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LAND USE/LAND COVER DYNAMICS, SOIL 

CHARACTERIZATION, AND GIS BASED MULTI-CRITERIA 

DECISION METHOD FOR LAND SUITABILITY EVALUATION 

IN WACHACHA WATERSHED, CENTRAL HIGHLAND OF 

ETHIOPIA 

 

ABSTRACT 

Land use land cover (LU/LC) analysis, soil, climate, and land resources information, and 

suitability evaluation are required to make land use decisions for sustainable resources 

use and management. Nevertheless, such information collected at a scale that enables to 

make site-specific land use decisions is lacking in Ethiopia in general and Wachacha area 

in particular. Cognizant of this research gap, a study was conducted in Wachacha area in 

the Central Highland of Ethiopia to investigate the spatio-temporal LU/LC dynamics and 

its influences on selected soil physicochemical properties, characterize and classify major 

soils, and conduct GIS-based multi-criteria land suitability evaluation for rainfed 

production of three major crops (chickpea, wheat, and teff). Aerial photograph and multi-

date Landsat data of 1957, 1972, 1986, 2000, and 2014 of Wachacha watershed, and GIS 

techniques were used for analysis of the LU/LC dynamics, while soil samples collected 

from three depths (0-20, 20-40, and 40-60 cm) of five land uses were used for investigating 

the impacts of land use and soil depth on selected soil properties. Morphological and 

physicochemical properties obtained from ten pedons opened along different landscapes of 

the sub-watershed were used for characterization and classification of the soils. A spatial 

fuzzy-MCDA method was applied for crop suitability mapping along the cultivated sub-

watershed area (2,718 ha) of Wachacha, Ethiopia using expert, soils, landscape and 

climate attributes. The LU/LC analysis identified six LU/LC types: natural forest, 

plantation forest, shrub and bush, grazing, cultivated, and settlement lands. Over the last 

six decades, the cultivated land occupied between 77 percent (2014) and 83 percent (1957) 

of the 406.6 Km
2 

of the study area, indicating that the cultivated land area declined during 

the study period due to its conversion into other LU/LC types. The settlement area showed 

a threefold increase between 1957 (2.1 percent) and 2014 (6.1 percent) due to expansion 

of urban areas into the sub-watershed. Unlike the case in many areas in Ethiopia, the land 

covered by vegetation of different types was relatively stable over the study period due 

mainly to protection by State. The results of study conducted to investigate effects of land 

use and soil depth on selected physicochemical properties of soils revealed that most of the 

soil properties were significantly affected by interaction effects of land use by soil depth. In 

general, the status of most of the soil parameters in the cultivated land soils was found to 

be significantly (P< 0.05) inferior to those of the other land uses. This suggests that the 

current agricultural practice needs to be revisited in order to restore and maintain the OM 

and TN soil qualities at optimum level. The results of characterization and classification of 

soils indicate the existence of certain variations in morphological and physicochemical 

properties of soils in the study area. The organic matter, total nitrogen and available 

phosphorous of the soils of most horizon were below the critical level; while the clay 

fraction, bulk density,  total porosity pH, CEC, base saturation, Fe, Mn,  Zn, Cu, and B  

were properties above the critical limit. According to FAO-WRB Soil Classification 

System, the soils of the study area were classified as Pellic Vertisols (28.6 percent), Mollic 

Nitisols (28.1 percent), Eutric Cambisols (19.4 percent), Mollic Leptosols (12.2 percent), 

and Calcaric Eutric Fluvisols (11.7 percent) over the study area of 4203 ha. The GIS-



 

xvi 

 

based multi-criteria land suitability evaluation results revealed that, according to weighted 

sum overlay analysis; over a total study area of 2,718 ha; 97.7 percent, 88.9 percent, and 

85.7 percent were suitable for chickpea, teff, and wheat production, respectively. 

Nevertheless, 62 ha, 301 ha, and 389 ha of the study area are not currently suitable for 

chickpea, teff, and wheat cultivation, respectively. The current dominant limiting factors 

for the crops suitability are Available phosphorous, total nitrogen, steep slope, and 

flooding. Moreover, CEC of the soil foro the crop (teff) associated with organic matter, 

organic carbon (teff), and drainage (chickpea and wheat) were also the limiting factors. 

Thus, making possible improvement on soil fertility (fertilizer and compost), conservation 

measures (terrace and mechanical drainage), and plantation of fruit trees on steep slopes 

of the study area which has been dominantly under cultivation over six decades of study 

period; while finding alternative source of fuel wood and technology to the surrounding 

community is vital to ease the pressure on the natural forest. 

 

Keywords: land use/land cover change, soil characterization, soil property, land evaluation 
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GENERAL INTRODUCTION AND SITE DESCRIPTION 
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1. GENERAL INTRODUCTION AND SITE DESCRIPTION 

 

1.1. BACKGROUND OF THE STUDY 
 

Ethiopia, lying between 3-15
0
 N and 33-48

0
 E with a total land area of 1.13 million km

2
, is 

characterized by immense categories of flora and fauna (Paulos, 2001). It is a mountainous 

country with remarkable contrasts: comprising rugged mountains, flat-topped plateau, deep 

gorges and river valleys, and rolling plains. Topographic variation produces various soil 

types and a wide range of ecological zones (Heluf and Mitiku, 1990). The FAO 

classification (FAO/UNDP, 1984) identifies 18 major soil associations and wide range of 

agro-ecological zones. The physiography, geology, biota and climate disparity of the 

country influences the morphological, physical, chemical, mineralogical and biological 

properties of soils (Mishra et al., 2004; Mohammed et al., 2005). Consequently, the 

fertility, agricultural productivity, susceptibility to erosion and land management 

requirements differ significantly (Heluf and Mitiku, 1990, Mohammed, 2003). 

 

Land use changes have remarkable effects on the dynamics of soil properties (Biro et al., 

2013), and the change from forest cover to cultivated land may reduce the input of organic 

residues which leads to a decline in soil fertility (Muñoz-Rojas et al., 2015).  Land use 

dynamics affect processes of soil erosion, structure and aggregate stability, soil organic 

matter, nutrient cycling, leaching, carbon sequestration and other physical and biochemical 

processes.  Forest destruction is a major immediate anthropogenic cause and often radical. 

Natural effects like climate change may occur over a long period of time (Vlek, 2005). 

Thus, LU/LC dynamics are products of prevailing interacting natural and anthropogenic 

processes (Opeyemi, 2006; Ademiluyi et al, 2008).  

 

Human and livestock population increase is the main cause of land use change and land 

degradation, due to poor natural resource management. Conversion of native forests to 

farmland and grazing in central and northwestern highlands of Ethiopia for centuries has 

accelerated soil erosion and depletion of nutrients (Gete and Hurni, 2001; Hurni et al., 

2010). Currently, the rate, extent, and intensities of anthropogenic pressure which affects 

the status, properties and functions of land ecosystems are greater than previous years 

(Ellis and Pontius, 2007).  
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LU/LC changes are dynamic and complex phenomena occurring within the interface of 

human and ecological systems having significant influence on ecological functions, and 

intensify desertification and climate change (Lambin, et al., 2003; Varallyay, 2010). 

Agriculture is believed to be the primary driver of LU/LC changes (Kintz, et al., 2006; 

Hartemink, 2010). Furthermore, population pressures accompanied with unsustainable 

agriculture, settlement and sociopolitical instability caused substantial deforestation, loss of 

biodiversity and many other undesirable changes (Alemayehu and Olafur, 2011).  

 

Currently, one of the major challenges facing Ethiopia is land degradation, particularly loss 

of vegetation cover and soil erosion. The problems cause low agricultural productivity and 

strongly influence the process of agricultural productivity and food security (Abate, 2010; 

Amanuel and Mulugeta, 2014). High population growth rate in Ethiopia is highly 

challenging the agricultural sector. Hence, conservation and improvement of natural 

resources for sustainable agricultural productivity is crucial.  

 

Soils are classified as natural bodies, on the basis of their profile characteristics (Brady and 

Weil, 2008). Classification is the process of grouping individual soils into classes or 

various groups and subgroups each having more or less homogeneous characteristics and 

potentially similar behavior with respect to defined objectives (Msanya et al., 2003; 

Rossiter, 2007). Understanding of how soil variability affects the spatial variability of crop 

production is a prerequisite to develop proper soil management and farming techniques 

(Liu et al., 2007; Dinaburga et al., 2010). Moreover, pertinent and reliable soil data is basic 

requirement for convenient soil classification and land suitability evaluation (Fasina et al., 

2007; Sharu et al., 2013).  

 

Soil classification is used to apply proper management practices, transfer of technology, 

experience and rehabilitate the potentials of degraded soils and provide a ready-made map 

legend for soil surveyors (Rossiter, 2007; Atofarati et al., 2012). Lack of information on 

soil and land characteristics was one of the major factors limiting agricultural development 

particularly in Ethiopia. Moreover, inadequate information on the influence of LU/LC 

dynamics on soil properties affects the agricultural productivity of the country and the 

study area in particular. Land use has a significant influence on the direction and rate of 
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soil formation. Variation in its management systems affects soil physico-chemical 

properties (Wakene, 2001).  

 

Studies of different nature have been done in Ethiopia on LU/LC dynamics, soil 

characterization and classifications, and land evaluation; but they are limited to a few 

selected high potential areas and were limited in scope (Eylachew, 1999; Mitiku, 1987; 

Mohammed, 2003; Abayneh, 2005). Most of the land evaluation studies were conducted in 

different central and north-central highlands of Ethiopia using the FAO limiting criteria 

classification and lack integrating continuous geographic information. As a consequence, 

the potentials and limitations of the soils in the region were not hierarchically identified. 

The Wachacha mountain range is one of the areas having limited information on 

watershed-based LU/LC dynamics analysis, soil characterization and their classification, 

effect of LU/LC on properties of soils, and multi-criteria land suitability evaluation.  

 

Availability of standardized database management system on soil properties and associated 

location characteristics is crucial to verify the status of the land resources and also 

recommend the land users on how to use the land in the best possible way (Msanya et al, 

2003). Thus, sustainable land management for agricultural productivity requires adequate 

scientific information, which was the major constraint over the study area.  

 

The overall objectives were to assess the dynamics of land use/cover and its effect on the 

physico-chemical properties, in order to characterize and classify the soils, and to conduct 

Spatial Fuzzy MCDA crop suitability evaluation for crops in Wachacha Mountain Range 

of Upper Awash Basin, Ethiopia. The specific objectives were:  

 

 To investigate and quantify the long-term spatio-temporal land use/cover dynamics; 

 To characterize and classify major soils;  

 To investigate the effects of land use and soil depth on selected soil physic-

chemical properties; and 

 To evaluate the physical land suitability for major rainfed crops of chickpea, wheat 

and teff grown in the area. 
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Hypothesis: 

In order to address the outlined objective of the study the following hypothesis is 

drown. 

 

 Land suitability for three major crops due to changes of soils physic-chemical 

properties could be indicated by long term LU/LC dynamics. 

 

1.2. GENERAL DESCRIPTION OF THE STUDY AREA 

1.2.1. Location and Coverage 

The study area is situated in Wachacha Mountain Range, the most important source of 

water for Akaki River, which is the upper Awash River system of the Central Highland of 

Ethiopia, Africa. It is located at about 30 km to the west boundary of the capital, Addis 

Ababa, Ethiopia. Generally, the spatial location of the study area is categorized in to three 

geographic extents. Section two having geographic extent of 40,664 ha is located within 

38°22'7.6'' E to 38°35'57.4'' E, and 08°47'42.9'' N to 09°01'33.3'' N. The third and fourth 

sections covering an area of 4203 ha are found between 38°28'14.7'' E to 38°34'32.0'' E, 

and 08°51'29.1'' N to 08°58'33.5'' N. The fifth section having spatial coverage of 2,718 ha 

is located astronomically between 38°28'14.7'' E to 38°32'44.8'' E and 08°51'29.1'' N to 

08°57'54.6'' N. The difference in the geographic coverage is due to the nature of the 

research problem, which the researcher tried to look from different perspectives. 

 

The area consists of isolated massif to low-lying plains. Generally, the study areas cover 

the western part of the mountain range where the Menagesha Suba National Forest is 

located and extends down to Tefki plain. The cultivated area consists of steep slope to low-

lying Tefki plains, which is part of Becho plain (MOARD, 2002 and Jarvis et al., 2008) 

(Figure 1.1).  
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NB: LU/LC, Characterization, and Land Evaluation boundary are Study boundaries defined for section 2, 3 and 4, and 5 respectively. 

Figure 1.. Study area boundaries.
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1.2.2. Climate, Natural Vegetation and Land Use Systems 

Several small rivers flow from Wachacha Mountain range, including the Akaki River that runs 

through Addis Ababa, and form the Awash Basin. The closest meteorological station is located 

at Holeta town (9°05' N, 38° 32' E and 2380 m-amsl) with a distance of around 12 km west of 

the study area. The rainfall pattern is mono-modal. Based on thirty years (1986-2015) 

meteorological data; the mean annual rainfall recorded was around 978 mm with rainy period 

(Kiremt) from June to September covering 73 %.  The mean monthly minimum and maximum 

temperature range from 2.2 to 9.3 °C, and 20.0 to 24.8 
o
C, respectively. Moreover, the average 

minimum and maximum temperature over the thirty year period was 6.3 and 22.7 
o
C. There 

are four rainy months, June-September, with most rain falling in July-September. The period 

October-January is relatively dry. May is the warmest month and December is the coldest 

(Figure 1.2).  

 

Figure 1.. Mean monthly rainfall, maximum and minimum temperatures (1986-2015) of the study area. 

 

Wachacha mountain range is recognized by Menagesha Suba state forest („the Oldest Park in 

Africa‟), which is the best remaining example of dry afro-montane forest. This type of forest, 

together with grassland and Acacia woodland, once formed a vegetation mosaic across the 

Ethiopian plateau. The forest was planted under King Zera Yakob (1434-1468), who ordered 

the collection of seeds from the Wof-Washa forest (Sebsebe, 1988). It is dominated by Tid 
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(Juniperus procera), Weyra (Olea europea subsp cuspidata), Allophyllus abyssinicus, 

Maytenus sp. and Euphorbia ampliphylla form the understory, and some scattered Zigba 

(Podocarpus falcatus) trees. At higher altitudes, smaller Juniperus procera are mixed with 

Erica arborea, Rosa abyssinica and the endemic Jasminum stans. Two giant herbs, Lobelia 

giberroa and Solanecio gigas dominate the sides of the valleys; the striking Scadoxus 

multiflorus carpets the forest floor (MOARD, 2002; Abate, 2007). The forests occur on the 

better drained soils of the mountains and sides of the valleys while the grassland occupies the 

heavy clay soils of the valley bottoms. The forest became protected for the first time by a 

Royal Decree in 1888. Soon thereafter, however, exploitation was recommenced, and a steam-

powered sawmill was established, which produced 150 - 200 m
3
 of wood per month (Logan, 

1946). This plant was abandoned in 1955 in order to preserve the small remains of the natural 

forest.  

 

Below the summit is an intensively cultivated farm field of barely (Hordeum vulgare), beans 

(Phaseolus vulgaris), potatoes (Solanum tuberosum), wheat (Triticum aestivum L.), teff 

(Eragrostis tef (Zucc.), chickpea (Cicer arietinum L.), grass pea (Pisum sativum) and the like. 

Discussion with the elders revealed that new built up rural villages homesteads distributed 

below the summit of the mountain and across the farm land are increasing. 

 

1.2.3. Geomorphology and Topography 

The major landforms of the study area above 2400 m-amsl comprise chains of hills with 

mountainous ridge, oval in shape with dendritic drainage pattern, numerous convex hills at the 

summit area, river-valleys and very deep gorges. Wachacha, a denuded silicious volcanic cone 

(Mohr, 1971), culminates in to the crystalline cone. The topography along the forested and 

shoulder part of the mountainous area is extremely dissected, with alternating ridges and 

valleys dominating the landscape (Figure 1.3). Mount Dhamocha, at the summit reaches 3,381 

m-amsl. Similarly, significant portion of the watershed extends from the top of Dhamocha 

Mountain down to Tefki town, which is part of Becho plain having an average altitude of 2056 

m-amsl (MOARD, 2002 and Jarvis et.al, 2008). 
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Figure 1.3. Elevation map of the study area. 

 

1.2.4. Geology and Soils 

Wachacha is an extinct chain of volcanic mountain situated in a very complex tectonic setting, 

where the western margin of the main Ethiopian rift is barely defined topographically. NE-SW 

faulting dominates the region, but without showing on the surface contrasting with the marked 

escarpments further north east. The rock types vary from a white coarsely porphyritic 

sandidine trachyte forming the Wachacha summit to an extensive series of pale to dark green 
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or grey trachytes often porphyritic with feldspar phenocrysts at the lower altitudes, white, fine 

grained trachyte and trachytic tuffs of intermediate hardness at the summit depression and 

pale-yellow, coarsely porphyritic trachytes which are well developed (hard) on the southern 

slopes of the volcano. The Wachacha lavas have yielded an average age of 4.5(s) ± 0.1 million 

years, which places the last phases of volcanic activities in the upper Pliocene Epoch (Miller 

et al., 1966 cited in Sebsebe, 1980). The soils at higher altitude of the mountain range from 

light brown and shallow Leptosols with rocky substrate to dark and deep Vertisols and 

Fluvisols at lower altitudes of Tefki plane. 

1.2.5. Conservation Issues 

Due to its close proximity to the capital Addis Ababa, Menagesha State Forest has a long 

history of exploitation and reforestation. As early as the fifteenth century the forest was 

degraded and then replanted with Juniperus procera on the orders of Emperor Zera Yacob. In 

the 1900s, large scale removal of wood for fuel and construction was noted, while strict 

protection was put in place latter and had been maintained until recently. Reforestation started 

as early as 1949, when logging operations were still in full swing. Since 1991, local people 

have been increasingly exploiting the forest (Abate, 2007). Uncontrolled felling of trees 

continues unchanged and is a major conservation concern. The wood is sold in the nearby 

towns of Tefki, Sebeta and Holeta. Moreover, wood for construction and fuel is taken to Addis 

Ababa where there is a high demand. Trees planting have been done in the area mostly along 

the border of the forest, middle of open areas, and around homesteads. 
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2. LAND USE/LAND COVER DYNAMICS IN THE WACHACHA 

WATERSHED, CENTRAL HIGHLANDS OF ETHIOPIA 
 

ABSTRACT 

Assessing land use land cover (LU/LC) dynamics is one of the important variables for 

sustainable environment and natural resources management. This study evaluated the LU/LC 

dynamics and magnitude of LU/LC change in Wachacha Watershed, central highland of 

Ethiopia, over the last six decades (1957-2014). Aerial photography, multi-date Landsat data 

and GIS techniques were used for the analysis. The analysis identified six LU/LC types: 

natural forest, plantation, shrub and bush, grazing, cultivated, and settlement lands over an 

area of 406.6 Km
2
. The cultivated land accounted for 83, 80, 79, 83 and 77 percent over the 

five respective study years of the watershed. Nevertheless, vegetative land, such as natural 

forest, plantation, grazing, and shrub and bush lands accounted for a relatively stable 

proportion of 14.8, 17.0, 17.7, 14.3, and 16.8 percent of succeeding respective study periods; 

while settlement area covered 2.1, 3.1, 3.8, 3.0, and 6.1 percent. The largest cultivated land 

conversion of 6.5 and 5.2 percent to bush and shrub, and settlement respectively occurred 

between 2000 and 2014. The conversion of natural forest (147), plantation (26), grazing (148), 

bush and shrub (1,095), and settlement (525) hectares land to cultivated land uses between 

1950s and 2010s reflects an encroachment of the available LU/LC to cultivation. Similarly, 

1,816 hectares of the study cultivated land was taken by settlement. Moreover, the spatio-

temporal analysis of the study over the past six decade‟s revealed that 62.3, 5, 0.5, and 0.1 

percent of the watershed during all the study period were continually engaged by cultivation, 

natural forest, bush and shrubs, and settlement LU/LC classes respectively; justifying the 

central highland area of Ethiopia has been primarily dominated by cultivation over long 

period.  The confusion matrix results indicated considerable conversions and modifications of 

one type of LU/LC into another where natural forest was by far stable. Population growth, 

land tenure and farming system, and lack of alternative energy sources were the major factors 

for the LU/LC dynamics. Thus, an integrated sustainable natural resources management 

practice should be put in place in order to alleviate the problems and improve agricultural 

productivity and the livelihood of the community in the study area. 

