18 100 100 100 92 90 82 80 77 70 69 66 60 58 55 52

19 100 100 100 100 92 89 87 82 80 77 72 65 60 57 53

20 100 100 100 97 94 91 89 87 86 82 79 76 74 73 70

21 100 100 100 99 96 92 87 86 81 77 75 73 68 65 61

22 100 100 100 93 88 83 81 75 72 68 67 65 62 60 55

23 100 100 100 100 92 86 84 78 76 73 70 68 65 63 60

24 100 100 100 98 97 92 87 81 78 75 73 71 68 66 63

25 100 100 100 100 94 83 79 75 73 70 68 65 62 60 58

26 100 100 100 100 95 92 91 86 83 81 79 76 73 70 66

27 100 100 100 96 90 88 84 81 79 77 74 70 67 65 62

28 100 100 100 99 94 91 89 86 84 80 78 73 70 68 63

29 100 100 100 100 99 97 92 88 85 82 80 77 75 72 68

30 100 100 100 98 94 91 88 85 82 79 76 72 69 65 62

31 100 100 100 100 98 94 91 88 85 82 79 76 74 72 66

32 100 100 100 100 91 88 83 81 78 75 73 71 68 64 61

33 100 100 100 100 98 94 92 91 85 79 77 75 73 69 63

34 100 100 100 100 95 92 90 88 84 80 76 74 71 66 62

soil 

sample
% Passing Sieve (mm)
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1984 36.2 109.3 174.4 158.3 20.4 0 49.8 21.3 78.5 117.7 98.2 129.2 

1985 31.4 34.8 104.4 149.5 40.7 2.9 12.3 23.9 90.6 120.4 71.5 36 

1986 0 0 103.6 183 64.2 31.9 0 16.5 44.4 120.7 72.1 487.4 

1987 82.7 99.2 113.5 131.1 178.4 44.6 3.9 23.3 108 129.1 261.5 31.3 

1988 83.9 90.9 161.7 139.1 82.2 4 64.2 142.6 166 132.8 60.8 47 

1989 34.7 99.8 82 89.6 134.9 35.6 10.1 74.7 180.8 128.5 72.3 74.3 

1990 49 161.8 128.4 182.6 72.6 0 0 45 158.5 66.5 93.6 68.9 

1991 72 73 158 101 117 39 18 18 54 135 51 71 

1992 18 49 151 98 50 54 27 16 149 205 89 74 

1993 96 28 176 87 160 34 0 61 10 59 95 77 

1994 58 70 128 150 87 2 2 79 148 125 134 93 

1995 45 128 105 82 147 123 1 6 114 166 105 102 

1996 70 56 146 93 46 72 50 118 123 144 202 102 

1997 101 0 114 122 149 33 27 37 25 155 196 151 

1998 184 97 101 171 170 19 25 23 87 154 58 80 

1999 77 37 145 72 51 0 0 167 65 87 116 49 

2000 50.9 83.5 118.9 120 55.7 8.1 5.9 69.6 69.9 179.8 146.8 83.8 

2001 86.3 51.2 83.9 135.7 77.8 22.4 46.7 65.7 231.1 201.9 139.5 63.9 

2002 120.2 89.7 63.1 74.9 115.7 0 4.4 48.4 49.5 187.6 91.5 91 

2003 66.9 80.6 74.7 139.1 96 29 22.8 25.5 82.6 86.5 94 57.3 

2004 69.4 93.8 84.5 183.2 84.6 0 1.1 31.9 148.8 76.9 114.2 124.9 

2005 25.7 121.8 170.1 123.4 122.1 40.5 0 29 84 107.6 66.1 41.1 

2006 85.5 133.5 127.7 112.7 207.8 2.9 30.1 79.5 74.2 70.7 156.2 62.3 

2007 55.2 102.5 80.3 103.6 87.9 34.1 42 23.6 99.5 112.1 162.9 25.2 

2008 99 65.3 206.1 54.2 53.5 65.9 24 36.5 77.4 172.8 107.6 99.1 

2009 61 114.2 122.7 99.5 90.7 19.8 1.1 94.6 87 86.6 174.1 98.8 

2010 97.7 189 149.1 132.9 97.7 9.3 1.4 16.4 124.1 197 86.4 71 

2011 33.5 64 139.2 88.2 63.9 62.5 12.1 103.8 71.7 73.9 157.5 54.7 

2012 2.8 52.8 110.6 197 146.8 11.6 9.4 62.6 95.7 114.4 179.8 128 

2013 30.1 101.1 142.2 98 192 21.1 3.2 74.5 134 154 122.2 77.1 

Source: Kabale meteorology station, weather data: WMO No. 63726, National No. 91290000, 

station name KABALE, Elevation 1867m, Latitude 01° 15’, Longitude 29° 59’. 