Keywords: land use/land cover, forest, cultivated land, Conversion, GIS 

 

2.1. INTRODUCTION 
 

Land is the physical unit of the environment comprised of climate, soil, hydrology, geology, 

including  economic, social, infrastructure and other human activities are undertaken on. Soil 

and climate are the major physical factors to constitute a land.  It is vital natural resource for 

the survival and prosperity of humanity and ecosystems. It also reflects the land‟s importance 

as fundamental factor of food, feed, fiber and fuel production, while land use (LU) is the total 
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of all arrangements, activities and inputs that people undertake in a certain land cover (LC) 

type. In contrast, LC is the observed physical and biological cover of the earth‟s land as rocks, 

water body, vegetation and fauna, together with land improvement such as man-made 

structures such as terraces and drainage works (Abbas et al., 2010). Thus, land refers not only 

to soil but also landforms (FAO, 1993, 2007; Baniya, 2008).  

 

Land dynamics is a change in physical, environmental and socioeconomic aspects of the land 

and their multi-scale interactions. Land use and LC dynamics is a result of complex 

interactions between several biophysical and socioeconomic conditions, which may occur at 

various temporal and spatial scales (Reid et al., 2000; Molla, 2014). Its impacts on terrestrial 

ecosystems can affect forestry, agriculture, biodiversity, biogeochemical cycles, soil fertility, 

hydrological cycles, energy balance, land productivity, and the sustainability of environmental 

service provision (Fu et al., 2000, Geist and Lambin, 2002; Molla, 2014).  

 

Consequently, understanding land use/cover (LU/LC) dynamics and projecting future land use 

trajectories require understanding the interaction of the basic human forces that motivate 

production and consumption. High population growth or increasing consumer demand, 

combined with varied land-tenure arrangements, and degree of access to financial capital, local 

inheritance, customs and laws produce unique land uses/cover. The interacting human factors 

that drive LU/LC dynamics improve our comprehension responses to environmental changes 

(Turner et al., 1995; Abbas et al., 2010). 

 

Sustainable LU and development require timely, accurate and detailed information of land 

resources as well as changes in the land resource (Döner, 2011). Land use and management 

may have adverse effect on natural resources through their impacts on soil and water quality, 

biodiversity, sedimentation of water bodies and global climate systems (Houghton, 1994; 

Turner et al., 1995). Land use dynamics, which involves conversion of forest to cultivated 

lands, mostly loosens the protective cover of soil while reducing the organic matter content 

aggravates erosion. 

Understanding the spatial and temporal relationships between different land uses and their 

determinants is an important contribution to achieve the demand for social equality, economic 
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development and environmental conservation; which foster sustainable development (FAO, 

2007).  

 

The LU/LC dynamics of an area is an outcome of natural and socio-economic factors and their 

utilization by man in time and space. The most common forms of LU/LC dynamics are the 

loss of topsoil under the action of water and wind erosion, deforestation, overgrazing, 

enhanced management of agriculture, and urbanization (FAO, 1993). Anthropogenic forms of 

LU/LC dynamics have altered the earth‟s surface significantly and brought a profound effect 

upon the natural environment (Opeyemi, 2006; Singh et al., 2013). 

 

Deforestation, which is one of the major LU/LC dynamic effects by converting forest to 

agriculture or other land uses, is the greatest cause of many terrestrial species extinction 

(Sanchez-Azofeifa et al., 2002). Due to lack of soil protection, million hectares of rainfed 

cropland have lost in Africa, South America and Asia (FAO, 1993). Moreover, most croplands 

have also lost their fertility due to the degradation of topsoil. As a consequence, the soil 

becomes denser, thinner, too shallow and less penetrable to growing root, low capacity to 

retain water and unavailable to plants, limited in plant nutrients and soil particles (Baniya, 

2008). 

 

The LU/LC dynamic factors have either direct or indirect functions. Forest clearance for 

agricultural purpose is the direct cause (Singh et al., 2013). Natural effect like climate change 

is a result of long term effect, while most of the effects on human activities are immediate and 

often radical (Vlek, 2005). Anthropogenically driving forces are also a challenge to the 

inherent constraints of soils to support life on the earth. 

 

Urban and industrial development are the most destructive form of soil disturbance, causing 

either total removal of existing soil layers, introduction of hazardous chemicals into soils, or 

drastic changes in soil-forming processes within short period of time. The effects could 

accelerate soil erosion, transport of excessive dissolved or suspended load in to river, 

salinization, fertility depletion and acidification. Furthermore, land use change has been a 
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more frequent phenomenon over the highlands of Ethiopia due to population pressure, 

government policy, market demand, climate change, and urbanization (Binyam, 2015).  

 

Currently, LU/LC dynamics are principally altered by direct human uses; and are reflection of 

the dynamics of socio-economic development (Woldeamlak, 2002). Generally, deforestation 

and removal of natural vegetation, overgrazing, poor agricultural practices, overexploitation of 

forest for domestic consumption, and urbanization are the five major human causes of LU/LC 

dynamics (Opeyemi, 2006; Singh et al., 2013). Moreover, different policy issues and 

socioeconomic factors have direct impacts on population and resource use (Fenglei et al., 

2007). Thus, most have a significant power on natural ecological functions and lead to a 

decline of agricultural productivity, land degradation, destruction of forests, extinction of 

wildlife habitats and desertification (Gete, 2008; Abbas et al., 2010; Gol et al., 2010). 

 

Limited number of studies has been conducted on LU/LC in the northeastern, northwestern 

and central rift valley areas of Ethiopia  (Gete and Hurni, 2001; Woldeamlak and Sterk, 2005; 

Bezuayehu and Sterk, 2008; Efrem et al., 2009; Gebrehiwot et al., 2010; Girmay et al., 2010). 

Large areas, which were once under permanent vegetation cover, are now changed to 

cultivated land and subject to soil erosion resulting in environmental degradation and serious 

threat to the land (Amare, 2007). The Central and northern highlands of Showa in general and 

the Wachacha mountain range in particular have been seriously affected by degradation. 

People have settled in these areas for centuries (Tegene, 2002; Zelalem, 2007). 

 

In Ethiopia, studies on LU/LC change have received research interest in recent few decades. 

Most of the studies carried out on LU/LC dynamics in Ethiopia are spatially concentrated in 

few areas, mainly in the northeastern, northwestern and central rift valley areas of the country, 

while only few studies were carried out in the central Ethiopian highlands (McCann, 1997; 

Kehasay, 2004; Aklilu et al., 2007). In the study area, there is no data of LU/LC dynamics of 

such magnitude and time series that would help to understand the historical landscape 

transformations. It is crucial to generate site-specific information on LU/LC dynamics to 

ensure land use planning and policy development, as a prerequisite for monitoring, modeling 

of environmental change, and basis for land use statistics. Therefore, this study was conducted 



19 

 

 

to assess, detect the patterns, and quantify the rates of spatial and temporal dynamics of 

LU/LC at Wachacha mountain range of upper Awash basin in the central highlands of 

Ethiopia in the period from 1957-2014. 

 

2.2. MATERIALS AND METHODS 

2.2.1. Description of the Study Area 

The study area is situated in Wachacha Mountain Range, the source of water for the upper 

Awash River system of the Central Highland of Ethiopia. The defined watershed of the study 

is located along Wachacha mountain range which encompasses Menagesha Suba national 

forest located at about 30 km to the west boundary of the capital, Addis Ababa. The study 

having a geographic extent of 40,664 ha is located within astronomical location of 38°22'8'' E 

to 38°35'57'' E, and 08°47'43'' N to 09°01'33'' N (See Figure 1.1 in Chapter One). The 

Watershed of the study is located along Wachacha mountain range of 3,381 m-amsl (Mount 

Dhamocha) to 2,056 m-amsl (Becho plain including Tefki area). The details of geographic, 

environmental and farming systems of the study area are presented in chapter one under 

section 1.2. 

2.2.2. Data Sources and Materials 

Geographic Information System (GIS) tools and Remote Sensing (RS) data were used to 

analyze and quantify the long-term spatio-temporal dynamics of LU/LC categories. The 

dynamics of LU/LC for the study area were interpreted from images recorded in 1957, 1972, 

1986, 2000, and 2014. Required data were generated from systematic analysis of aerial 

photographs [1957 and 1972] and cloud free satellite images [1986, 2000 and 2014] of 

different resolution and ground surveying (Table 2.1). Topography maps of 1:50000 and DTM 

of resampled 30-meter resolution were used as the base data. Image rectification, re-sampling, 

interpretation and classification are the conventionally accepted image processing techniques 

that were employed.  

ArcGIS 10.3.1, ENVI 5.1 and ERDAS Image 10.0 were the major software employed for data 

management, verification, analysis and mapping. The 1972 aerial photograph was 

georeferenced using principal points and major features extracted from the 1:50000 

topographic maps derived from it and supporting field (GPS) data; while 1957 was 
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georeferenced using the 1972. These maps allowed the verification of LU/LC delineation 

using additional point information and linear features vis-à-vis contours, roads and rivers. The 

images were orthorectified using a resampled 30 m resolution digital elevation model (DEM) 

of SRTM (Shuttle Radar Topography Mission) and contour generated from topographic map. 

Image to image registration was also employed. The date of images considers availability of 

historic data, equal time series, cloud free period and comparable climatic conditions (Jarvis et 

al., 2008). This enhances the interpretation as the spectral reflections of land cover can easily 

be comparable (Table 2.1). 

 

Table 2.. Data type, source, acquisition date and material 

Data Type Sensor 
Acquisition 

data 
Scale/Resolution Path/row 

Aerial Photograph Analogue Frame Camera Jan, 1957 1:50000/5 m - 

Aerial Photograph Analogue Frame Camera Dec, 1972 1:50000/5 m - 

Landsat-5 TM 1/28/1986 30 x 30 m 169/54 

Landsat-7 ETM
+
 3/15/2000 30 x 30 m 169/54 

Landsat-8 OLI_TIRS 1/25/2014 30 x 30 m 169/54 

Image courtesy of EMA and U.S. Geological Survey 

 

The Landsat OLI_TIRS (2014) provided several improvements over the ETM+ (2000) and 

TM (1986) including: higher spatial [15 to 30 m] and radiometric resolutions, finer spectral 

bands width 11; as opposed to ETM+ and TM having nine and seven bands, respectively. 

Moreover, TIRS of Landsat 8 were also resampled to 30 meters to match multispectral bands. 

2.2.3. Remotely Sensed Imagery and Pre Processing 

Local geodetic datum of Adindan, reference ellipsoid of Clark1880 (Modified) and projection 

type of UTM Zone 37 North are the spatial reference coordinate systems applicable and used 

for registering and geo-referencing the images. After the formation of seamless orthophoto 

mosaic for 1957 and 1972 aerial photographs, defined LU/LC were extracted. All aerial 

photographs were with 20 microns while satellite images were resampled to 15 meter 

resolution using the nearest neighbor technique of panchromatic band to increase the pan-

sharpness of the composite, ease overlaying and change detection analysis. The root mean 

square errors of re-sampling and re-projection of the images were less than 0.5 pixels (7.5 m). 

The false colour band combination was used in the pixel-based approach, whereas all spectral 

bands of the object-based segmentation processes were applied for image pre-processing. 
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2.2.4. Image Classification Process 

Classification and interpretation of the 1957 and 1972 aerial photographs were done manually 

and electronically. A total of six LU/LC classes were extracted using onscreen digitization. 

Composite images of higher spatial and spectral resolution were generated and used as input 

data during satellite image classification process. Representative field sites [ground control] 

and available higher resolution imagery in line with the recognized LU/LC classes were 

visited to inspect the land cover categories of training samples. Training samples were used as 

input information in order to train the Maximum Likelihood (pixel-based) classification and 

Standard Nearest Neighbour (object-based) classifiers during the classification analyses 

(Campbell, 2002; Bayarsaikhan et al., 2009). 

 

For the recognized LU/LC classes, user-specified training sample was selected on screen 

based on field observations and inspection of high-resolution imagery. The best classification 

results per class were extracted from object-based and pixel-based classification and merged 

into final combined class yielding dominant classes having most accurate information for each 

datasets of LU/LC class layer. Thus, a total of six LU/LC classes were identified, mapped, and 

vectorized for the three periods (Table 2.2). 

 

2.2.5. Post-Classification Processing and Change Detection 

Post-classification change analysis was selected in order to minimize possible effects of 

atmospheric variations and sensor differences (Fenglei et al., 2007). The post-classification 

refinement was developed and applied to reduce classification errors. It was reviewed for 

satellite images. Through this framework, the misclassified pixels of the combined 

classification were re-evaluated and correctly reclassified. Existing knowledge of the study 

area was carefully applied. Thus, a combination of information collected from the field, 

images with higher spatial and spectral resolution, topographic map and information from 

elderly local peoples were used in the analysis of LU/LC changes. 

 



22 

 

 

Table 2.. Description of LU/LC classes identified in Wachacha Watershed, Central highland of 

Ethiopia 

Land use/cover class Brief description 

Natural forests This category of land consists of indigenous tree species. Areas covered 

by trees forming closed or nearly closed canopies; it is dense (50-80% 

crown cover) and dominated by exotic tree species; the predominant 

species include Tid (Juniperus procera), Zigba (Podocarpus gracilor), 

and Weyra (Olea europea).  

Plantation forest This category of land is composed of exotic tree species like eucalyptus 

tree planted by small individual farmers or through afforestation 

program. 

Shrub and bush land 

 

Land cover by bushes, shrubs and sometimes with scattered small trees. 

The dominant plant forms, i.e., the shrubs, constitute the non-

herbaceous plants that branch out at the base of their stem and usually 

grow only to heights of less than 5 meters. Around the summit of the 

mountain, ground is sparsely covered by rocks. 

Grazing land Land allocated for cattle grazing, which is dominated by grass with 

some scattered or patches of trees and bushes. It is used for grazing and 

browsing. It includes areas with less than 20 per cent shrub and tree 

canopy but more than 80 percent grass cover. This includes communal 

and private grazing land.  

Cultivated land 

 

Areas allotted to rain fed crop cultivation both annual and perennial, 

mostly of cereals in subsistence farming like teff, chickpea, wheat, 

barley, horse bean, lentils, grass pea and others. 

Settlement lands Scattered and densely inhabited rural and urban settlements.  

Adapted from Eyayu et al. (2009), Getachew et al. (2011), and amended by the authors. 

 

All LU/LC layers of consecutive years were vectorized. Polygon-based change detection 

comparison analysis method was applied. The final year satellite image was used as an 

analysis layer for the segmentation, while the preceding combined LULU were used as 

thematic layers in polygon format during the segmentation process. Finally, knowledge rules 

that detect LU/LC changes by comparing all the polygons resulting from the segmentation 

process of layers of different years were developed. Actual LU/LC changes occurred if a 

corresponding polygon has different LU/LC in the successive thematic layers. The flow 

diagram is presented in Figure 2.1. 
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Figure 2.1. Conceptual flowchart model used for LU/LC dynamics detection. 

 

Statistical comparison like area, percentage, and rate of changes for the five period of thematic 

layer was conducted. The pattern (from to) of LU/LC change was also computed using 

confusion matrix. Annual rate of change was computed using equation 2.1 (Puyravaud, 2003; 

Lamichhane, 2008; Pandit, 2011). Positive and negative results indicate increasing and 

decreasing of area by respective LU/LC classes, respectively. 
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          (2.1) 

where: r = annual growth rate; A1 = total area extent of the base year; A2 = total area extent of 

the following year; and n = number of year interval between defined consecutive period. 
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In addition, ground truth data were collected form field and imageries of higher resolution for 

each LU/LC class for assessing classification accuracy. For each polygon of corresponding 

LU/LC, two levels of information were determined: the first level involved only `change/no 

change‟, while the second described the nature of change (from-to). The information was 

compared to the change detection techniques resulting from confusion matrices. 

2.2.6. Accuracy Assessment 

The classification accuracy assessments of the resulting LU/LC layers of satellite images were 

carried out by comparing sample LU/LC class of the classified layer and reference layer 

(Congalton, 1991). Stratified random sampling approach was implemented to collect ground 

truth [user] of respective LU/LC using GPS and higher resolution imagery. A total of 484, 

586, and 734 ground truths were randomly collected for 1986, 2000, and 2014 years 

respectively.  

 

Truth points were compared with predicted [producer] values of combined LU/LC layers for 

evaluating the accuracy of the classification. The overall accuracy and Kappa analysis were 

computed to evaluate the degree of classification accuracy of the error matrix. Overall 

accuracy is the sum of correctly classified values (diagonals) divided by the total number of 

randomly generated reference values of the error matrix (Lillesand et al., 2000, 2004). The 

Kappa coefficient, which measures the difference between the actual agreement of classified 

map and chance agreement of random classifier compared to reference data, was computed 

using equation 2.1. 

 

                                  (2.1) 

 

where,  = Kappa coefficient; N is total number of values;  is observed accuracy; 

and  is chance accuracy. 

 

Similarly, producer‟s and user‟s accuracy, which explains the ratio of correctly classified 

LU/LC values of predicted and truth in respective class divided by the total number of values 

of associated LU/LC were computed based on confusion matrix. They are used to estimate the 
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accuracy of each individual class. The value provides information about the probability that 

the classified LU/LC class value of the layer accurately matches with the referenced data on 

the ground (Jensen 2005, 2007).  

2.3. RESULTS AND DISCUSSION 

 

2.3.1. Land Use/Land Cover Changes 

The spatio-temporal analysis of the two data sets indicated the existence of six major LU/LC 

types (cultivated, natural forest, plantation, grazing, shrub and bush, and settlement lands) in 

Wachacha Watershed (Table 2.3; Figures 2.2, 2.3, 2.4, 2.5, and 2.6). The cultivated land alone 

accounted for 83, 80, 79, 83 and 77 percent of the total area of the Watershed in the five 

respective years from 1957 to 2014. Nevertheless, vegetative land such as natural forest, 

plantation, grazing, and shrub and bush together covered a relatively stable proportion of 14.8, 

17, 17.7, 14.4, and 16.8  percent of the total area of the Watershed in the years of 1957, 1972, 

1986, 2000, and 2014, respectively.  

 

Table 2 . Spatio-temporal LU/LC in Wachacha Watershed during 1957-2014 

LU/LC 

1957 1972 1986 2000 2014 

Area   

(km
2
) 

% 
Area 

(km
2
) 

% 
Area 

(km
2
) 

% 
Area 

(km
2
) 

% 
Area 

(km
2
) 

% 

Cultivated 337.9 83.1 325.1 80.0 319.3 78.5 336.3 82.7 313.6 77.1 

Natural Forest 28.6 7.0 27.5 6.8 30.6 7.5 28.3 7.0 24.4 6.0 

Plantation 0.6 0.2 3.0 0.7 20.4 5.0 11.8 2.9 7.6 1.9 

Grazing 1.9 0.5 0.8 0.2 0.6 0.2 1.3 0.3 4.5 1.1 

Bush and Shrubs 28.9 7.1 37.7 9.3 20.5 5.0 16.9 4.1 31.9 7.8 

Settlement 8.7 2.1 12.4 3.1 15.3 3.8 12.0 3.0 24.6 6.1 

Total 406.6 100.0 406.6 100.0 406.6 100.0 406.6 100.0 406.6 100.0 

 

The state owned protected Sub-natural forest and counter fragmented remnants covered 7, 6.8, 

7.5, 7, and 6 percent of the total area of the watershed during the study period. Compared to 

the natural forest, bush and shrubs also covered 7.1, 9.3, 5, 4.1, and 7.8 percent of the 

watershed chronologically during the study period. Nevertheless, settlement area, which is 

highly associated with urbanization and increase in rural population settlement, covered 2.1, 

3.1, 3.8, 3, and 6.1 percent of the total area of the five study periods. The largest area coverage 

by plantation of 20.4 km
2
 was recorded in 1986. It was the result of intensive plantation of 
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eucalyptus tree by individual farmers, association around their homesteads and farmland and 

also plantation around Suba forest as a source of fuel wood, construction material and income 

generation.  

 

2.3.2. Analysis of the Extent, Trend and Rate of LU/LC 

The six decade spatio-temporal study reveals that there exists a decreasing trend on cultivated 

and natural forest of around 7.2 and 14.7 percent, respectively (Table 2.4). Nevertheless, 

cultivated and natural forests showed an increase of 5.3 percent and 11 percent between 1986 

to 2000 and 1972 to 1986, respectively. The decrease in cultivated land was mainly due to the 

expansion of both rural and urban settlements. Plantation, grazing, bush and shrub, and 

settlement land showed an increasing trend of 6.9, 2.7, 3.0, and 15.9 km
2
 during the study 

period. The largest area increase of 17.4 km
2 

with an annual growth rate of 14.8 percent was 

recorded for plantation between 1972 and 1986.  

 
Table 2.. Spatial dynamics and annual rate of LU/LC change in Wachacha Watershed area for the 

five periods (1957-1972, 1972-1986, 1986-2000, 2000-2014, and 1957-2014) 

LU/LC 

1957-72 1972-86 1986-2000 2000-14 1957-2014 

Area 

(km
2
) 

% 
An. 

rate  

Area 

(km
2
) 

% 
An. 

rate  

Area 

(km
2
) 

% 
An. 

rate  

Area 

(km
2
) 

% 
An. 

rate  

Area 

(km
2
) 

% 
An. 

rate  

Cul -12.8 -3.8 -0.3 -5.8 -1.8 -0.1 +17.0 +5.3 +0.4 -22.7 -6.8 -0.5 -24.4 -7.2 -0.1 

NaF -1.1 -3.7 -0.3 +3.0 +11.0 +0.7 -2.2 -7.3 -0.5 -3.9 -13.8 -1.1 -4.2 -14.7 -0.3 

Pla +2.3 +361.9 +10.7 +17.4 +587.9 +14.8 -8.5 -41.9 -3.8 -4.2 -35.9 -3.1 +6.9 +1083.7 +4.4 

Gra -1.0 -55.5 -5.3 -0.2 -25.2 -2.0 +0.7 +114.0 +5.6 +3.2 +240.0 +9.1 +2.7 +142.3 +1.6 

BaS +8.9 +30.7 +1.8 -17.2 -45.6 -4.3 -3.7 -17.8 -1.4 +15.1 +89.3 +4.7 +3.0 +10.5 +0.2 

Set +3.8 +43.2 +2.4 +2.8 +22.7 +1.5 -3.3 -21.4 -1.7 +12.6 +105.2 +5.3 +15.9 +183.2 +1.8 

Gain (+), Loss (-), An. rate (Annual change rate), Cul (Cultivated), NaF (Natural Forest), Pla (Plantation), Gra 

(Grazing), BaS (Bush and Shrubs), and Set (Settlement) 

 

Focal group discussion made with local elders revealed that there was mobilization of 

community by peasant association and development agencies for afforestation and plantation 

of trees for different purposes during the period. Plantation of eucalyptus tree took the largest 

share. However, plantations showed an annual decreasing rate of 3.8 and 3.1 percent during 

the last two study periods of 1986 to 2000 and 2000 to 2014, respectively. Moreover, grazing, 

bush and shrub, and settlement had the largest increase of 3.2, 15.1, and 12.6 km
2
; and an 

annual increase of 9.1, 4.7, and 5.3 percent between 2000 and 2014, respectively (Table 2.4). 

An increase in bush and shrub land was mainly due to subsequent conversion of cultivated 
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land due to land quality deterioration accompanied by unwise use of land resources, which led 

to periodic spatial increase during the study period (Table 2.5). 

 

This study reveals that a total area of 19.8 and 18.2 km
2 

of cultivated land was converted to 

bush and shrub, and settlement, respectively, during the study period. Moreover, the largest 

cultivated land conversions of 21.7 and 17.4 km
2 

to bush and shrub, and settlement, 

respectively, were found during 2000 to 2014 periods (Table 2.5). Similarly, a total of 313, 

292, 299, 293, and 294 km
2 

of the study area remained under cultivation during 1957 to 1972, 

1972 to 1986, 1986 to 2000, and 2000 to 2014, respectively. The study also indicated that a 

relatively large proportion of land area was converted from cultivation to shrub and bush land, 

and vice versa. This might strongly relate to fallowing cultivated lands for longer period that 

will soon categorized under bush and shrub land.  Those areas are found along steep slope of 

the study areas that are vulnerable deterioration of land quality.  

 

Furthermore, the analysis of LU/LC results of the five study years summarized from confusion 

matrix indicates that there existed considerable conversions and modifications of one type of 

LU/LC into another (Table 2.5). The natural forest was by far the most stable compared to the 

other LU/LC mainly due to strong protection made by the government. Changes of other 

LU/LC might also be associated with the decline in soil fertility, accelerated soil erosion, 

degradation of natural resources, and expansion of settlement (Birru, 2007). The conversion of 

bush and shrub land 9.6 km
2
 (5.3 percent) to plantation between 1972 and 1986 was an 

indication of high demand for construction material and fuel wood, and also afforestation 

program. This increased areal coverage of plantation mainly by Eucalyptus was a response to 

the growing protection for Suba National forest and the scarcity of remnant natural forest in 

the watershed (Woldeamlak, 2003).  

 

The conversion of natural forest (147), plantation (26), grazing (148), bush and shrub (1,095), 

and settlement (525) hectares land to cultivated land uses between 1950s and 2010s reflects an 

encroachment of the available LU/LC to cultivation. The significant decline of grazing land 

and its conversion to cultivation was mainly due to an increase in rural population. Similarly, 

1,816 hectares of cultivated land was taken by settlement.  
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Figure 2.2. Land use/land cover classification from Aerial Photograph of 1957. 
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Figure 2.3. Land use/land cover classification from Aerial Photograph of 1972. 
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Figure 2.4. Land use/land cover classification from TM image of 1986. 
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Figure 2.5. Land use/land cover classification from ETM+ Image of 2000.
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Figure 2.6. Land use/land cover classification from Landsat-8 image of 2014. 
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Table 2.. LU/LC Spatial and Temporal dynamics in the Wachacha Watershed for the five 

periods between 1957 and 2014 

F
ro

m
 

 LU/LC 1957-72 1972-86 1986-2000 2000-14 1957-2014  

 To Area (ha) % Area (ha) % Area (ha) % Area (ha) % Area (ha) % 

C
u

lt
iv

a
ti

o
n

 

Natural Forest 21.6 0.06 215.9 0.66 106.1 0.33 13.5 0.04 167.0 0.49 

Plantation 225.6 0.67 787.9 2.42 378.6 1.19 135.3 0.40 180.8 0.53 

Grazing 48.8 0.14 49.8 0.15 48.6 0.15 235.1 0.70 235.5 0.70 

Bush and Shrubs 1,435.3 4.25 1,010.3 3.11 689.6 2.16 2,171.0 6.46 1,979.6 5.86 

Settlement 761.0 2.25 1,256.6 3.87 825.9 2.59 1,737.2 5.17 1,815.5 5.37 

Unchanged 31,302.8 92.63 29,192.2 89.79 29,880.8 93.58 29,336.9 87.24 29,416.8 87.04 

N
a

tu
ra

l 
F

o
re

st
 Cultivation 57.6 2.01 106.5 3.87 259.4 8.49 9.0 0.32 146.5 5.12 

Plantation 0.1 0.00 193.0 7.01 183.2 5.99 361.7 12.77 292.2 10.21 

Grazing 0.0 0.00 0.0 0.00 5.1 0.17 28.4 1.00 57.8 2.02 

Bush and Shrubs 99.6 3.48 80.6 2.93 71.8 2.35 23.2 0.82 150.5 5.26 

Settlement 4.2 0.15 1.3 0.05 7.3 0.24 19.2 0.68 94.6 3.31 

Unchanged 2,699.8 94.35 2,372.6 86.15 2,529.9 82.76 2,391.1 84.41 2,119.8 74.08 

P
la

n
ta

ti
o

n
 

Cultivation 22.9 35.72 198.0 66.89 1,062.7 52.18 433.2 36.60 26.0 40.64 

Natural Forest 0.0 0.00 31.1 10.51 153.2 7.52 31.9 2.69 0.0 0.00 

Grazing 0.3 0.40 1.0 0.32 47.4 2.33 81.9 6.92 13.7 21.32 

Bush and Shrubs 6.6 10.24 17.8 6.00 275.8 13.54 221.6 18.72 4.7 7.34 

Settlement 3.8 5.97 7.7 2.59 36.3 1.78 234.8 19.84 13.1 20.49 

Unchanged 30.5 47.67 40.5 13.69 461.3 22.65 180.2 15.22 6.5 10.21 

G
ra

zi
n

g
 

Cultivation 91.2 48.82 62.2 74.82 31.3 50.33 46.5 34.91 148.1 79.31 

Natural Forest 0.0 0.00 1.0 1.18 0.3 0.56 2.7 2.01 2.6 1.42 

Plantation 0.7 0.39 15.9 19.08 6.8 11.00 23.8 17.89 7.9 4.26 

Bush and Shrubs 67.7 36.24 0.6 0.73 1.0 1.66 16.7 12.58 7.9 4.25 

Settlement 1.8 0.94 0.9 1.08 1.0 1.55 23.0 17.31 16.0 8.56 

Unchanged 25.4 13.60 2.6 3.11 21.7 34.90 20.4 15.30 4.1 2.21 

B
u

sh
 a

n
d

 S
h

r
u

b
s Cultivation 645.3 22.34 1,422.1 37.67 1,202.7 58.59 695.4 41.24 1,094.9 37.91 

Natural Forest 32.6 1.13 426.2 11.29 42.0 2.05 2.4 0.14 150.4 5.21 

Plantation 28.8 1.00 954.9 25.30 131.2 6.39 54.7 3.24 262.1 9.08 

Grazing 7.6 0.26 8.1 0.21 3.4 0.16 77.4 4.59 124.2 4.30 

Settlement 20.7 0.72 40.1 1.06 42.2 2.05 177.5 10.53 263.2 9.11 

Unchanged 2,153.0 74.55 923.3 24.46 631.2 30.75 679.0 40.26 993.2 34.39 

S
et

tl
em

en
t 

Cultivation 393.0 45.23 948.6 76.27 1,192.1 78.09 836.8 69.75 525.4 60.46 

Natural Forest 0.0 0.00 9.9 0.80 1.1 0.07 0.2 0.02 2.0 0.23 

Plantation 10.1 1.17 44.6 3.59 22.4 1.47 3.1 0.26 9.2 1.06 

Grazing 1.0 0.12 0.8 0.06 6.8 0.45 9.4 0.79 17.3 1.99 

Bush and Shrubs 12.5 1.43 19.9 1.60 17.1 1.12 80.4 6.70 56.0 6.44 

Unchanged 452.3 52.05 219.9 17.68 287.1 18.81 269.8 22.49 259.1 29.82 
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Moreover, the spatio-temporal study over the past six decade‟s revealed that 62.26, 4.96, 0.53, 

and 0.06 percent of the watershed during study period were continually occupied by 

cultivation, natural forest, bush and shrubs, and settlement land uses respectively.  This 

clarifies that 253.2 km
2 

of the study watershed area was under cultivation for over the past six 

decades, which reveals that the central highland area of Ethiopia has been primarily dominated 

by cultivation. Furthermore, the study clearly pointed out that plantation and grazing land were 

the most spatially dynamic LU/LC classes (Table 2.6 and Figure 2.7).  

 

Table 2.6. Distribution of spatially stable LU/LC classes of the watershed during all the study 

periods 

LU/LC 1957-72 1972-86 1986-2000 2000-14 1957-2014 All (1957 -2014) 

Area % Area % Area % Area % Area % Area % 

Cultivated 313.03 76.98 291.92 71.79 298.81 73.48 293.37 72.14 294.17 72.34 253.19 62.26 

Natural Forest 27.00 6.64 23.73 5.84 25.30 6.22 23.91 5.88 21.20 5.21 20.16 4.96 

Bush and Shrubs 21.53 5.29 9.23 2.27 6.31 1.55 6.79 1.67 9.93 2.44 2.17 0.53 

Settlement 4.52 1.11 2.20 0.54 2.87 0.71 2.70 0.66 2.59 0.64 0.24 0.06 

Plantation 0.31 0.08 0.41 0.10 4.61 1.13 1.80 0.44 0.07 0.02 0.00 0.00 

Grazing 0.25 0.06 0.03 0.01 0.22 0.05 0.20 0.05 0.04 0.01 0.00 0.00 

Watershed 406.64 90.16 406.64 80.55 406.64 83.14 406.64 80.84 406.64 80.66 406.64 67.81 

Note: Area is in square kilometer; percentage is computed based on the total area of the watershed. 

 

An extensive demand for cultivation and settlement land at the expense of other LU/LC could 

be attributed to the high demand for agricultural land and expansion of human settlement, 

presumably associated with the high population growth in the area (Solomon, 1994; 

Woldeamlak, 2003; Getachew et al., 2011). Thus, cultivated land is a major contributing and 

driving factor for the general decline in vegetated lands and increase in the area put under 

settlement. Accordingly, had it not been for the strong protection made to the natural forest 

during different regimes, the impact could have been even more severe. Nevertheless, this land 

cover has shown a decline of 0.3 percent per year over the past six decade. The conversions of 

different LU/LC mainly to cultivation and settlement suggest that an increase in population of 

the area has put enormous burden on the natural resource-base of the Wachacha Watershed, 

which has been exploited over half a centuries.  
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Figure 2.7. Distribution of spatially stable LU/LC classes of the watershed during all the study periods. 
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2.3.3. Accuracy Assessment of the Classification Results 

Tables 2.7 to 2.9 summarize the accuracy assessment matrix of the LU/LC for the three 

periods. The total stratified random samples for 1986, 2000 and 2014 were 484, 586, and 734 

respectively. The overall accuracy derived from the stratified random sampling method for the 

1986, 2000 and 2014 classified images showed 90.1, 94.7, and 92.8 percent with a Kappa 

coefficient of 0.88, 0.94, and 0.91, respectively. The Kappa coefficient classification result of 

the study is greater than 0.88, which indicates that the classification is reliable. According to 

Lillesand et al. (2004), the Kappa values of 0.80 or higher indicate that the classification 

performance is satisfactory. 

 

The overall accuracy value reveals that the truthfulness of the classification results of the 

LU/LC classes of the study area for the stated period were more than 90 percent. Moreover, 

producer‟s and user‟s accuracy results for individual LU/LC classes of the classification were 

more than 80 percent. Furthermore, the highest user accuracy was100 percent for grazing in 

1986 and 2000, and 98 percent for natural forest in 2014.The lowest user accuracy results of 

80 percent (1986) and 86.1 percent (2000), and 83.8 percent (2014) were found for cultivation 

and settlement land. Therefore, on the bases of the achieved accuracy assessment, maps and 

reports generated from interpretation of the 1986, 2000, and 2014 image divulges high 

accuracy. 

 

Table 2.7. Accuracy Assessment of the 1986 LU/LC classification 

LU/LC Cultivated 
Natural 

Forest 
Plantation Grazing 

Bush and 

Shrubs 
Settlement TP UA CE 

Cultivated 112 0 4 5 6 13 140 80.00 20.00 

Natural Forest 0 63 4 0 0 1 68 92.65 7.35 

Plantation 3 4 59 2 0 1 69 85.51 14.49 

Grazing 0 0 0 42 0 0 42 100.00 0.00 

Bush and Shrubs 0 0 0 0 65 1 66 98.48 1.52 

Settlement 3 0 0 1 0 95 99 95.96 4.04 

TT 118 67 67 50 71 111 484 - - 

PA 94.92 94.03 88.06 84.00 91.55 85.59  - 

 

- 

OE 5.08 5.97 11.94 16.00 8.45 14.41  - - - 

Overall Accuracy = 90.08%, Kappa Coefficient =0.88; TT = Total Truth, TP = Total Predict, CE = 

Commission error, OE = Omission error, UA = User accuracy, and PA = Producer accuracy 
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Table 2.8. Accuracy Assessment of the 2000 LU/LC classification 

LU/LC Cultivated 
Natural 

Forest 
Plantation Grazing 

Bush and 

Shrubs 
Settlement TP UA CE 

Cultivated 105 0 5 2 6 4 122 86.07 13.93 

Natural Forest 0 86 3 0 0 0 89 96.63 3.37 

Plantation 0 1 90 4 0 0 95 94.74 5.26 

Grazing 0 0 0 87 0 0 87 100.00 0.00 

Bush and Shrubs 1 0 2 0 88 0 91 96.70 3.30 

Settlement 2 0 1 0 0 99 102 97.06 2.94 

TT 108 87 101 93 94 103 586 - - 

PA 97.22 98.85 89.11 93.55 93.62 96.12 - - - 

OE 2.78 1.15 10.89 6.45 6.38 3.88 - - - 

Overall Accuracy = 94.71%, Kappa Coefficient = 0.94; TT = Total Truth, TP = Total Predict, CE = 

Commission error, OE = Omission error, UA = User accuracy, and PA = Producer accuracy 

 

Table 2.9. Accuracy Assessment of the 2014 LU/LC classification 

LU/LC Cultivated 
Natural 

Forest 
Plantation Grazing 

Bush and 

Shrubs 
Settlement TP UA CE 

Cultivated 268 0 0 2 3 0 273 98.17 1.83 

Natural Forest 0 121 2 0 0 0 123 98.37 1.63 

Plantation 0 4 69 2 3 0 78 88.46 11.54 

Grazing 0 0 0 66 0 7 73 90.41 9.59 

Bush and Shrubs 7 0 3 4 100 5 119 84.03 15.97 

Settlement 4 0 3 2 2 57 68 83.82 16.18 

TT 279 125 77 76 108 69 734 - - 

PA 96.06 96.80 89.61 86.84 92.59 82.61 - - - 

OE 3.94 3.20 10.39 13.16 7.41 17.39 - - - 

Overall Accuracy = 92.78%, Kappa Coefficient = 0.91; TT = Total Truth, TP = Total Predict, 

CE = Commission error, OE = Omission error, UA = User accuracy, and PA = Producer 

accuracy 

 

2.4. CONCLUSION 

The LU/LC changes that occurred in the Wachacha Watershed between 1957 and 2014 

revealed that the area under state owned natural forest and cultivation showed slight decline. 

On the other hand, plantation, grazing, bush and shrub, and settlement lands were increasing 

continuously. High demand for agricultural land was evident by cultivated land repetitively 

area coverage of 253.2 km
2
 (62.3 percent) over the past six decades. The settlement land, 

however, was the major land use type of the study area that expanded at an annual rate of 1.8 

percent during the study period. Even though the area of land under cultivation was very large 
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(more than 72 percent of the study watershed) during the study period, its conversion to any of 

the LU/LC is still substantial.  

 

This study showed the role of government policy in the protection of the natural forest on one 

hand, and modification and/or conversion of cultivation, plantation, grazing, bush and shrub, 

and settlement lands on the other. Expansion of cultivation in plantations or natural habitats 

(grazing, bush and shrub lands) regardless of land suitability has been the cause for serious 

land degradation, particularly in the upper positions of the landscapes. Cultivated land 

domination of the uses in the mid-1900s show early engagement of the area to high human 

influence and growing tension with the increasing population numbers. Therefore, integrated 

sustainable land management approaches should be followed in order to alleviate the current 

conflicting constraints and ensure sustainable use of the limited land resources in the study 

watershed. The results of this study will provide useful baseline information to understand the 

long-term spatio-temporal dynamics of LU/LC, its implications on resource degradation, and 

the formulation of possible integrated sustainable land management approaches. 
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3. IMPACTS OF LAND USE ON SOME SELECTED 

PHYSICOCHEMICAL PROPERTIES OF SOILS AT WACHACHA 

SUB-WATERSHED IN THE CENTRAL HIGHLAND OF ETHIOPIA 

 

ABSTRACT 

Land use changes, mainly from natural ecosystems into agro ecosystems, result in a 

subsequent deterioration of soil quality. The objective of the study was to assess the effects of 

land use changes on the dynamics of selected soil physical and chemical properties along 

Wachacha sub-watershed, central Ethiopia. A total of 45 composite soil samples were 

collected and analyzed from five land uses (natural forest, bush and shrub, plantation forest, 

grazing and cultivated) and three soil depths (0-20, 20-40 and 40-60 cm) using three 

replications. The results revealed that most of the measured soil properties were significantly 

affected by the interaction effects of land use by soil depth. The highest sand, silt, and clay 

contents were recorded in natural forest (33 percent), grass (42 percent), and bush and shrub 

land soils (64 percent), respectively compared to the other land uses. The lowest (5.5) and 

highest (7.1) mean pH-H2O was observed at the surface and subsurface layers of bush and 

shrub, and cultivated land soils, respectively; with the highest (1.32 g cm
-3

) bulk density value 

recorded at the sub surface soils of plantation land. Compared to other land uses total porosity 

(62 percent), OM (7.9 percent), TN (0.4 percent), and available phosphorus Mehlich III (12 

mg kg
-1

) records were higher at the surface layers of natural forest land soils. Moreover, 

contrary to other land uses highest values of extractable micronutrients were recorded at the 

surface of grass and cultivated land respectively, and were above the theoretically known 

critical values. Most of the studied soil properties were better in forest land, although a few 

properties were higher in other land uses. Therefore, community based soil fertility 

management and soil conservation measures are required in order to improve the soil 

physicochemical properties. 