Appendix 4: Seasonal rainfall distribution for Kigezi highlands 

YEAR DJF MAM JJA SON 

1970 159 422 138 324 

1971 269 464 161 369 

1972 341 344 218 321 

1973 263 402 63 353 

1974 139 379 135 247 

1975 260 245 97 311 
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1976 185 313 157 308 

1977 317 388 212 419 

1978 300 384 95 349 

1979 310 295 45 211 

1980 177 409 45 341 

1981 158 392 160 237 

1982 48 444 26 386 

1983 157 260 121 382 

1984 274 352 71 339 

1985 172 295 41 373 

1986 236 351 49 237 

1987 213 423 72 499 

1988 222 383 211 360 

1989 209 307 121 382 

1990 280 384 45 318 

1991 216 376 75 240 

1992 141 299 97 443 

1993 201 423 95 164 

1994 221 365 83 407 

1995 275 334 130 385 

1996 228 285 240 469 

1997 252 385 97 376 

1998 361 442 67 299 

1999 163 268 167 268 

2000 218.2 294.6 83.6 396.5 

2001 201.4 297.4 134.8 572.5 

2002 300.9 253.7 52.8 328.6 

2003 204.8 213.8 77.3 263.1 

2004 288.1 352.3 33 339.9 

2005 188.6 415.6 69.5 257.7 

2006 281.3 448.2 112.5 301.1 

2007 182.9 271.8 99.7 374.5 

2008 263.4 313.8 126.4 357.8 

2009 274 312.9 115.5 347.7 

Source: Kabale meteorology station, weather data: WMO No. 63726, National No. 91290000, 

station name KABALE, Elevation 1867m, Latitude 01° 15’, Longitude 29° 59’. 
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Appendix 5: Location of study and sample sites 
Sample-site code Site name    Latitude  Longitude  Altitude 