Keywords: Land use, physicochemical property, natural forest, highlands, Ethiopia 

 

3.1. INTRODUCTION 

Soil is an outcome of soil forming processes on parent material of the earth‟s crust in which 

terrestrial plants grow if water and temperature are adequate with desired available nutrients. It 

is a natural body composed of mineral and organic material differentiated into horizons that 

differ among themselves as well as from underlying materials in its morphology, physical 

make-up, chemical composition, and biological characteristics (Wagh et al., 2013). It can be 

developed from weathered rocks, volcanic ash deposits or sediments. Soil is a substrate for 

plant growth and performs varied functions essential to plant life. Most plants grow by 

absorbing nutrients from the soil, although their ability depends on the nature of the soil. The 
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nature of soil primarily depends on its continued change under the effect of various factors 

such as parent material, time, climate, and biological activity (Solanki and Chavda, 2012).  

 

Conversion of land for agricultural use goes on at an increased pace particularly in developing 

countries. Most human activities associated with land use are directly causes for changes in 

soil-forming processes and soil properties. Even though the rate of change is slow and adverse 

effects are not clear in the short run, agricultural activities are also great contributions to soil 

disturbance and consequent loss of soil quality. Expansions of cultivated land area through 

deforestation, irrigation, and cultivation of marginal land have adverse effects on soil 

physiochemical properties (Lal, 1995; Nega and Heluf, 2009; Teshome et al., 2013). 

  

Moreover, agricultural activities such as up-down tillage of the slope, continued cultivation 

and burning of crop residue contribute to declining of soil health. Agricultural hill-slope areas 

are more susceptible to loss of soil nutrients, especially soil organic carbon (SOC) through 

run-off and severe erosion (Karlen et al., 2008). Maintaining soil health and quality is 

indispensable for sustaining the agricultural productivity at higher level. The physical, 

chemical, and biological soil properties are the three groups which are mutually interactive, 

and must be restored to their optimum levels to sustain productivity. The losses of these 

essential elements may contribute to increased degradation prevalence on cultivated land. 

Most nutrient depletion of the soil occurs due to improper tillage practice and crop residue 

burning (Alemayehu et al., 2016). Land use practices and shifting lead to soil erosion that 

aggravate the negative changes in physicochemical properties of soils; mainly soil aggregate 

stability, soil organic matter and cation exchange capacity (Spielman et al., 2009; IFPRI, 

2010; Menale  et al., 2012).  

 

The population that inhabits the central and northern highlands of Ethiopia for over 3000 years 

are extensively associated with exploitation of soil resources (Gete and Hurni, 2001; Eshetu et 

al., 2004). This heavy reliance on soil and other natural resources exploitation leads to severe 

soil degradation, such as soil erosion, deforestation and overgrazing, climate change and 

associated effects. A study made in the northern highland of Ethiopia having similar scenario 

with Wachacha Mountain Range concluded that top soil erosion ranged from 130 to 170 tons 
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(t) per hectare (ha) per year (yr) (Hurni, 1982; Herweg and Stillhardt, 1999; IFPRI, 2010). 

Average soil loss from cultivated land is about 42 t ha
-1

yr
-1

 (Hurni, 1988), while the average 

soil formation rate varies between 2 and 22 t ha
-1

yr
-1

(Hurni, 1983). The problem is driven by 

limited use of basic practices, minimum tillage, and soil and water conservation (Spielman et 

al., 2009); and could be alleviated through rational land use planning (Betru, 2003).  

 

A study conducted by Nega and Heluf (2009) in western Ethiopia on land use dynamics 

revealed that the bulk density and clay fraction of forest and cultivated soil was increased from 

0.94 to 1.13 g/cm
3

, and 37 to 45 percent, respectively. Moreover, active (pH-H2O) and 

exchangeable (pH-KCl) acidity increased as the pH decreased from 6.6 to 4.6 and 5.7 to 3.6 

for forest and grazing land soils, respectively. Similarly, land use successions reduced organic 

matter and total nitrogen contents from 6.6 to 4.5 percent and from 0.39 to 0.24 percent from 

forest to cultivated soils, respectively. Moreover, CEC of soils declined from 51cmol (+)/kg 

soil in forest to 28cmol (+)/kg soil in cultivated soils that reveals reduction of soil productivity 

(Nega and Heluf, 2009). 

 

Among the different constituents of the soil, soil organic matter (SOM) is a dynamic and large 

reservoir of carbon which is subject to change due to changes in management practices as a 

result of varying land uses (Post and Kwon, 2000). It constitutes one of the most complex 

components of such terrestrial ecosystems. The changes in land use impact soil OM pools and 

fluxes. Organic matter plays vital role in regulating the flow and supply of plant nutrients and 

water, and determining physical attributes of soils (Cotrufo et al., 2011). Moreover, many 

factors that change soil organic matter levels and forms are controlled by management, while 

the governing processes are complex. This makes OM the most sensitive soil characteristic to 

land use changes (Sanchez et al., 2002).  

 

Nonetheless, the impact due to land use changes on soil property depends on a number of 

factors such as the old and new land use types, the soil type, management and climate (Lettens 

et al., 2004; Nega and Heluf, 2013). These changes typically result in differing rates of soil 

erosion, aggregate formation, biological activity, and drainage. However, forest and pasture 
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lands have the potential to build up large amounts of soil OM, whereas conversion of natural 

ecosystem to croplands can result in high rate turnover that leading to OM declined (Batjes, 

2004; Teshome et al., 2013).  

 

Ethiopia is trapped in a vicious cycle of poverty and environmental degradation that form a 

nexus over utilization of land resources. The misuse of natural resources is caused by need, 

and an unsustainable exploitative sequence linked to a lack of choice due to poverty rather 

than neglect and agricultural stagnation. Such unsustainable misuse leads to deepening poverty 

and dependence on ecologically fragile environments (Mintewab et al., 2010). Sustainable 

land management and adoption of soil conservation technologies can be tools for enhancing 

food security for smallholder farmers in the country (Menale et al., 2012). The performance of 

agriculture depends on natural factors and the intensity of agricultural inputs (Birhanu et al., 

2014). Furthermore, the vast area of the country is characterized by low soil fertility, 

extremely low external inputs such as fertilizer and agro-chemicals, and the use of traditional 

farming techniques (Mintewab et al., 2010).  

 

The country faces a wide set of soil fertility decline that require approaches, but go beyond, 

the application of chemical fertilizers. The major constraints are erosion, densely populated 

highlands, growing number of low-income smallholders heavily dependence on soil nutrients 

for food and biomass energy. Products of soil such as crop residues are used as far as possible 

and very little remains to re-invest in soil replenishment or inputs for the following year 

(Vanlauwe et al., 2009; IFPRI, 2010).  

 

Severe organic matter depletion is driven by competing uses for crop residues and manure as 

livestock feed and fuel, respectively. Burning of dung cake and crop residues is common in the 

high land of Ethiopia due to a lack of widely-available and affordable fuel wood. Dung cake 

has been reported to account for about 50 percent of households‟ fuel supply, particularly in 

the north and central highland cereal zones (Bationo et al., 2006). The use of dung as fuel 

instead of fertilizer is estimated to reduce Ethiopia‟s agricultural GDP by seven percent 

(Zenebe, 2007) and manure is used as a source of supplementary cash income (IAEA, 2001). 
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As per Zinash and Seyoum (1989) reported that 63 percent of cereal straws are used for feed, 

20 percent for fuel, 10 percent for construction and seven percent for bedding. 

 

Assessment and management of soil physicochemical properties is increasingly important due 

to increasing competition for land among land uses and the transition from subsistence to 

market-based farming (Blum and Laker, 2003). Thus, reliable soil data are the most important 

prerequisite for the design of appropriate land-use systems and soil management practices that 

prevent soil degradation and rehabilitate degraded soils (FAO, 2006). Precise measurement 

and full understanding of the nature and properties of soils as well as proper management of 

the nutrient and moisture maximizes crop production is vital (Abayneh and Birhanu, 2006). 

This study was carried out with the objectives to determine the status of soil nutrient among 

various land use in Wachacha Sub-watershed and evaluate the influence of land use practices 

on selected physicochemical properties of soil. 

 

3.2. MATERIALS AND METHODS 
 

3.2.1. Description of the Study Area 

 

The study area is situated in Wachacha Mountain Range, the source of water for the upper 

Awash River system of the Central Highland of Ethiopia. The study covering an area of 4203 

hectares, have an astronomical location of 38°28'14.7'' E to 38°34'32.0'' E, and 08°51'29.1'' N 

to 08°58'33.5'' N (Figure 1.1).  The selected Sub-watershed of the study is located along 

Wachacha mountain range of 3,388 m-amsl (Mount Dhamocha) to 2,060 m-amsl (Tefki plain). 

It is located at about 30 km to the west boundary of the capital, Addis Ababa (Section 1.2).   

3.2.2. Site Selection, Field Description, and Soil Sampling 

 

Existing land information were gathered from farmers and elders in addition to visual 

observation in various parts of the sub-watershed using DEM and base map (1:50,000 scale) 

prior to sample collection. Preparation of provisional map to identify mapping units and sites 

for the auger sampling were found useful. Free survey technique following a stratified 

sampling technique and transect was drawn from the crest to the foot of the study site. The 

study area was covered by 1:50,000 scale topographic map produced by Ethiopian Mapping 
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Agency and DEM to determine different land units on the basis of topography and land 

characteristics (road, river, etc.).  

 

Thus, five land uses (natural forest, shrub and bush, plantation forest, grazing and cultivated) 

were selected for assessing the influence of land uses on soil physicochemical properties. The 

natural forest, which is owned by the government has no significant history of land use 

changes; and is well protected for over 500 years. The cultivated land which was originally 

covered by any of the four land uses has been continuously under cultivation of rainfed 

farming. The grazing lands were communal or household livestock grazing fields dominated 

by grasses. The shrub and bush land was found next to the natural forest. Moreover, the 

plantation forests are practiced in the area by the community around their homestead and 

natural forest, and marginalized cultivated plots. Thus, in order to account for the natural 

difference existed between the land uses; soil samples were taken around natural forest where 

the remaining land uses are adjacent.   

 

A total of 45 composite soil samples were collected from five land uses (natural forest, shrub, 

plantation forest, grazing, and cultivated) and three soil depths (0-20, 20-40 and 40-60 cm) 

using three replications using similar land scape position. Control plots (10 × 10 m) were 

located for each land use in situ. For each control plot, a composite soil sample was collected 

using semi-profile (auger) from nine different points (eight corners and center of the plot). The 

soil samples were air dried and crushed to pass through 2 mm sieve for the physicochemical 

analysis except for total nitrogen and soil OC which were sieved through 0.5 mm. Moreover, 

undisturbed soil core samples of known volume were collected from each land uses to 

determine soil bulk density and compute total porosity. 

  

3.2.3. Laboratory Analysis 

 

The disturbed soil samples collected from each genetic horizon of the soil profiles were first 

air dried, lightly ground, and screened through a 2 mm sieve for all the soil parameters except 

for total nitrogen and organic carbon, which required a 0.5 mm sieve to remove the coarser 

materials.  
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Soil texture was determined by the Bouyoucos hydrometer method (Day, 1965) after 

destroying organic matter and dispersing the sample with sodium hexametaphosphate. Bulk 

density was determined using the core sample method (Blake, 1965) after drying a defined 

volume of soil in an oven at 105°C to constant weight. Total porosity was calculated from the 

bulk density (þ) and particle density () = 2.65 g/cm
3
) using equation 3.1. 

  

Total porosity (%) = [1- 








 

þ
] x100        3.1 

 

Chemical and physical analyses were done in Oklahoma State University Soil Water and 

Forage Analytical Laboratory (USA). Soil pH was measured potentiometrically in water and 

in 1M KCl at the ratio 1/2.5 soil/water and soil/KCl ratio (Rowell, 1994). Total nitrogen was 

determined by Combustion Method, while soil organic matter was determined by Loss on 

Ignition (LoI) as described by Gavlak et al. (2005) using Lech. Soil total carbon was obtained 

by dividing SOM by a value of 1.724. Carbonate content of the soil was determined using 

saturation paste extract alkalinity method (Gavlak et al., 2005); it is based on titration with 

0.10 N hydrochloric acid. Soils with a pH >7.4 and containing carbonates, organic carbon was 

determined by the difference between total carbon minus the quantity of carbonate. 

Exchangeable acidity and Al
+3

 were determined by saturating soil samples with 1 M KCl 

solution using an ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrometry) 

(Rowell, 1994; Gavlak et al., 2005). Subsequently, exchangeable H
+
 was obtained by 

subtracting exchangeable Al
+3

 from total exchangeable acidity (Al
+3

 + H
+
) (Rowell, 1994). 

 

Plant available phosphorus was extracted by Mehlich III method and determined using an ICP-

AES (Gavlak et al., 2005). The cation exchange capacity (CEC) and exchangeable bases were 

extracted by saturating soil with neutral 1M NH4OAc (Grant and Thomas, 1982). 

Exchangeable bases Ca
+2

, Mg
+2

, Na
+
, and K

+ 
were determined using ICP-AES (Gavlak et al., 

2005). Percent Base Saturation (PBS) was calculated by dividing the sum of exchangeable 

bases by the CEC of the soil, and multiplying the result by 100.  
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Micronutrients (Fe, Mn, Cu, Zn and B) were determined using DTPA - Sorbitol (Diethylene 

Triamine Penta Acetic acid) as an extractant (Lindsay and Norvell, 1978). The method is a 

non-equilibrium extraction for estimating the potential soil bioavailability of Zn, Cu, Mn, Fe 

and B for mildly acid to calcareous soils. Analytic concentrations in the extracts were 

determined by ICP-AES.  

 

Deterioration index (DI) of soils under different land use was computed. The level of 

individual soil nutrients under plantation, grazing, shrub and bush, and cultivated land were 

once the same with soils under less influenced natural forest. The differences between mean 

values for individual surface (0-20 cm)  soil properties under each land use were compared to 

the base line value of the same soil property under reference soil (Suba forest), computed and 

expressed as a percentage of the mean value of individual soil property. The changes were 

averaged across all soil properties to generate soil deterioration index (Adejuwon and 

Ekanade, 1988). Mean values of pH, OC, TN and available phosphorous were the parameters 

used to reflect the fertility status of soils under each land use. The index was computed using 

equation 3.2. 

            (3.2) 

where: 

 DI - Deterioration index 

 PSL -  Mean value of individual soil property (P) under specific land use (SL) 

 PRL -  Mean value of individual soil property (P) under reference land use (RL) 
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3.2.4. Data Analysis 

Land uses and soil depths were considered as main factors of the physicochemical properties. 

The various data on soil physicochemical parameters were subjected to two-way analysis of 

variance (ANOVA) using the general linear model (GLM) procedure of statistical analysis 

system software, version 9.2 (SAS, 2008) to find out whether variations in the soil attributes 

among land uses and soils depths were significant or not. The mean comparison was done 

using Duncan multiple range test at p < 0.05 significant level. 

3.3. RESULTS AND DISCUSSION 
 

3.3.1. Land Use and Soil Depth Effects on Selected Soil Physical Properties 

 

3.3.1.1. Particle size distribution  

The results of ANOVA indicate that the interaction effect of land use by soil depth on particle 

size distribution was significant (p ≤ 0.05), except silt (p > 0.05) (Appendix Table 1). 

Accordingly, the highest sand was recorded in surface layers of forest land (31 percent) soils, 

whereas the highest clay was found in soils of bush land (64 percent) at the bottom layers 

(Table 3.1) contrary to the other land use.  

 
Table 3.. Particle size distribution in soil samples taken from three depths under different land uses  

Treatments Land use types 

Depth (cm) Forest land Plantation Bush land Grass land Cultivated land 

Sand (%) 

0-20 32.50a 23.21b 17.46d-g 19.77cd 18.47de 

20-40 21.67bc 18.17def 15.00gh 17.24d-g 14.67gh 

40-60 15.63e-h 16.46efg 12.71h 15.32fgh 14.42gh 

Silt (%) 

0-20 33.54c 36.13bc 28.38ef 42.08a 28.57ef 

20-40 29.58de 33.92c 24.96fg 38.08b 26.46efg 

40-60 27.08ef 33.13cd 22.92g 36.00bc 25.22fg 

Clay (%) 

0-20 33.96i 40.67gh 54.17cd 38.15h 52.96d 

20-40 48.75ef 47.92ef 60.04b 44.68fg 58.88b 

40-60 57.29bc 50.42de 64.38a 48.68ef 60.36ab 

For each parameter, means followed by the same letter are not significantly different at P > 0.05. 
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However, although the statistical analysis showed significant differences in contents of the 

three separates, the textural class remained the same across soils of the five land uses and three 

soil depths. Presence of particle size distribution difference with soil depth in soils of all the 

lands uses indicates the existence of strong translocation of materials within the soil system.  

 

Moreover, the clay content at the surface layers (0-20 cm) of the soils varied significantly (P < 

0.05) among the land use types (Table 3.1), except for bush and cultivated land. Its content 

was significantly lower at the surface layers as compared to the subsurface layers of the soil 

depth. The reason for low clay content at the surface might be due to selective removal of clay 

from the surface by erosion and translocation. The highest clay content observed in soils at the 

bottom layer (40-60 cm) which could be attributed to the clay downward movement as was 

also reported by Tematio et al. (2011), Aminu et al. (2013), and Aung et al. (2013).  

3.3.1.2. Bulk densities and total porosity 

 

With the exception of cultivated land, the interaction effect of land use by soil depth on bulk 

density was significant (P < 0.05) (Appendix Table 1). The highest (1.3g cm
-3

) and the lowest 

(1.0 g cm
-3

) mean bulk density values of were recorded at the bottom layers of plantation and 

forest land soils, respectively (Table 3.2). The highest bulk density recorded at the bottom 

layers of the plantation, grass, bush and cultivated land soils that might be the result of low 

OC, weight of overlying layer, limited root penetration, and less aggregation. The lowest bulk 

density, recorded at the bottom layers of forest land soils, might be attributed to high organic 

matter content. The highest bulk density recorded at the subsurface layers of the plantation, 

and cultivated land soils might be due to the low organic matter and tillage disturbance as was 

also reported by Eyayu et al. (2009) and Mojiri et al. (2012).  

 

The highest (62percent) and lowest (50 percent) values of total porosity were recorded at the 

surface (0-20 cm) and subsurface (40-60 cm) layers of the forest land and plantation soils, 

respectively (Table 3.2). These differences might be due to the differences in bulk density. The 

highest total pore space at the surface layers in general and the forest land in particular could 

be ascribed to the high organic matter contents and lower bulk density. The soil pore spaces 
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and soil organic matter are inversely related to bulk density, and factors that affect soil pore 

spaces might also have adverse effects on bulk density (Brady and Weil, 2008). 

 

Table 3.. Bulk density and total porosity in soil samples taken from three depths under 

different land uses 

Treatments Land use types 

Depth (cm) Forest land Plantation Bush land Grass land Cultivated land 

Bulk density (g cm
-3

) 

0-20 1.00g 1.25cd 1.21e 1.21de 1.23cde 

20-40 1.16f 1.27bc 1.23cde 1.24cde 1.25cd 

40-60 1.21e 1.32a 1.26bc 1.30ab 1.27bc 

Total porosity (%) 

0-20 62.38a 52.70e 54.34c 54.21cd 53.54cde 

20-40 56.16b 52.14ef 53.58cde 53.14cde 52.75de 

40-60 54.37c 50.38g 52.45ef 51.01fg 52.09ef 

For each parameter, means followed by the same letter are not significantly different at p > 0.05. 

 

3.3.2. Land Use and Soil Depth Effects on Soil Chemical Properties 

 

3.3.2.1. Soil pH-Water and pH-KCl as affected by land uses 

 

The variation in the mean of soil pH (H2O and KCl) as a result of the interaction effect of land 

use with soil depth was significant (p < 0.05); but was insignificant for ∆pH (H2O and KCl) (p 

> 0.92) (Appendix Table 1). The lowest pH-H2O was observed at the surface layer (5.5) of the 

bush land soils, while the highest was at the bottom layers (7.1) of the cultivated land soils 

which might be due to the accumulation of basic cations as a result of translocation (Table 

3.3). The lowest pH at the surface layer might be attributed to soil erosion and translocation of 

basic cations. The trend showed that the values of soil pH increases with soil depth with the 

exception for forest and plantation land soils. This might be related to high organic matter 

contents that hindered soil erosion and leaching processes of cations. According to Tekalign 

(1991) interpretation, the pH of the studied soils was found to be within the range of 

moderately acidic to neutral.  

 

Moreover, the highest pH-KCl (5.5) was recorded at the bottom layer of the cultivated land, 

while the lowest pH-KCl value (4.4) was observed at the subsurface layer of the bush land 
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soils (Table 3.3). The highest pH-KCl at the bottom of the cultivated soil could be attributed to 

the leaching of basic cations and soil erosion through tillage as it was also reported by Fungo 

et al. (2011) and Kumar et al. (2012). Furthermore, ∆pH (H2O and KCl) for the studied soil 

were positive and revealed that the subsurface of cultivated soil shows higher mean value of 

1.6 compared to the lowest value of 1.0 on the surface soils of forest land.  This indicates that 

the presence of net negative charge on colloidal particles of the exchange sites of cultivated 

soils is better. 

 
Table 3.. pH-H2O, pH-KCl, and ∆pH in soil samples taken from three depths under different land uses 

Treatments Land use types 

Depth (cm)  Forest land  Plantation  Bush land  Grass land  Cultivated land 

pH-H2O 

0-20 6.35cde 5.97fg 5.45j 5.9gh 6.27de 

20-40 5.94g 5.88ghi 5.58j 6.11efg 6.74b 

40-60 5.66hij 5.62ij 5.64hij 6.23ef 7.07a 

pH-KCl 

0-20 5.31ab 4.84e 4.33f 4.78e 4.9ed 

20-40 4.77e 4.54f 4.36f 4.87e 5.24bc 

40-60 4.45f 4.45f 4.41f 5.10cd 5.52a 

  ∆pH (H2O and KCl)    

0-20 1.04d 1.13bcd 1.12cd 1.13bcd 1.37ab 

20-40 1.17bcd 1.34abc 1.22bcd 1.24bcd 1.50a 

40-60 1.21bcd 1.18bcd 1.23bcd 1.13bcd 1.56a 

For each parameter, means followed by the same letter are not significantly different at p > 0.05. 

 

3.3.2.2. Soil organic matter, total nitrogen, carbon to nitrogen ratio and available 

phosphorus 

 

The result of land use with soil depth interaction effect was significant due to the mean soil 

OM content (p ≤ 0.05), the highest mean soil OM content (7.9 percent) was recorded at the 

surface layer of the natural forest land soils, whilst the lowest (1.3 percent) was recorded at the 

bottom layers of the plantation land soils compared to the other land use (Table 3.4). The 

mean soil OM content revealed that there was significant interaction of land use with soil 

depth (Appendix Table 1). The trends showed that with an increase in soil depth, the contents 

of the soil OM decreased across all the study land uses. The upper 20 cm of all land use types 

have significantly higher soil OM, but lower soil OM contents compared to the natural forest 
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soils (Table 3.4). This might be due to deforestation and subsequent cultivation as was also 

reported by Mojiri et al. (2012) and Mulugeta et al. (2005) who revealed that the reduction of 

soil OM contents was by 63.04 percent and 50.4 percent, respectively. 

 

Similar trends have shown, the mean value of total nitrogen (TN) content of the soils showed 

significant difference (p < 0.05) due to the interaction of land use with soil depth (Appendix 

Table 1). This is expected because soil OM is the major source of total nitrogen content. The 

conversion of natural forest into cultivated and other lands has led to loss of TN from the soils. 

The considerable loss of TN from soils subsequent to the conversion of land from forest to 

cultivated land has been reported in many studies (Eyayu et al., 2009; Mojiri et al., 2012; 

Nahusenay and Kibebew, 2016). In consent with the trends observed in this study, various 

studies (Bahrami et al., 2010; Heshmati et al., 2011; Taye, 2011) reported lower TN content in 

soils of cultivated and other lands as compared to soils of natural forest lands. 

 

As per the rating stated by Tekalign (1991), the OM and TN of the studied soils fall in the 

range of very low to high and low to high, respectively across the various land uses and soil 

depths. Generally, the mean TN value of studied soils was less than 0.5 percent which might 

be due to high rates of microbial decomposition, restriction in translocation of OM with depth, 

and nitrogen transformation. Furthermore, the losses of TN in the continuously cropped fields 

could be attributed to rapid mineralization of SOM following cultivation, which disturbs soil 

aggregates, increases aeration and microbial accessibility to organic matter (Eyayu et al., 

2009; Nega and Heluf, 2013). Low input of plant residues in such cereal based farming 

systems has contributed to the depletion of soil OM thereby soil N in cultivated lands. 

 

With respect to C:N ratio, except for the main effects of land use and depth; interaction among 

the two was statistically not significant (0.08 > 0.05) (Appendix Table 1). The highest C:N 

ratio (12.02) was observed at the surface of the plantation and the lowest was at the bottom of 

grassland soils (9.30) (Table 3.4, Appendix Table 1). The highest C:N ratio at the surface soils 

might be due to the lower decomposed SOM content. The C:N ratio of the study soils was 

found to be within the normal ranges of 9:1 to 12:1 for mineral soils. As per Brady and Weil 
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(2008) stated that the C:N ratio of the arable surface soil commonly ranges from 8:1 to 15:1 

and the subsoil layers have lower C:N ratio than the surface layers. 

 

Table 3.. Soil organic matter, total nitrogen, carbon to nitrogen ratio and available phosphorus 

in soil samples taken from three depths under different land uses 

Treatment Land use type 

Soil Depth (cm) 
Forest land Plantation Bush land Grass land Cultivated land 

Soil organic matter (%) 

0-20 7.938a 4.795b 2.887cd 4.568b 2.515de 

20-40 3.069c 2.762cd 2.218ef 2.158ef 2.138ef 

40-60 2.139ef 1.327h 1.910fg 1.582gh 1.947fg 

Total nitrogen (%) 

0-20 0.40a 0.24b 0.16cd 0.23b 0.15cd 

20-40 0.17c 0.15cd 0.12df 0.12f 0.12f 

40-60 0.13cdf 0.08g 0.11fg 0.1fg 0.10fg 

Carbon to nitrogen ratio (%) 

0-20 11.48abc 12.02a 10.48a-e 11.75a 9.81de 

20-40 10.61a-e 11.04abc 10.45b-e 10.35bcde 10.74a-e 

40-60 9.35e 10.08cde 10.06cde 9.30e 10.99a-d 

Available phosphorous (mg kg
-1

) 

0-20 12.17a 1.92f 1.25fg 9.47b 4.87d 

20-40 9.11b 0.32h 0.49gh 6.96c 3.17e 

40-60 7.63c 0.23h 0.30h 4.23d 2.95e 

For each parameter, means followed by the same letter are not significantly different at p > 0.05. 

 

The interaction effect of land use by soil depth on average available phosphorus content was 

significant (p ≤ 0.05) (Table 3.4) (Appendix Table 1). The highest (12.2 mg kg
-1

) and the 

lowest (0.23 mg kg
-1

) mean available P values were recorded at the surface layer of the natural 

forest, and the subsurface layer of the plantation land soils, respectively (Table 3.4). The 

trends indicate that available P decreased with increasing depth; and reveals statistically 

significant differences between land use and soil depth interaction at the surface and bottom 

layers (p < 0.05). This clearly shows the significant contribution of soil OM and parent 

material to the P pool of the soils in the study area. In line with this, the positive effects of soil 

OM on available P by forming organophosphate complexes which would easily be assimilated 

by plants and anion replacement of H2PO from adsorption sites were also reported by different 

studies (Nega and Heluf, 2013; Yihenew and Getachew, 2013; Nahusenay and Kibebew, 
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2016). Moreover, Nathan et al. (2012) revealed that phosphorus exists in soil in the 

orthophosphate forms of H2PO
-
4, HPO

-2
4 or PO

-3
4. The first two phosphate anions dominate in 

most soils unless the soil is extremely acid 

 

The available P contents of the soils under all land use types generally ranged from very low 

to medium across the different land uses and soil depth (Cottenie, 1980). Some studies 

(Murphy, 1968; Tekalign et al., 2002; Abebe and Endalkachew, 2012) reported that most 

Ethiopian soils have low available P contents; which could be attributed to the effects of 

abundant crop harvest, erosion, fixation and low accumulation of SOM. 

 

4.3.2.3. Cation exchange capacity, exchangeable bases and percent base saturation 

 

The mean variation of exchangeable bases as a result of the interaction effect of land use X 

soil depth was significant (p ≤ 0.05) (Appendix Table 1). The results showed that the contents 

of exchangeable cations ranged from 24.28 to 6.76 (Ca), 7.72 to 2.13 (Mg), 1.44 to 0.79 (K) 

and 0.17 to 0.05 (Na) cmolc kg
-1

 (Table 3.5). The highest mean exchangeable Ca was observed 

at the subsurface layer of cultivated land, whilst the lowest values were recorded at the surface 

layer of bush land soils. Calcium in the soil may cause precipitation of calcium phosphate in 

the extracting solution, but the fluoride ion in the extracting solution minimizes this by tying 

up the calcium (Nathan et al., 2012). 

 

The highest mean values of Mg (7.72 cmolc kg
-1

) and Na (0.17 cmolc kg
-1

) were recorded at 

the bottom layer of the cultivated land soils, whereas the highest mean K (1.44cmolc kg
-1

) was 

found at the surface layer of grass land soils (Table 3.5) compared to lowest value (0.79 cmolc 

kg
-1

) at the bottom layer of plantation land use due to higher bulk density. Nevertheless, 

exchangeable K decreased with depth due to its positive correlation with OM (Habtamu et al., 

2014). In general, the trends of Ca and Mg increased with depth for all land use except the 

natural and plantation forest as a result of higher surface soil OM concentration. The exchange 

sites were found to be dominated by Ca followed by Mg, K and Na, which could be 

considered as appropriate for plant growth. Accordingly, Bohn et al. (2001) pointed out that 

the cations in productive agricultural soils are present in the order Ca
2+ 

> Mg
2+

> K
+
> Na

+
 and 
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deviations from this order can create ion-imbalance for plants since plants requires more Ca
2+

  

than Na
+
. 

  

Table 3.. Exchangeable cation, CEC and percent base saturation in soil samples taken from 

three depths under different land uses 

Treatment Land use type 

Soil Depth (cm) 
Forest land Plantation Bush land Grass land Cultivated land 

Exchangeable  Ca (cmolc kg
-1

) 

0-20 17.44d 9.53gh 6.76j 9.29gh 20.46c 

20-40 12.86e 8.74hi 7.56ij 10.60fg 22.82b 

40-60 9.71gh 7.87ij 8.64hi 11.17f 24.28a 

Exchangeable Mg (cmolc kg
-1

) 

0-20 4.14c 3.36d 2.50ef 2.54ef 6.42b 

20-40 2.76def 3.17de 2.66def 2.83def 6.98b 

40-60 2.13f 2.77def 2.89de 2.95de 7.72a 

Exchangeable K (cmolc kg
-1

) 

0-20 1.36b 0.98j 1.28de 1.44a 1.3cd 

20-40 1.18f 0.85k 1.15fg 1.33bc 1.27de 

40-60 1.09h 0.79l 1.05i 1.11gh 1.23e 

Exchangeable Na (cmolc kg
-1

) 

0-20 0.059ghij 0.055ij 0.049j 0.069fgh 0.130c 

20-40 0.062ghi 0.071fg 0.057hij 0.102e 0.155b 

40-60 0.065ghi 0.079f 0.068fgh 0.117d 0.170a 

Cation exchange capacity (cmolc kg
-1

) 

0-20 29.69bc 23.62fg 24.41ef 20.53i 30.74b 

20-40 27.12d 22.51gh 26.20de 21.66hi 34.29a 

40-60 23.1fgh 20.53i 27.92cd 22.58gh 35.03a 

Percent base saturation (% ) 

0-20 78.02c 59.92f 42.70h 64.29e 90.83b 

20-40 63.79e 57.04fg 43.62h 68.63d 92.94ab 

40-60 55.55g 56.06g 45.27h 69.68d 95.26a 
For each parameter, means followed by the same letter are not significantly different at p > 0.05. 

 

Calcium and Mg of the studied soils were the dominant cations. In accordance with the ratings 

suggested by FAO (2006), the contents of exchangeable Ca and Mg were categorized as 

medium to high; and high to very high and very low to low in terms of K and Na, respectively. 

These differences could be due to crop uptake and recycling of nutrients. 

 

There were significant variations of mean cation exchange capacity (CEC) as a result of the 

interaction effect of land use with soil depth (Appendix Table 1). As per ratings were stated by 
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Hazelton and Murphy (2007), the overall mean CEC of the study soils ranged from 20.53 to 

35.03 cmolc kg
-1

 (Table 3.5), which is moderate to high in accordance with the ratings 

suggested by them. The CEC is a very important soil property influencing soil structural 

stability, nutrient availability, soil pH and the soil‟s reaction to fertilizers and other 

ameliorants. Generally, the soils of the study area had good nutrient retention and buffering 

capacity due to the high status of CEC as a result of high clay and OM (Wakene and Heluf, 

2003).  

 

Similar to most of the soil parameters, the ANOVA result reveled that percent base saturation 

was also significantly affected by the interaction effect of land use by soil depth (p ≤ 0.05) 

(Appendix Table 1). The mean percent base saturation ranged from 42.7 to 95.26 percent at 

the surface and subsurface layers of bush and cultivated land soils, respectively (Table 3.5). 

The trends showed that the percent base saturation decreased along natural and plantation 

forest and increased for the remaining land uses; and were constant due to the effects of 

exchangeable bases and CEC. Similarly, basic cations and percent base saturation are affected 

by the same factors. As per the ratings suggested by Hazelton and Murphy (2007), the percent 

base saturation of the studied soils is in the range of moderate to very high across the different 

land uses and soil depths. 

 

4.3.2.4. Extractable micronutrients 

 

The variation of mean extractable micronutrients of Fe and Mn due to the interaction effect of 

land use and soil depth was significant (p ≤ 0.05). However, Zn (0.32>0.05), Cu (0.08>0.05), 

and B (0.12>0.05) were not affected by the interaction effects of land use by soil depth; but 

significantly affected by the main factors of land use and soil depth (Appendix Table 1). In 

general, the highest mean extractable micronutrients (Fe, Mn and Cu) were recorded at the 

surface layer of the grass land soils, while the lowest values were observed in the bottom 

layers of soils of plantation (Fe, Mn and Cu) and bush (Zn and B) land use types (Table 

3.6).The contents of extractable micronutrients in the study area generally decreased with 

increasing soil depth. The highest values of micronutrients at the surface layers could be the 

results of high OM concentrations that acted as a chelating effect and source of such 

micronutrients (Habtamu et al., 2014). 
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As per the ratings suggested by Benton (2003), the soils of the study area were found to be 

high in Fe (21.5 to 46.4 mg kg
-1

), medium to very high in Mn (15.8 to 37.7), high in Zn (2.3 to 

5.4 mg kg
-1

), low to medium in Cu (0.8 to 2.3 mg kg
-1

) and very low to low in B (0.14 to 0.34 

mg kg
-1

) contents (Table 3.6). They were adequate for normal plant growth, because they were 

above the critical limits (Appendix Table 12).  

 

Table 3.. Extractable micronutrients in soil samples taken from three depths under different 

land uses 

Treatment  Land use type 

Soil depth (cm) 
Forest land Plantation Bush land Grass land Cultivated land 

Fe (mg kg
-1

) 

0-20 41.38b 37.44c 30.51e 46.35a 38.73c 

20-40 36.52c 25.59f 25.51f 43.11b 33.41d 

40-60 33.99d 21.47g 24.2f 38.56c 26.31f 

Mn (mg kg
-1

) 

0-20 36.68ab 34.18bc 29.23de 37.68a 32.30cd 

20-40 26.89ef 21.78gh 24.42fgh 26.44ef 21.40h 

40-60 24.4fgh 15.79i 21.59gh 24.57fg 16.72i 

Zn (mg kg
-1

) 

0-20 5.40a 5.41a 3.31def 5.42a 5.11ab 

20-40 3.84cde 5.08ab 2.96efg 4.94ab 4.23bcd 

40-60 2.79fg 4.60abc 2.30g 4.48abc 3.71cdef 

Cu (mg kg
-1

) 

0-20 1.36fg 1.33gh 1.56ef 1.77cd 2.31a 

20-40 0.83jk 0.99ij 1.19ghi 1.68cde 2.07b 

40-60 0.77k 0.76k 1.12hi 1.61de 1.84c 

B (mg kg
-1

) 

0-20 0.315ab 0.24e 0.192f 0.343a 0.278cd 

20-40 0.271de 0.182f 0.168fg 0.309bc 0.265de 

40-60 0.263de 0.148g 0.140g 0.262de 0.259de 

For each parameter, means followed by the same letter are not significantly different at p > 0.05. 
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Figure 3.. Deterioration index of different land use in the study Sub-watershed. 

 

The deterioration index (DI) of soils under the stated land uses reflected the degree of 

exposure to degradation compared to the natural forest (Figure 3.1). The highest DI (-56. 8 

percent) followed by (-48.1 percent) were recorded under bush and shrub, and cultivated land, 

respectively. Grassland showed relatively lesser deterioration index of (-28.8 percent). The 

result implies that the deterioration of soil under cultivated land reveals the impact of 

conversion agricultural land from the reference natural forest. This indicates improper 

management of agricultural land in line with fertility management and soil water conservation 

practices.  

 

3.4. CONCLUSION 
 

The difference in land use systems had significantly influenced the soil physicochemical 

properties with soil depths in the study area. The status of most of the parameters studied was 

inferior in the cultivated land soils as compared to the other land uses, suggesting that the soils 

of the cultivated land require more attention in order to sustain the agricultural production and 

productivity in the study area. For instance, the level of SOM and TN of the cultivated land 

were significantly lower as compared to the adjacent forest and other land uses. The 

exchangeable cations, CEC, PBS, and available micronutrients in the soils of the cultivated 

land were also lower than the other land uses. It can thus be concluded that the soil quality and 

health were maintained in a relatively better status under the forest land, whereas the soil 

quality in the other land uses, specifically in the cultivated land, was negatively affected. The 
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results suggest the need for intervention to optimize and sustain the soil quality. By and large, 

putting sustainable land management scenario in place is required to optimize and sustain crop 

production and productivity in the study area. 
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4. CHARACTERIZATION AND CLASSIFICATION OF SOILS ALONG 

SUB-WATERSHED OF WACHACHA WATERSHED, CENTRAL 

HIGHLAND OF ETHIOPIA 

 

ABSTRACT 

 
Data on soil which has enormous effect in controlling plant growth, the quality of 

environment, and diversity of life are vital. This study was conducted with the objective of 

characterizing and classifying soils of Wachacha sub-watershed, central highlands of Ethiopia. 

Ten representative pedons were opened on various hydrologic units of the micro-watershed, 

described in the field and samples were collected horizon-wise for morphological and 

physicochemical analysis. Variations in morphological properties of the studied soils were 

noted. Owing to differences in landscape position, management, and possibly parent material, 

wide variations were observed for almost all the measured soil properties. In some of the soils 

studied, low organic matter and total nitrogen, available P, extractable Mn, Cu, and B could 

limit crop production. Based on morphological, physical and chemical analysis, and the WRB 

soil classification system, the soils of the micro-watershed were classified as Pellic Vertisols, 

Mollic Nitisols, Eutric Cambisols, Mollic Leptosols, and Calcaric Eutric Fluvisols. The 

deficient nutrients should be supplied by application of appropriate type and sufficient 

fertilizers. Different soils occupying the sub-catchment with different limitations and 

potentials need to be allocated to the use they are best for. 