1 Rwenkyende 1° 09’ 18.868” S 30° 05’ 54.659” E 1780 

2 Iragaza 1° 09’ 20.690” S 30° 05’ 56.369” E 1752 

3 Kazindiro 1° 09’ 14.959” S 30° 05’ 55.800” E 1796 

4 Kempunu 1° 09’ 12.603” S 30° 05’ 54.969” E 1817 

5 Kandago 1° 09’ 11.816” S 30° 05’ 55.467” E 1815 

6 Karorwa 1° 07’ 10.502” S 30° 05’ 54.854” E 1838 

7 Ntungamo 1° 07’ 08.788” S 30° 05’ 53.653” E 1838 

8 Kasambya A 1° 03’ 08.342” S 30° 05’ 52.590” E 1873 

9 Kasambya B 1° 03’12.788” S 30° 05’ 27.354” E 1805 

10 Kasambya C 1° 03’ 12.100” S 30° 05’ 27.742” E 1809 

11 Rushebeya 1° 01’ 58.718” S 30° 05’ 28.267” E 1849 

12 Kamwezi A 1° 08’ 57.425” S 30° 05’ 29.671” E 1843 

13 Kamwezi B 1° 08’ 58.412” S 30° 05’ 35.341” E 1887 

14 Kamwezi C 1° 08’ 02.596” S 30° 05’ 42.400” E 1974 

15 Kyokyezo 1° 05’ 03.417” S 30° 05’ 42.320” E 1971 

16 Maziba A 1° 12’05.591” S 29 35’ 37.302” E 1921 

17 Maziba B 1° 12’ 05.568” S 29° 35’ 35.950” E 1928 

18 Maziba C 1° 12’ 06.813” S 29° 35’ 34.823” E 2071 

19 Rwamucucu A 1° 15’ 18.868” S 29° 25’ 54.659” E 1880 

20 Rwamucucu B 1° 15’ 20.690” S 29° 25’ 56.369” E 1752 

21 Rwamucucu C 1° 15’ 14.959” S 29° 25’ 55.800” E 1796 

22 Muhanga A 0° 54’ 12.603” S 30° 02’ 54.969” E 1817 

23 Muhanga B 0° 53’ 11.816” S 30° 02’ 55.467” E 1827 

24 Muhanga C 0° 53’ 10.502” S 30° 02’ 54.854” E 1838 

25 Nyangorogoro 0° 57’ 08.788” S 30° 00’ 53.653” E 1828 

26 Nyamweru A 1° 18’ 08.342” S 29° 60’ 52.590” E 1873 

27 Nyamweru B 1° 18’12.788” S 29° 60’ 27.354” E 1805 

28 Nyamweru C 1° 18’ 12.100” S 29° 60’ 27.742” E 1815 

29 Buhara A 1° 08’ 58.718” S 29° 55’ 28.267” E 1849 

30 Buhara B 1° 08’ 57.425” S 29° 55’ 29.671” E 1843 

31 Buhara C 1° 08’ 58.412” S 29° 55’ 35.341” E 1887 

32 Bubare A 1° 13’ 02.596” S 29° 44’ 42.400” E 1934 

33 Bubare B 1° 13’ 03.417” S 29° 44’ 42.320” E 1974 

34 Bubare C 1° 13’05.591” S 29   44’ 37.302” E 1921 

35 Kaharo A 1° 07’ 05.568” S 29° 65’ 35.950” E 1941 

36 Kaharo B 1° 07’ 06.813” S 29° 65’ 34.823” E 2061 

37 Kaharo C 1° 07’ 18.868” S 29° 65’ 54.659” E 1780 

38 Bukinda 1° 10’ 20.690” S 29° 85’ 56.369” E 1752 

39 Kyerero A 1° 10’ 14.959” S 29° 75’ 55.800” E 1796 

40 Kyerero B 1° 10’ 12.603” S 29° 74’ 54.969” E 1857 
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Appendix 6: The geology map of Map 

 
Source; Department of Geology for Uganda 1965 
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Appendix 7: Soil map for Uganda  

 
Source; National Agricultural Research Laboratories 2008 
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Appendix 8: Land cover classification for Uganda 

 

Source: Uganda’s Atlas for changing environment 2009. 
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Appendix 9: XRD analysis for clay mineralogy 
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Appendix 10: Land use and cover changes between 1985 and 2015 

Years 1985 1995 2005 2015 

Landuse Hectares Percentage  Hectares Percentage  Hectares Percentage  Hectares Percentage  

Forestry 24599 40 9788 16 5315 9 4752 8 

Grassland 10779 18 10265 17 9703 16 6828 11 

Wetlands 9195 15 9001 14 7025 11 2641 4 

Settlement 6926 11 13584 22 14677 24 15300 25 

Cultivated land 10102 16 18963 31 24881 40 32082 52 

Total 61602 100 61602 100 61602 100 61602 100 

 

Appendix 11: Distribution of cultivated land along slope gradient clusters between 1985 

and 2015. 

 

Appendix 12: Distributions of cultivated land along slope positions from1985 to 2015 

 

Appendix 13: Relationship between land use/ cover and landslide distribution 

Land use/cover type 

No. of landslide occurrences 

1985 1995 2005 2015 

Cultivated  land 3 5 11 41 

Settlements  1 2 6 17 

Forests with degraded areas 1 1 2 3 

Grasslands  1 1 2 4 

Total  6 9 21 65 

 

Hectares percentage Hectares percentage Hectares percentage Hectares percentage

<15 5023 49.7 3490 34 4160 16.1 2108 6.6

15-25 3241 32.1 4006 39 10716 41.4 15017 46.8

25-35 1428 14.1 1850 18 8645 33.4 10008 31.2

35-45 358 3.5 804 7.8 2026 7.8 3944 12.3

>45 51 0.5 115 1.2 334 1.3 1004 3.1

Slope gradient

1985 1995 2005 2015

Hectares percentage Hectares percentage Hectares percentage Hectares percentage

Valley bottoms 6028 59.7 3947 38.5 3643 14.1 3234 10.1

Lower middle 2132 21.1 4682 45.6 10716 41.4 14017 43.7

Upper middle 1769 17.5 1124 11 9457 36.5 12533 39.1

Uppermost 172 1.7 512 5 2245 8.7 2297 7.2

slope positions

1985 1995 2005 2015
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Appendix 14: Temporal landslide distribution in the study area between 1980 and 2014 

 
 

 

YEAR No of landslides

1980 2

1988 3

1994 4

2001 3

2002 4

2003 3

2004 5

2005 5

2006 6

2007 4

2008 10

2009 13

2010 32

2011 23

2012 13

2013 10

2014 8