 

Keywords: soil characterization, soil classification, Vertisols, central highlands 

 

4.1. INTRODUCTION 
 

Soil is the upper thinnest layer of the lithosphere and lowest boundary of atmosphere 

composed of mineral materials inherited from geologic rocks as altered by the actions of soil 

forming factors and additions of organic materials from plants and animals (Buol et al., 2011). 

It is a vital natural resource that performs diverse functions within the hydrologic cycle to 

support life and socio-economic development.  

 

The crisis of land degradation is mainly related to increasing human population pressure. The 

challenges of increasing productivity sustainably as well as preserving and maintaining soil 

resources (Beaudette et al., 2013) are upon us. In response to multitude of geologic materials, 

climatic conditions, and biologic ecosystems that exist now and in the past, soils acquired 

multitude of properties that require research to characterize it as a singular entity. 
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Soil mapping presents the actual scenarios of soils in a specific area. Advances in soil 

mapping techniques have greatly improved research capabilities (Brady and Weil, 2008). An 

assessment of the properties of soils and their responses to management in a specific micro-

catchment is critical and requires appropriate evaluation. Soil characterization that 

quantitatively determines the physical and chemical properties, in situ describes the 

morphological features, and classifies soils based on such inherent properties is needed to 

precisely predict soil behaviors (Buol et al., 1997; Brady and Weil, 2008). 

 

Data bank of soil properties and related site characteristics are necessary for one to be able to 

advise both current and potential land users on how to use the land in the best possible way. 

Thus, such soil data are the most important prerequisite for the design of appropriate land-use 

systems and soil management practices that prevent soil degradation and restore degraded 

soils (FAO, 2006).  

 

Soil composition that includes chemical, physical, and biological measurements has become 

vulnerable to removal of soil material from defined horizons (layers) within pedons. Soil 

moisture and temperature dynamics are important components of soils that vary from year to 

year but can be characterized and classified within ranges that permit identification of many 

potential soil uses. Precise measurement and full understanding of the nature and properties of 

soils as well as proper management of the nutrient and moisture maximize crop production 

(Abayneh and Birhanu, 2006).  

 

Soils are routinely sampled and characterized according to genetic horizons, resulting in data 

that are associated with principle dimensions (Mohan, 2008). From the time crops were first 

cultivated; humans noticed differences in soils and classified them according to their 

suitability for different uses. For instance, farmers used descriptive names such as black soils, 

rice soils, or olive soils to indicate the most suitable use of the soil. Other soils names still in 

common use today imply the parent materials from which the soils formed: limestone soils, 

piedmont soils, and alluvial soils. The terms may convey valuable meaning to local users 

though inadequate for us to organize scientific information in order for defining relationships 

among world soils (Brady and Weil, 2008). 
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Soil morphology deals with the form, structure, and organization of the soil material. 

Morphology describes and measures a wide range of soil properties, and includes an 

assessment of soil particles and aggregates that provide estimates of soil void characteristics 

and hydraulic properties (Mohammed et al., 2005; Brady and Weil, 2008). Soil morphology is 

ordinarily observed, described, and studied commonly in the field, but investigation can be 

continued in laboratories with optical and electronic instruments.  

 

Soils are classified as natural bodies, on the basis of profile characteristics (Brady and Weil 

2008). The need to provide this information is more demanding since the problem arising from 

misuse of land is resulting in land degradation. The FAO classification (FAO, 1984) identifies 

18 major soil associations and a wide range of agro-ecological zones in Ethiopia, while the 

number of major soil associate is reduced to 17 (WRB, 2014).  Accordingly, Leptosols, 

Nitisols, Regosols, Cambisols, Vertisols, Fluvisols, Gypsisols, Luvisols, Acrisols, Solonchaks, 

Phaeozems, Andosols, Arenosols, Gleysols, Histosols, Chernozems, and Solonetz are the 

major classes in descending order of area coverage of which the first five group cover around 

63.2 percent of the country (FAO, 1984; WRB, 2014). The physiography, geology, biota and 

climate disparity of the country influence the morphological, physical, chemical, mineralogical 

and biological properties of soils (Mishra et al., 2004; Mohammed et al., 2005). Consequently, 

the fertility, agricultural productivity, susceptibility to erosion and land management 

requirements differ significantly (Mohammed, 2003). 

 

The population that inhabits the central and northern highlands of Ethiopia for more than 3000 

years are enormously associated with the exploitation of the soil resources (Gete and Hurni, 

2001; Eshetu et al., 2004). This heavy reliance on soil and other natural resources exploitation 

leads to severe soil degradation, such as soil erosion, deforestation and overgrazing, climate 

change and other associated effects. Increase of population in Ethiopia places an increasing 

demand on land resources, leading to loss of top soils on slopes and tilling soil without proper 

soil management practices. This has serious consequences, because the more intensively 

cultivated the upland soils are the more deteriorated they become due to erosion and fertility 

depletion.  
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Topography plays a major role as one of the factors that influence pedogenesis and in the 

process that dictates the distribution and use of soils on the landscape (Esu et al., 2008). 

Studies conducted in northern highland of having similar scenario with Wachacha Mountain 

Range indicated that soil erosion ranged from 130 to 170 tons (t) per hectare (ha) per year (yr) 

(Herweg and Stillhardt, 1999; Hurni, 1982). The average soil loss from cultivated land was 

about 42 t ha
-1

y
-1 

(Hurni, 1988), while the average soil formation rate varies between 2 and 22 

t ha
-1

y
-1 

(Hurni, 1983).  

 

Generally, less attention has been given to soil classification studies in Ethiopia. Soil resources 

assessment and characterization has been limited to few pioneer studies conducted at a broader 

level and provide evidences only on geographical distribution of dominant soil type and list of 

some of the important physical and chemical characteristics of these soils (Murphy, 1968, 

FAO/UNDP, 1984a, b). However, verification of the classified major soil resources and 

characterization at watershed level were limited. In the study area (typical part of the central 

Ethiopian highlands), which have high agricultural potential and population pressure, no study 

was carried out on soil characteristics, and their potentials and limitations to autonomously 

developed local agricultural practices.  

 

Improving availability and access to soil data down to micro catchment of mountain ranges are 

beneficial for sustainable land management. This demands the assessment of morphology, and 

characterization and classification of the micro-watershed soils. In this regard, limited and 

fragmented scientific information pertinent to the intended study at detailed scale in the 

country in general and the study area in particular was lacking. Against this background, a 

detailed soil characterization and classification was made in the Wachacha Mountain Range. 

The overall objectives of the study were to characterize the major morphological, physical, 

and chemical properties of soils along the gradient of the catchment; and to classify the major 

soils and associations using the WRB (2014) guideline. 

 

The first edition of the World Reference Base for Soil Resources (WRB) was released in 1998. 

The second edition was released in 2006. After an additional eight years of intensive 
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worldwide testing and data collection, the third edition of the WRB was released in 2014. The 

2014 version is used for this study. The third version defined 32 Reference Soil Groups are 

defined, and they are further characterized by principal qualifiers and supplementary qualifiers 

(WRB, 2014). Many of the definitions for soil units differ from the FAO UNESCO system and 

few studies have applied the WRB system to soils of Ethiopia.   

 

4.2. MATERIALS AND METHODS 
 

4.2.1. Description of the Study Area 

 

The study area is situated in Wachacha Mountain Range, the source of water for the upper 

Awash River system of the Central Highland of Ethiopia. The astronomical location of the 

study area is 38°28'14.7'' E to 38°34'32.0'' E, and 08°51'29.1'' N to 08°58'33.5'' N (Figure 1.1).  

The selected Sub-watershed of the study is located along Wachacha mountain range of 2,992 

m-amsl below the summit of Mount Dhamocha (3,381 m-amsl) to 2,060 m-amsl (Tefki plain). 

It is located at about 30 km to the west boundary of the capital, Addis Ababa. The details of 

geographic, environmental and farming systems of the study area are presented under Section 

1.2. Elevation difference between the lower and upper pedon was 403 meters over the shortest 

transect of 11.6 kms (Figure 4.1). 

 

4.2.2. Soil Morphological Characteristics 

 

Semi-detailed soil survey with a scale of 1:50000 applicable for land use development and 

project feasibility study were used. Moreover, different methods of aerial photo and satellite 

data interpretation, intensive field observation, profile description and analysis (Dent and 

Young, 1981), was used for the study. Preliminary reconnaissance soil survey assisted with the 

1:50000 scale topographic map and DEM of Wachacha Mountain range was carried out to 

acquire general background on soil types, land use, landform, and vegetation cover. Nine 

small sub micro-shed were generated from a 30 meter DEM which was further resampled to 

five meter resolution.   
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Figure 4.1. Transect through the study area, profiles designated and their classification in WRB. 

 

The sub micro-sheds were used as a reference for defining spatial distributions of Pedons. The 

morphological examinations were compiled at the field, while the physico-chemical properties 

were characterized at laboratories. Accordingly, prior to ground profile demarcation, 

representative profile pits were established and defined on the DEM considering the sub micro 

watershed boundary as a reference. Soon after defining the sub micro-watershed, at least one 

profile pit was established. Exact locations of the pit sites were determined using Global 

Positioning System (GPS). Landscape characteristics were used to facilitate the selection.  

 

A total of ten soil profiles were identified, excavated, described, and sampled following 

standard procedures (Munsell Color Company, 1994; FAO, 2006; Soil Survey Staff, 2011). 

The soil boundaries were drawn based on the integration of four surrounding auger (semi-

profile) and careful visual observations, land use/cover, landform characteristics, and gulley. 

More coring observations were made near the place where breaks in slope or related landscape 

clues suggest the presence of soil boundaries using GPS and some ancillary tools.  
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4.2.3. Routine Laboratory Methods 

 

Soil texture, bulk density, pH (H2O and KCl), TN, OC, available P, CEC, Ca
+2

, Mg
+2

, Na
+
, 

and K
+
, Percent Base Saturation and extractable micronutrients (Fe, Mn, Cu, Zn and B) were 

analyzed. The details of laboratory procedures for these properties are described in chapter 

three under section 3.2.3. Carbonate content of the soil was determined using saturation paste 

extraction method (Gavlak et al., 2005). Soils with a pH >7.4 and containing carbonates; 

organic carbon was determined by the difference between total carbon minus the quantity of 

carbonate. Assuming that the CEC of OM is 200 cmolc kg
-1

; the CEC of clay fraction was 

estimated  from  the  difference  of  the  soil  CEC  and  CEC associated with soil OM using 

equation 4.1 (Yerima, 1993). 

CEC of Clay

 

     4.1 

 

Soil moisture retention at FC and PWP was measured using pressure plate apparatus method 

(Gupta, 2004). This was done by equilibrating the moist soil sample at a succession of known 

value (preferably -1/3 and -15 bar of suction) and each time determining the amount of 

moisture that was retained. The soil was weighted immediately after saturation and dried in an 

oven at 105
o
C overnight to constant weight. More specifically, the soil moisture at -1/3 and -

15 bars for field capacity (FC) and permanent wilting point (PWP) respectively were 

determined (Baruah and Barthakur, 1997). Available water content (AWC) was computed by 

subtracting volumetric water content ( ) of PWP from FC (Hillel, 2004). The soil moisture 

retention for each profile under different land use/cover can be drawn when the equilibrium 

moisture content (expressed preferably as volume percentage) is plotted against the 

corresponding FC and PWP suction. The gravimetric water content of soil at the applied 

suction was converted to volumetric water using equation 4.2. 

 

  100% 


























waterofdensity

densitybulk

soildryovenofweight

waterofweight
                                 4.2 
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4.2.4. Classification and Mapping 

 

The morphological properties described in the field and soil physico-chemical results obtained 

in the laboratory were used to classify the soils of the study area according to World Reference 

Base (WRB, 2014). Classification was made at the second level, where the first level identifies 

the major Reference Soil Groups and the second level reveals the units. The land 

characteristics which were employed in the identification and delineation of map units in the 

field at a scale of 1:25000 based on careful integration of auger (Semi-profile) points and 

visual observations, land use/vegetation covers and landform characteristics were published at 

free scale in ArcGIS environment. Substantial adjustment and physicochemical soil data 

spatio-attribute linkage were done in file geo-database environment of GIS, making mapping 

techniques and electronic data storage availability easy.  

 

4.3. RESULTS AND DISCUSSIONS 
 

4.3.1. Soil Morphological Characteristics 

 

The depth of the investigated soils ranged from fairly deep (85 cm) to very deep (>150 cm) 

with irregular A, B and C horizons due to the translocation of surface materials down the slope 

via surface erosion and movement of soil (Table 4.1). The boundaries between horizons varied 

across the landscapes. At the lower section of the watershed (pedon 2), the boundaries were 

often clear and wavy, while clear and smooth boundaries predominate in most areas of the 

landscapes. The surface soils had higher concentration of plant roots and coarser texture, and 

lower bulk density than the subsurface soils. The differences in soil depth, particle size 

distribution, structure, and color are the outcomes of pedogenic processes, parent material and 

also anthropogenic activities (Ellis and Mellor, 2005).  

 

The surface color matrix of dry soils varied from dusky red (2.5Y3/2) to dark brown (7.5YR 

3/2). Similarly, its variation for moist soils was from reddish black (2.5YR 2.5/1) to Very 

dark gray (7.5YR 3/1). The subsoil color matrix of dry soils varied from reddish black 

(2.5YR 2.5/1) to Reddish brown (7.5YR 4/4). Furthermore, the variation for subsurface moist 

soils was from Reddish black (2.5YR 2.5/1) to black (10YR 2/1) (Table 4.1). 
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The variations in soil color observed between surface and subsurface layers might be the 

reflections of various chemical and mineralogical compositions, topographic positions, and 

biological processes, notably those influenced by the soil organic matter. The dark color, in 

surface horizons, might be attributed to the effect of higher OM contents, while the reddish 

color in the subsurface horizons might be due to the presence of Fe
3+

 compounds in various 

degree of weathering and low OM content. Dengiz et al. (2012), and Mulugeta and Sheleme 

(2010) stated that variation in soil color could be related to OM contents, water logging, 

CaCO3 accumulations and redox reaction. 

 

The granular and crumb structures occurred on surface horizons with varied grade and size, 

whereas the prismatic, angular, and sub-angular blocky structures with moderate to very 

strong grades and fine to extremely coarse sizes were observed at the subsurface horizons 

(Table 4.1, Appendix Table 2-11).  

 

Many of the peds were held together by coating (cutans) material, organic substances, and 

microbial exudates. Iron, manganese, and clay-sesquioxide of ped faces cutans were among 

the dominant coating materials in most of the pedons. Moreover, white mottle of carbonate 

with different sizes along the lower layers of P01 and P02; and black, red, reddish brown, and 

light gray mottles were also dominated the lower layers of most pedons. Organic matter and 

microbial exudates serve to form and temporarily stabilize the granular aggregates, although 

physical disruption of surface horizons reduces the microbial activity and aggregate stability 

as the stabilizing organic compounds are decomposed. The size of the peds increased with 

depth and peds get larger and more block-like structure as was also reported by Johnson and 

Schaetzl (2015). 
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Table 4.. Morphological characteristics of soils in Wachacha Sub-watershed 

Pedon Horizon Depth 
Matrix Color Structure*1 Consistence*2 Boun 

dary*3 Dry Moist Grd Size Shape Dry Moist Wet 

P01 
Ap 0-13 5YR 3/1 5YR 2.5/1 2 fn grn sh fr sk-pls AS 
Ak 13-80 5YR 4/1 5YR 4/2 3 mid prs h fr sk-pls AS 
Btk 80-203+ 5YR 3/2 5YR 5/2 2 mid prs sh fr sk-spls - 

P02 
Ap 0-47 5YR 3/1 5YR 3/1 2 fn grn sh fr sk-spls CW 
Ass 47-100 5YR 3/2 5YR 3/2 3 mid prs h vfm sk-spls CW 

Btkss 100-188+ 5YR 3/1 10YR 2/1 2 mid prs vh vfr sk-vpls - 

P03 

Ap 0-16 7.5YR 3/1 7.5YR 2.5/1 2 fn grn sh vfr ssk-vpls AS 
A1 16-47 7.5YR 3/3 7.5YR 3/1 3 mid abk h vfr ssk-vpls CS 

Bss1 47-133 5YR 3/2 5YR 3/1 3 mid sbk vh vfr ssk-vpls CS 
Bss2 133-202+ 5YR 3/1 5YR 2.5/1 3 mid abk vh vfr sk-vpls - 

P04 

Ap 0-30 2.5YR 5/3 2.5YR 3/2 2 fn grn sh fr ssk-pls CS 
AB 30-45 2.5YR 4/2 2.5YR 4/1 3 mid abk h fr sk-vpls CS 

Btss1 45-95 2.5YR 3/2 2.5YR 3/1 1 mid sbk sh vfr sk-vpls CS 
Btss2 95-180+ 5YR 3/1 5YR 2.5/1 1 mid abk sh vfr sk-vpls - 

P05 

Ap 0-14 2.5YR 3/2 2.5YR 2.5/1 2 fn grn sh fr sk-pls CS 
A1 14-53 2.5YR 2.5/1 2.5YR 3/1 1 mid abk h fm sk-pls GS 
Ass 53-96 2.5YR 3/1 2.5YR 2.5/1 1 mid sbk vh fm sk-pls AS 
Btss 96-193+ 5YR 3/1 5YR 2.5/1 1 mid abk h vfr sk-vpls - 

P06 
Ap 0-20 5YR 4/4 5YR 4/4 1 mid grn sh vfr vsk-vpls AS 
Bw 20-115 5YR 3/1 5YR 4/1 3 mid abk h vfr sk-pls AS 
Cr 115-175+ 2.5YR 2.5/3 5YR 4/2 1 crs prs vh fr nsk-npls - 

P07 

Ap 0-19 7.5YR 3/2 7.5YR 3/1 2 fn cru sh fr sk-pls CS 
A1 19-58 7.5YR 3/3 7.5YR 4/1 1 crs abk sh fr ssk-spls CS 
Cr1 58-80 7.5YR 4/2 7.5YR 5/1 1 crs sbk h vfr nsk-npls DS 
Cr2 80-85+ 7.5YR3/1 7.5YR 5/2 1 vcrs abk vh vfm nsk-npls - 

P08 

Oa 0-35 5YR 3/1 5YR 2.5/1 1 vfn grn sft ls ssk-pls GS 
A1 35-70 5YR 3/3 5YR 3/2 2 fn grn ssft ls sk-vpls GS 
Bt 70-93 5YR 2.5/1 5YR 3/1 2 mid abk h vfr sk-vpls DS 

Cr1 93-132 7.5YR 4/2 7.5YR 3/4 1 crs sbk h fr nsk-npls DW 
Cr2 132-158+ 7.5YR 4/4 7.5YR 4/3 1 vcrs prs vh fm nsk-npls - 

P09 
Ap 0-15 5YR 3/2 5YR 3/1 2 fn grn sh fr vsk-vpls CS 
Bw 15-111 5YR 3/1 5YR 4/2 3 mid abk h vfr sk-vpls CW 
Cr 111-169+ 2.5YR 4/3 5YR 5/2 2 crs sbk vh vfr nsk-npls - 

P10 
Oa 0-14 5YR 3/1 5YR2.5/2 1 fn grn sft vfr ssk-spls CS 
A1 14-58 5YR 4/3 5YR 4/1 2 mid abk sh vfr sk-pls DS 
Bt 58-152+ 5YR 2.5/2 5YR 2.5/1 2 mid sbk sh fr sk-pls - 

*1. 1= weak; 2 = moderate; 3 = slightly strong; 4 = moderately strong; 5 = strong; 6 = very strong; vfn = very 

fine; fn = fine; mid = medium; crs = coarse; vcrs = very coarse; cru = crumb; grn = granular; prs = prismatic; 

abk = angular blocky; sbk = subangular blocky; grd = Grade 

*2. sh = slightly hard; mh = moderately hard; h = hard; vh = very hard; fr = friable; vfr = very friable; fm = firm; 

vfm = very firm; pls = plastic; vpls = very plastic; sk = sticky; vsk = very sticky; spls = slightly plastic; ssk = 

slightly sticky; vssk = very slightly sticky; nsk = non sticky; npls = non plastic; ls = loose, sft = soft; ssft = 

slightly soft. 

*3. A = Abrupt; C = Clear; G = Gradual; D=Diffuse; I = Irregular; S = Smooth; W = Wavy 

 

The dry consistence of surface soils varied from soft to slightly hard when moist, and the wet 

consistence was loose to friable, and slightly sticky and slightly plastic to very sticky and very 

plastic. Likewise, the subsurface horizons had slightly hard to very hard (dry), except Pedon-
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08 which had slightly soft to very hard, friable to very firm (moist), and slightly sticky/ 

slightly plastic to very sticky/very plastic (wet) consistence with variable boundaries (Table 

4.1, Appendix Table 2-11). These variable consistences suggest that the composition of 

organic materials, microbial activities, and the amount of clay and clay mineralogy are 

variable. The study conducted by Ashenafi et al. (2010), and Mulugeta and Sheleme (2010) 

revealed that the friable consistence of the surface soils indicate that the soils are workable at 

appropriate moisture content and are high in OM contents at the soil surfaces. 

 

4.3.2. Soil Physical Properties 

 
4.3.2.1. Particle Size Distribution 

 

Clay was the dominant fraction among the three particle sizes of the studied soils (Table 4.2). 

As a result, the textural classes vary from sandy loam to silty clay loam at the surface layers and silty 

clay to clay in the subsurface layers. Moreover, none of the fractions showed consistent pattern 

within depth, although clay fraction increased irregularly with soil depth (Table 4.2). This 

textural variation might be caused by an illuvial accumulation of clay, the predominant 

pedogenetic formation of clay in the subsoil, the destruction of clay structures at the surface 

horizon due to anthropogenic activities, selective surface erosion of clay, upward movement of 

coarser particles due to swelling and shrinking, the microbial and biological activity and a 

combination of two or more of the above stated processes. 

 

The clay fraction of the soils varies from 19 to 64 percent at the surface and 41 to 73 percent in 

the subsurface horizons, and generally increased with depth with some irregularities. Buol et 

al. (2011), and Prasad and Govardhan (2011) reported accumulation of clay in subsurface 

horizons and attributed this to the in situ formation of secondary clays, the weathering of 

primary minerals in B-horizon or the residual concentration of clays from the selective 

dissolution of more soluble minerals. 

 

The clayey texture of lower depths and slopes tends to be more frequent, which could be 

associated with the accumulation of clay due to the lateral movement of finer fractions from 

the surface as a result of erosion, flooding of the pedons at the lower slope or clay translocation 
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within the pedons. The silt to clay ratio was generally less than one, and decreased with soil 

depth. Nevertheless, the surface horizon of P03, P04 and P10, C horizon of P06 and P07, and the 

whole layers of P08 showed a ratio of more than one. As it was reported by Nahusenay et al. 

(2014), the low silt to clay ratio of the subsoil layers indicates the presence of clay migration 

and translocation within the pedons, and an advanced stage of soil development.  

 

Table 4.. Soil particle size distribution in Wachacha Sub-watershed 
Pedon Horizon Depth (cm) Particle distribution (%) 

Textural class 
Silt/Clay 

 
 

 Sand Silt Clay 
 

P01 
Ap 0-13 31 31 38 Clay loam 0.83 
Ak 13-80 15 23 62 Clay 0.36 
Btk 80-203+ 19 9 72 Clay 0.12 

P02 
Ap 0-47 13 24 63 Clay 0.37 
Ass 47-100 15 28 57 Clay 0.48 

Btkss 100-188+ 16 13 71 Clay 0.18 

P03 

Ap 0-16 16 49 35 Silty clay loam 1.39 
A1 16-47 13 36 51 Clay 0.71 

Bss1 47-133 16 41 43 Silty clay 0.97 
Bss2 133-202+ 16 40 44 Clay 0.91 

P04 

Ap 0-30 13 49 38 Silty clay loam 1.26 
AB 30-45 14 40 46 Clay 0.86 

Btss1 45-95 14 34 52 Clay 0.64 
Btss2 95-180+ 20 34 46 Clay 0.73 

P05 

Ap 0-14 16 26 58 Clay 0.46 
A1 14-53 15 24 61 Clay 0.39 
Ass 53-96 14 28 58 Clay 0.47 
Btss 96-193+ 16 16 68 Clay 0.24 

P06 
Ap 0-20 20 33 47 Clay 0.68 
Bw 20-115 11 26 63 Clay 0.42 
Cr 115-175+ 14 46 40 Silty clay 1.16 

P07 

Ap 0-19 33 31 36 Clay loam 0.86 
A1 19-58 26 36 38 Clay loam 0.97 
Cr1 58-80 24 35 41 Clay 0.85 
Cr2 80-85+ 25 46 29 Clay loam 1.61 

P08 

Oa 0-35 43 33 24 Loam 1.30 
A1 35-70 31 36 33 Clay loam 1.12 
Bt 70-93 19 43 38 Silty clay loam 1.10 

Cr1 93-132 20 43 37 Clay loam 1.13 
Cr2 132-158+ 21 55 24 Silt clay 2.32 

P09 
Ap 0-15 18 34 48 Clay 0.69 
Bw 15-111 13 23 64 Clay 0.35 
Cr 111-169+ 16 31 53 Clay 0.60 

P10 
Oa 0-14 55 26 19 Sandy loam 1.40 
A1 14-58 11 23 66 Clay 0.34 
Bt 58-152+ 11 21 68 Clay 0.31 
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4.3.2.2. Bulk Density and Total Porosity 

 

The values of bulk density were relatively lower at the surface horizons compared with the 

subsurface horizons ranging from 0.83-1.28 and 1.14-1.44 g cm
-3

, respectively, and generally 

showed an increasing trend with soil depth in most of the pedons (Table 4.3). Based on the 

general relationship of soil bulk density to root growth, the bulk density for root growth 

restriction for clayey and silty soil is greater than 1.47 g cm
-3

 and 1.65 g cm
-3

, respectively 

(USDA, 2008). As a result, the bulk density values of the studied soils were found to be within 

the acceptable range indicating that there is no compaction problem which restricts plant root 

development. The low bulk density value recorded in P08 could be due to the high soil organic 

matter in the surface layers of the soils. 

 

The total porosity (f) of the studied soils varied from 51.7 to 68.8 percent at the surface 

horizons, while that of the subsurface horizons ranged from 45.7 to 57.1 percent (Table 4.3). 

The decrease of porosity with soil depth might be related to the distribution of OM content and 

natural compaction of the subsurface soils. As the soil OM contents decreased, the soils would 

be less aggregated resulting in an increase of bulk density. The relationship between bulk 

density and total porosity is typically inverse. Generally, total porosity decreases with the 

increase of soil depth and bulk density. Michael (2008) stated that the values of total porosity 

were between 40 and 60 percent for clay soils.  

 

4.3.2.3. Soil Water Retention 

 

The soil water content retained at field capacity (-1/3 bars) and permanent welting point 

[PWP] (-15 bars) varied from 272.4 to 446.7 and from 112.6 to 258.6 mm/m, respectively. 

Frequently, the highest water contents were recorded at the subsurface horizons, while the 

lowest values were observed at the surface horizons. This high water retention capacity of the 

soils could be the result of the high clay and OM content (Mesfin, 1998) recorded in the study 

area (Table 4.3), which are having tremendous scope to retain/absorb water in the soil.  
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Table 4.. Bulk density, total porosity, field capacity, PWP, and AWHC of soils in Wachacha 

Sub-watershed 
Pedon Horizon Depth 

(cm) 

ρb 

(g cm
-3

) 

TP FC PWP AWHC 

  
(%) (%v/v) (%v/v) (mm/m) 

P01 
Ap 0-13 1.00 62.3 40.30 19.17 211.3 
Ak 13-80 1.15 56.6 44.34 19.55 247.9 
Btk 80-203+ 1.18 55.5 41.45 18.91 225.4 

P02 
Ap 0-47 1.14 57.1 40.09 18.15 219.4 
Ass 47-100 1.20 54.7 31.27 16.59 146.8 

Btkss 100-188+ 1.22 54.0 35.04 15.38 196.6 

P03 

Ap 0-16 1.28 51.7 34.04 19.99 140.5 
A1 16-47 1.22 54.0 31.11 15.88 152.3 

Bss1 47-133 1.25 52.8 38.80 18.76 200.4 
Bss2 133-202+ 1.25 52.8 38.84 18.51 203.3 

P04 

Ap 0-30 1.21 54.4 36.55 15.55 210.0 
AB 30-45 1.22 54.1 37.80 17.72 200.8 

Btss1 45-95 1.22 54.0 32.78 14.71 180.7 
Btss2 95-180+ 1.25 52.8 33.77 19.72 140.5 

P05 

Ap 0-14 1.21 54.3 27.58 17.15 104.3 
A1 14-53 1.33 49.8 42.27 20.83 214.4 
Ass 53-96 1.36 48.7 35.54 16.13 194.1 
Btss 96-193+ 1.44 45.7 38.37 16.16 222.1 

P06 
Ap 0-20 1.24 53.2 27.24 12.55 146.9 
Bw 20-115 1.25 52.8 34.59 19.58 150.1 
Cr 115-175+ 1.31 50.6 34.74 16.89 178.5 

P07 

Ap 0-19 1.24 53.1 28.21 15.22 129.9 
A1 19-58 1.29 51.3 31.16 13.87 172.9 
Cr1 58-80 1.27 52.1 29.90 17.55 123.5 
Cr2 80-85+ 1.32 50.2 31.69 11.26 204.3 

P08 

Oa 0-35 0.83 68.8 39.64 18.09 215.5 
A1 35-70 1.14 57.0 34.49 19.80 146.9 
Bt 70-93 1.15 56.4 34.37 16.01 183.6 

Cr1 93-132 1.18 55.4 42.06 25.86 162.0 
Cr2 132-158+ 1.19 55.0 44.67 18.43 262.4 

P09 
Ap 0-15 1.23 53.6 38.32 20.39 179.3 
Bw 15-111 1.23 53.4 34.14 14.20 199.4 
Cr 111-169+ 1.25 52.8 31.26 16.58 146.8 

P10 
Oa 0-14 1.09 58.9 31.84 18.92 129.2 
A1 14-58 1.15 56.5 42.40 21.91 204.9 
Bt 58-152+ 1.28 51.6 42.06 20.31 217.5 

Ρb = Bulk density; TP = Total porosity; FC = Field capacity; PWP = Permanent wilting points; AWHC = 

Available water holding capacity 

 

The available water holding capacity (AWHC) revealed an irregular trend with soil depth in all 

the pedons evaluated. It ranged from 104.3 to 262.4 mm/m. The AWHC were influenced by 

OM and clay contents of the layers. High clay distribution within soil layers resists the 

movement of water due to high micro-pore proportion that store water hygroscopically. 

Corresponding to this, Rawls et al. (2003) revealed that soils with clay content of greater than 

19 percent showed an increase in the average water maintenance. Therefore, the presence of 
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appreciable amount of finer fractions in subsurface soils could increase the water holding 

capacity of the soils and facilitate a longer period of soil water retention for crop utilization. 

Following the rating suggested by McIntyre (1974) (cited in Hazelton and Murphy, 2007), the 

AWHC of the soils in the study area falls within the range of medium (100-200 mm/m) to high 

(> 200 mm/m). 

 

4.3.3. Soil Chemical Properties 

 

4.3.3.1. Soil pH and Calcium carbonate 

 

Surface soil pH (H2O) varied from 6.40 to 6.75, while the subsurface soils had a pH range of 

5.28 to 8.68. Generally, the pH increased with soil depth (Table 4.4). This might be due to the 

accumulation of bases by the downward translocation of basic cations from the surface and 

successive depositions at the lower depth and the effect of organic acid contained in soil 

organic matter. The pH (KCl) values ranged from 4.26 to 5.89 and 3.77 to 6.91 at the surface 

and subsurface soils, respectively. In all pedons, pH(H2O–KCl) values were positive ranging 

from 0.86 to 1.79 (Table 4.4). This indicates the presence of net negative charge on colloidal 

particles of the exchange sites; hence,  higher  ΔpH  (1.79)  for  B2-horizon  of  Pedon P04 

indicates  the  presence  of  appreciable  amount  of negatively  charged  clay  colloids. As 

per Landon (2014), the surface soils of the study area are within the preferable pH range of 

medium for most crops since most of the essential nutrients become available at pH above 5.5 

(Appendix Table 12).  

 

Field observation of carbonates with diluted (10%) HCl confirmed that there were clear and 

visible fizzes when tested particularly on subsurface horizon B of P01. Further laboratory 

assessment of respective Pedons revealed that there were small, but visible fizzes on horizon A 

and A2 of P01 and P02, respectively. The relatively high values of Calcium carbonate of 22 

and 18 percent within B and A horizons, respectively, of Pedon P01 could be due to leaching 

of calcium in the lower section of the watershed highly prone to seasonal waterlogging. 

Horizon A2 of P02 showed calcium carbonate at 12 percent.  
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4.3.3.2. Organic Matter, Total Nitrogen, C:N ratio, and Available Phosphorus 

 

The soil organic matter (SOM) content of the study area varied from 1.8 to 16.7 and 0.2 to 

7.5 percent at the surface and subsurface soils, respectively (Table 4.4). The OM content 

showed a decreasing trend with soil depth in all pedons. This might be attributed to biomass 

additions on surface horizons. The highest (16.7) and the lowest (2.1 percent) OM contents of 

the surface layers were recorded in forest (Pedon 10) and cultivated lands (Pedon 6), 

respectively (Table 4.4). Dengiz and Info (2010) and Sheleme (2011) suggested that the lower 

OM content under cultivation practices could be due to the rapid decomposition and 

mineralization of the OM. According to Tekalign‟s (1991) ratings, the SOM content of the 

study area was in the very low to very high range (Appendix Table 12). 

 

Similarly, total nitrogen (TN) varied from 0.11 to 0.77 and 0.03 to 0.35 percent for the surface 

and subsurface soils, respectively. The TN content decreased with depth in all pedons as SOM 

did (Table 4.4). According to Tekalign‟s (1991) ratings, TN content of the studied soils were 

categorized under very low to medium ranges with the exception of PedonsP08 and P10 which 

showed high values of TN at the surface soils. This could be due to the soil OM which is the 

main source of TN in soils since soil N is positively correlated with soil OM content. Hartz 

(2007) stated that soils with less than 0.07 percent TN have limited N mineralization potential, 

while those having greater than 0.15 percent TN are expected to mineralize a significant 

amount of N during the succeeding crop cycle revealing that most of the study soils have good 

potential of N mineralization. 

 

The carbon to nitrogen (C:N) ratio showed irregular distribution with soil depth (Table 4.4). In 

some of the pedons, the C:N ratio of the studied soils was not within the common range (8:1-

15:1) for arable soils proposed by Brady and Weil (2008). The observed high C:N ratio of the 

soils in the surface soils of P08 and P10 could be attributed to the presence of slightly 

decomposed OM and limited N, which is a typical  characteristic of forest soils. Nevertheless, 

the lowest ratio along the subsurface of particularly P06 and P08 needs further independent 

study (Table 4.4). These differences among the pedons could be attributed to the effect of 

variation in land uses and parent material along the sub micro-shed. Intensive and continuous 
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cultivation enhances OM oxidation resulting in reduction of TN as compared to virgin, grass, 

and fallow lands. 

 

Table 4.. Soil organic matter, total nitrogen, carbon to nitrogen ratio, and available 

phosphorous 
Pedon Horizon Depth (cm) H2O KCl pH SOM (%) TN (%) C/N P ppm 

P01 
Ap 0-13 7.04 5.47 1.57 4.4 0.21 12.0 9.52 
Ak 13-80 8.40 6.65 1.75 1.9 0.09 11.9 4.27 
Btk 80-203+ 8.68 6.91 1.77 0.8 0.04 10.0 2.33 

P02 
Ap 0-47 6.11 4.82 1.28 3.3 0.17 11.2 5.63 
Ass 47-100 6.83 5.19 1.63 1.5 0.09 10.4 3.23 

Btkss 100-188+ 8.08 6.44 1.64 1.3 0.08 9.7 1.25 

P03 

Ap 0-16 5.73 4.56 1.17 3.3 0.18 10.5 14.32 
A1 16-47 6.51 5.26 1.25 1.5 0.10 8.2 0.46 

Bss1 47-133 7.46 5.97 1.49 0.9 0.07 7.8 2.16 
Bss2 133-202+ 7.55 5.96 1.59 1.0 0.07 8.2 6.17 

P04 

Ap 0-30 5.95 4.62 1.33 3.4 0.20 10.0 4.85 
AB 30-45 5.85 4.19 1.66 2.4 0.15 9.3 8.33 

Btss1 45-95 6.32 4.63 1.68 1.5 0.10 8.8 1.26 
Btss2 95-180+ 6.59 4.80 1.79 1.2 0.09 7.6 0.82 

P05 

Ap 0-14 6.30 4.98 1.32 2.1 0.11 10.9 1.42 
A1 14-53 6.43 5.00 1.43 1.6 0.08 11.7 0.46 
Ass 53-96 6.70 5.12 1.58 1.6 0.07 12.4 0.45 
Btss 96-193+ 7.30 5.56 1.73 0.4 0.04 6.3 0.01 

P06 
Ap 0-20 5.40 4.26 1.15 2.0 0.13 9.1 3.91 
Bw 20-115 6.19 4.79 1.40 0.8 0.07 6.6 0.07 
Cr 115-175+ 6.43 4.93 1.50 0.4 0.04 5.2 0.06 

P07 

Ap 0-19 5.71 4.59 1.12 2.1 0.13 9.8 13.51 
A1 19-58 5.60 4.44 1.16 2.2 0.13 9.9 10.40 
Cr1 58-80 6.19 4.74 1.45 2.5 0.14 10.7 9.77 
Cr2 80-85+ 6.18 4.74 1.45 0.8 0.06 7.5 36.17 

P08 

Oa 0-35 6.40 5.35 1.04 10.5 0.45 13.4 10.35 
A1 35-70 5.65 4.60 1.05 7.5 0.34 12.8 7.90 
Bt 70-93 5.28 3.94 1.34 1.7 0.09 10.7 4.21 

Cr1 93-132 5.30 3.85 1.45 1.3 0.08 9.4 0.66 
Cr2 132-158+ 5.53 3.77 1.76 0.2 0.03 3.6 69.63 

P09 
Ap 0-15 5.52 4.48 1.03 3.2 0.20 9.5 3.04 
Bw 15-111 6.39 5.05 1.34 0.8 0.07 6.8 0.05 
Cr 111-169+ 6.17 5.10 1.07 0.5 0.05 5.4 0.19 

P10 
Oa 0-14 6.75 5.89 0.86 16.7 0.77 12.6 10.25 
A1 14-58 5.67 4.43 1.24 2.0 0.12 9.7 1.04 
Bt 58-152+ 5.42 4.01 1.41 0.6 0.06 5.5 1.57 

 

Considerable differences in the values of available phosphorus with soil depth were observed. 

Thus, the value ranged from 1.4 to 14.3 and 0.0 to 69.6 ppm in the surface and subsurface 

soils, respectively (Table 4.4). The available P showed a decreasing trend with soil depth; an 

exception of the relatively high available value in P07 and P08 along C horizons could be 

attributed to parent material (Table 4.4). Furthermore, the decreasing trend with depth could be 
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attributed to an increase in clay content and decrease in soil OM content. The surface soils had 

relatively higher available P (1.4 to 14.3 ppm) than that of subsurface soils (0.01 to 8.3ppm) 

with the exception of C horizon of pedons P07 and P08. The higher subsurface available P on 

subsurface of those pedons might be due to high inherent P content of the parent material. As 

per the study conducted by Yohannes (1999) (cited in Endalkachew, 2016) in Habro highlands 

of Hararghe area, higher available P values (63.0-56.0 ppm) were observed on the middle 

horizons (24-87 cm) of Nitisols of the soil profile. Based on the available P ratings suggested 

by Cottenie (1980), the available P content of the studied soils fall in the very low to low 

range with the exception of C horizon in P07 and P08 showing very high value. This indicates 

that available P is one of the most limiting nutrients for crop production in the study area. 

 

4.3.3.3. Exchangeable Cations, CEC, and Percent Base Saturation 

The overall trends showed that the exchangeable cations (Ca
2+

, Mg
2+

 and Na
+
) increased with 

soil depth for most profiles, except pedons of the forest area where values decreased with 

depth. Exchangeable K
+ 

showed decreasing trends with depth over the study area soils. The 

lower surface exchangeable cations indicate they could be depleted by plant uptake or moved 

downwards to the subsurface horizons (B-horizons). This might be also due to the existence of 

Ca and Mg bearing parent materials, slope of the area, percolation processes, and the presence 

of K rich primary minerals. As was also reported by Ashenafi et al. (2010) and Nahusenay et 

al. (2014) the increment of exchangeable bases with depth was due to leaching process. The 

exchangeable Na accounted for 0.03 to 9.4 percent of the exchangeable cations, with the 

lowest and highest values in pedons P01 and P09, respectively (Table 4.5). The Na content 

throughout the profiles of all pedons was low except P01 and P09, indicating the absence of 

sodicity problem. As per FAO (2006) ratings, the exchangeable bases were medium to very 

high for Ca and Mg, low to very high for K (surface ranging from 0.40 to 1.75 and 0.17 to 

1.79 at the subsurface) and Na (surface ranging from 0.04 to 3.18, and from 0. 04 to 9.43 at the 

subsurface) soils of all pedons (Table 4.5). 

 

The values of CEC at the surface and subsurface many horizons had pretty low CEC‟s in 

spite of at least moderate clay contents. On the surface soils, the value ranges from 13.3 to 44.6 

cmolc kg
-1

, while it varied from 11 to 54.5 cmolc kg
-1 

along the subsurface soils (Table 4.5). 
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In accordance with Landon (2014) ratings, it is considered low to very high. The high CEC 

values for soils of the study area indicate good nutrient retention and buffering capacity. 

Following the high exchangeable bases recorded in soils of the study area, the base saturation 

(BS) was also high. As stated by Landon (2014), soils having high rated base saturation of 

greater than 60 percent are considered fertile soils. In accordance with this rating, soils of the 

study area with their high BS can be categorized as fertile soils. Furthermore, as per Hazelton 

and Murphy (2007) ratings, the BS of the studied soils ranged from medium to very high 

(Table 4.5, Appendix Table 12). 

 

Table 4.. Exchangeable bases, Ca/Mg ratio, CEC of soil and clay, and base saturation 

Pedon Horizon 
Depth 

(cm) 

Exchangeable base (cmolc kg
-1

) 
Ca/Mg 

CEC (cmolc kg
-1

) Percent 

Base Ca Mg K Na Soil Clay 

P01 
Ap 0-13 30.0 9.0 1.75 3.18 3.4 44.6 95.2 98.6 
Ak 13-80 32.6 10.5 1.79 9.43 3.1 54.5 81.0 99.6 
Btk 80-203+ 35.8 8.1 1.01 5.52 4.4 50.6 67.2 99.8 

P02 
Ap 0-47 22.0 6.0 1.21 0.86 3.6 30.5 37.5 98.5 
Ass 47-100 22.7 5.3 1.18 2.67 4.3 32.1 50.5 99.0 

Btkss 100-188+ 39.9 6.9 1.01 4.01 5.7 52.0 69.2 99.8 

P03 

Ap 0-16 8.8 2.5 0.90 0.10 3.5 13.3 18.8 92.8 
A1 16-47 13.3 3.6 1.02 0.31 3.7 18.5 30.3 98.7 

Bss1 47-133 15.2 3.7 0.97 0.65 4.1 20.6 44.3 99.2 
Bss2 133-202+ 18.2 4.6 1.07 0.71 4.0 24.8 52.0 99.0 

P04 

Ap 0-30 11.7 3.2 0.40 0.37 3.6 16.5 24.7 95.3 
AB 30-45 11.2 3.3 0.41 0.64 3.4 27.1 48.1 57.4 

Btss1 45-95 12.1 3.6 0.44 0.77 3.4 17.4 27.5 97.4 
Btss2 95-180+ 11.3 3.3 0.37 0.72 3.4 16.1 29.4 97.5 

P05 

Ap 0-14 19.3 5.5 1.46 0.21 3.5 26.8 39.5 98.8 
A1 14-53 20.1 5.3 1.24 0.76 3.8 27.7 39.8 99.0 
Ass 53-96 19.7 4.5 0.97 0.97 4.3 26.4 39.4 99.2 
Btss 96-193+ 29.1 6.0 0.93 1.06 4.9 37.2 53.9 99.7 

P06 
Ap 0-20 8.6 2.5 1.00 0.06 3.4 20.5 34.7 59.4 
Bw 20-115 12.0 4.1 1.09 0.10 2.9 17.4 25.5 99.2 
Cr 115-175+ 11.4 3.9 0.85 0.12 3.0 16.3 38.9 99.4 

P07 

Ap 0-19 7.9 1.8 0.59 0.05 4.3 18.1 38.0 57.7 
A1 19-58 8.0 1.7 0.44 0.06 4.7 17.9 35.9 57.0 
Cr1 58-80 10.2 1.9 0.34 0.09 5.5 12.9 19.0 96.4 
Cr2 80-85+ 9.1 1.5 0.17 0.14 6.1 11.6 34.7 94.1 

P08 

Oa 0-35 17.4 5.3 0.87 0.08 3.3 24.4 13.8 97.0 
A1 35-70 10.9 4.4 0.67 0.10 2.5 28.6 41.8 56.2 
Bt 70-93 8.9 3.9 1.12 0.13 2.3 23.3 51.3 60.6 

Cr1 93-132 9.6 4.6 1.02 0.13 2.1 25.0 59.8 61.0 
Cr2 132-158+ 6.7 2.6 0.24 0.22 2.6 17.4 71.2 56.4 

P09 
Ap 0-15 7.6 2.2 1.53 0.03 3.5 19.1 25.8 59.3 
Bw 15-111 7.7 3.3 1.17 0.04 2.4 12.3 16.4 99.4 
Cr 111-169+ 6.9 3.4 0.55 0.07 2.0 11.0 19.1 99.2 

P10 
Oa 0-14 26.0 5.6 1.50 0.05 4.6 34.2 4.0 96.9 
A1 14-58 6.0 3.6 0.91 0.05 1.7 17.5 20.4 60.3 
Bt 58-152+ 3.3 3.8 0.41 0.07 0.9 12.3 16.5 61.3 
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4.3.4.4. Extractable Micronutrients 

 

The available micronutrients of the surface soils were higher than the subsurface soils due to 

the relatively higher soil OM content in the surface soils (Table 4.6). The available 

micronutrients decreased with increasing soil depth. According to the criteria set by Benton 

(2003), the available micronutrients of the studied soils were categorized under medium to 

high in Fe (from 2. 5 to 175 ppm), very low to medium in Cu (from 0.10 to 3.64 ppm), very 

low to medium in B (0.01 to 0.70 ppm), very low to high in Mn (from 0.9 to 85 ppm) and low 

to very high in Zn (from 0.7 to 32 ppm). In general, the available micronutrient contents of 

most of the studied soils were above the critical levels of the respective micronutrients, 

implying that there is no urgent need for available micronutrients application for the time 

being. 

 

Hartz (2007) also reported that fertilizer response is unlikely for values greater than 10.0, 3.0, 

1.5, and 1.0 for Fe, Mn, Zn and Cu, respectively. The contents of Fe and Mn were the highest 

in pedon P04 and P03, respectively. The relatively very high value of Fe along the subsurface 

of pedon P04 may be attributed to the existing grass land use and seasonal flooding. 

Numerically, wide variation was observed on both Fe and Mn contents among the surface and 

subsurface horizons of the pedons. The highest values of Zn (31.6 ppm) and Cu (3.64 ppm) 

were observed in pedon P10 and P01, respectively, whereas the corresponding lowest values 

(0.68 and 0.10) were recorded in pedon P10 and P07, respectively. Relatively higher values of 

available micronutrients were recorded under forest land use as compared to the cultivated 

land. This might be due to the fact that forest soils have low human interference and 

continuous accumulation of plant materials. 
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Table 4.. Extractable micronutrient contents of soils in Wachacha Sub-watershed 
Pedon Horizon Depth  

(cm) 

Micronutrients (ppm) 

  

Fe Mn Zn Cu B 

P01 
Ap 0-13 57.2 54.1 3.8 3.64 0.37 
Ak 13-80 13.3 4.6 1.6 1.87 0.70 
Btk 80-203+ 8.7 0.9 6.7 1.17 0.22 

P02 
Ap 0-47 57.4 26.0 4.0 2.87 0.22 
Ass 47-100 31.1 27.8 3.1 2.22 0.18 

Btkss 100-188+ 15.3 1.9 4.3 1.77 0.28 

P03 

Ap 0-16 92.6 84.6 5.4 2.41 0.35 
A1 16-47 27.1 24.6 4.6 1.39 0.32 

Bss1 47-133 12.9 12.9 2.3 0.96 0.27 
Bss2 133-202+ 20.3 7.8 6.5 1.44 0.24 

P04 

Ap 0-30 92.6 79.4 6.0 2.31 0.31 
AB 30-45 74.9 38.6 7.2 3.22 0.46 

Btss1 45-95 71.8 36.9 5.0 2.07 0.27 
Btss2 95-180+ 54.1 36.5 6.6 1.76 0.24 

P05 

Ap 0-14 37.7 27.1 3.5 2.01 0.23 
A1 14-53 42.4 15.5 3.4 1.93 0.23 
Ass 53-96 32.1 12.4 7.9 1.81 0.17 
Btss 96-193+ 11.0 9.6 5.0 0.85 0.07 

P06 
Ap 0-20 38.7 49.5 2.7 1.01 0.18 
Bw 20-115 11.7 19.2 1.6 0.69 0.15 
Cr 115-175+ 8.0 10.7 2.9 0.35 0.13 

P07 

Ap 0-19 34.8 28.7 3.3 0.40 0.20 
A1 19-58 45.2 22.6 6.6 0.44 0.23 
Cr1 58-80 56.3 12.4 6.4 0.40 0.26 
Cr2 80-85+ 12.1 3.4 6.3 0.10 0.13 

P08 

Oa 0-35 86.1 35.5 5.0 0.54 0.50 
A1 35-70 97.7 45.3 3.1 0.50 0.35 
Bt 70-93 20.1 18.2 1.1 0.17 0.04 

Cr1 93-132 16.4 16.6 1.1 0.13 0.03 
Cr2 132-158+ 16.2 9.8 0.8 0.11 0.03 

P09 
Ap 0-15 49.3 50.5 5.9 1.53 0.27 
Bw 15-111 4.7 9.1 2.3 0.43 0.19 
Cr 111-169+ 4.1 7.3 4.4 0.35 0.17 

P10 
Oa 0-14 83.6 41.8 31.6 2.14 0.68 
A1 14-58 57.5 19.1 1.6 0.62 0.04 
Bt 58-152+ 12.5 8.9 0.7 0.18 0.01 

 

4.3.4. Classification of the Studied Soils Based on WRB 

 

Based on morphological, physical and chemical properties, the soils were classified according 

to WRB (2014) system (Table 4.7, 4.8 and Figure 4.2). Accordingly, most of the pedons had 

well-developed structure, dark colored surface horizons having a chroma of ≤ 3 and a value of 

≤ 3 when moist, and ≤ 5 when dry with one unit less than the parent material in both cases. 

The surface layers of most pedons had more than 0.6 percent organic carbon; bases saturation 

by 1 M NH4OAc (pH 7) ≥ 50% throughout between 20 and 100 cm from the mineral soil 
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surface qualifying as Orthoeutric; pH-H2O value of 6 or higher, and minimum thickness of 20 

cm or more. All the above meet the diagnostic criteria for Mollic horizon. 

 

The soils of pedon P07 occur mostly on granitic parent rock in (mountain) regions with a cool 

climate and a high cumulative precipitation. The four semi-profiles found around pedon P07 

showed remarkably very shallow depth of less than 25 cm over a sloppy terrain of more than 

30 percent. Thus, Pedon P07 could be generalized as a pedon having limited soil depth, with 

continuous rock within 25 cm of the soil surface. Less than 20 percent (by volume) of fine 

textured materials was found in the upper 75 cm of the soil surface and extremely gravelly 

materials are found in shallow soils at high altitude (above 2000 m) and strongly dissected 

topography. As a result, Pedon P07 is in the category of Reference Soil Group Leptosols. 

Furthermore, it is having a texture class of clay loam in a layer ≥ 30 cm thick qualifying as 

Loamic supplementary qualifier. Therefore, the pedon is classified as Mollic Leptosols 

(Loamic). 

 

Among the pedons, the subsurface horizons of Pedon P02, P03, P04 and P05 have a vertic 

horizon within 100 cm from the soil surface; the upper 20 cm mixed, 30 percent or more clay 

in all horizons to a depth of 100 cm or more, wedge-shaped structure; having hard to very hard 

structure when dry; alternate swelling and shrinking of clays resulting in deep wide cracks that 

open and close periodically and gilgai microrelief. Moreover, the upper 30 cm of the soil a 

Munsell colour value of ≤ 3 and a chroma of ≤ 2, both moist fulfill the requirements for Pellic 

principal qualifier. Furthermore, the pedons were having massive and hard to very hard in the 

upper 20 cm of the soils that fulfill the criteria of Mazic supplementary qualifier; and pH-H2O 

value of 6 or more; base saturation 80 percent or more in all parts between 20 and 100 cm 

from the soil surface which fulfill the requirements for hypereutric supplementary qualifier. 

Therefore, the pedons were classified as the reference soil group Pellic Vertisols (Hypereutric, 

Mazic). 

 

Soils of Pedon P08 and P10 accommodate deep, well-drained, red, tropical soils with gradual 

to diffuse horizon boundaries and a subsurface horizon with more than 30 percent clay and 

moderate to strong angular blocky structure with shiny aggregate faces. There is no abrupt 
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colour difference with the horizons directly above and below. The pedons are predominantly 

found in hilly landscapes (at the altitude > 2000 m) with dissected topography. The nitic 

horizon starts within 100 cm from the soil surface, lacking a ferric, plinthic or vertic horizon 

within 100 cm from the soil surface. The soil profile development is A B(t)C-horizons; red or 

reddish brown clayey soils with a „nitic‟ subsurface horizon of high aggregate stability. The 

pedons were having hard when dry, very friable to firm when moist and sticky and plastic 

consistence when wet. Moreover, the CEC (by 1 MNH4OAc, pH 7) is < 36 cmolc kg-1 clay, 

or even < 24 cmolc kg-1 clay and the soil-pH (H2O) is typically between 5.0 and 6.5. 

Moreover, many surface layers exhibit andic properties containing high amount of organic 

matter (≥ 5%), commonly very dark colored (Munsell colour were red or reddish-brown of 

value and chroma of ≤ 3, moist), and have a fluffy macrostructure fulfilling andic 

supplementary qualifier. They have a low bulk density and commonly have a silt loam or finer 

texture. The surface layers are having ≥ 1% soil organic carbon in the fine earth fraction as a 

weighted average to a depth of 50 cm from the mineral soil surface qualifying humic 

supplementary qualifier. These criteria qualify for reference soil group Mollic Nitisols (Andic, 

humic).  

 

The typical moderately soil profile developed has an A(B)C horizon sequence with a mollic 

A-horizon over a cambic A(B)-horizon that has normally a yellowish-brown color but that 

may also be an intense red. The layer has higher clay contents than this underlying layer 

and/or evidence of removal of carbonates and/or gypsum. The layer was greater than 15 cm in 

thickness with loamy to clayey texture and moderately developed structure. The layer was 

therefore qualified for cambic horizon and the pedons were classified as Cambisols. The soil 

pH-H2O is having a neutral to weakly acidic soil reaction, a high porosity and good internal 

drainage and genetically young subsurface soil. Among the pedons, P06 and P09 showed color 

alteration and had higher chroma and value (moist), redder hue, higher clay content in its 

subsurface horizon than the overlying and underlying layers, and clay loam and very fine sand. 

The surface layers of the pedons have 0.6 percent or more organic carbon; the pedons having 

the pH-H2O value of 6 or higher; base saturation (by 1M NH4OAc) >50 percent in all parts 

between 20 and 100 cm from the soil surface which fulfill the requirements for eutric principal 

qualifier. Furthermore, layers of pedons were having a texture class of clay, or silty clay, in a 
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layer ≥ 30 cm thick, within ≤ 100 cm of the mineral soil surface or in the major part between 

the mineral soil surface and continuous rock qualifying clayic supplementary qualifier. 

Therefore, the layers were classified as the Reference Soil Group Eutric Cambisols (Clayic). 

 

The soils of pedon P01 are genetically young; a zonal in alluvial deposits; found along river 

bank; no groundwater and no high salt contents in the topsoil; and flooded periodically under 

natural conditions. Profiles show evidence of stratification and weak horizon differentiation 

but a distinct topsoil horizon is present. The soils whose formation was conditioned by the 

topography/physiography of the terrain; soils in lowlands (wetlands) with level topography; 

the thickness of 25 cm or more; having fluvic soil material starting within 50 cm from the soil 

surface; the percent base saturation > 80 percent in all parts between 20 and 100 cm from the 

soil surface (qualifies Eutric principal qualifier).  

 

Alike the criteria of Luvisols;  Pedon P01 has subsurface horizons with distinct higher clay 

content than the overlying horizons but doesn‟t reveals presence of illuvial clay qualifying 

argic horizon. The pedon shows stratification of recent sedimentation, a thickness of more than 

25 cm; irregularly decreases in organic carbon content with depth (but remains greater than 0.2 

percent to a depth of 100 cm). Thus, the Fluvic diagnostic materials with evident of 

stratification was therefore classified the pedon as Fluvisols. Moreover, pedon P01 has calcic 

horizon to a contrasting layer between 50 and 100 cm; developed foam upon addition of 1 M 

HCl, indicating a calcium carbonate equivalent near or more than 15% which qualifies for 

calcic subsurface diagnostic horizon. Thus, the pedon qualifies Calcaric and Eutric principal 

qualifier, and Clayic supplementary qualifier. Finally, the pedon was classified as the reference 

soil group Calcaric Eutric Fluvisols (Clayic).  
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Table 4.. Diagnostic horizons, properties, and soil classification according to WRB 

Pedon 

No 

Diagnostic horizon Diagnostic 

properties 
Soil classification 

Surface Subsurface 

P01 Mollic Calcic - Calcaric Eutric Fluvisols (Clayic) 

P02 Mollic Vertic Vertic Pellic Vertisols (Hypereutric, Mazic) 

P03 Mollic Vertic Vertic Pellic Vertisols (Hypereutric, Mazic) 

P04 Mollic Vertic Vertic Pellic Vertisols (Hypereutric, Mazic) 

P05 Mollic Vertic Vertic Pellic Vertisols (Hypereutric, Mazic) 

P06 - Cambic - Eutric Cambisols (Clayic) 

P07 Mollic -  - Mollic Leptosols (Loamic) 

P08 Mollic Nitic - Mollic Nitisols (Andic, humic) 

P09 - Cambic - Eutric Cambisols (Clayic) 

P10 Mollic Nitic - Mollic Nitisols (Andic, humic) 

 

Table 4.8 and Figure 4.2 present the distribution of major soils of the watershed; Pellic 

Vertisols cover 28.6 percent followed by Mollic Nitisols comprising 28.1 percent of the study 

watershed (4203 ha). Moreover, the remaining part of the watershed is covered by Eutric 

Cambisols (19.4 percent), Mollic Leptosols (12.2 percent), and Calcaric Eutric  Fluvisols (11.7 

percent). 

 
Table 4.. Distribution and area coverage of soil types of the selected Sub-watershed of the study area 

No Soil Type Area (ha) Percent 

1 Pellic Vertisols 1201 28.6 

2 Mollic Nitisols 1181 28.1 

3 Eutric Cambisols 816 19.4 

4 Mollic Leptosols 513 12.2 

5 Calcaric Eutric Fluvisols 492 11.7 

 

Total 4203 100.0 
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Figure 4.2. Soil map of Wachacha Sub-watershed. 
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4.4. CONCLUSION 
 

The soils in the watershed studied ranged from shallow to very deep with irregular A, B and C 

horizons due to the removal of surface materials as the result of interconnection between 

human dynamics and the landscape as well as the processes of landscape change. There were 

various soil depths, textures, structures, and colors due to the variability in organic matter 

contents, parent material, and anthropogenic activities. Chemically, the soils were slightly 

acidic to slightly alkaline, low to high CEC, and high base saturation at both the surface and 

bottom horizons for all pedons due to OM and high clay contents. There were considerable 

variations in morphological, and soil physicochemical properties. Some of the pedons revealed 

deep to very deep, moderately to poorly drained, clayey in texture and poor differentiation of 

their horizons especially around lower slope of Tefki plane where sedimentation is common. 

The agricultural potential of the soils are hampered by their stickiness associated with high 

clay content when wet and hardness when dry, and waterlogging and a serious problem of soil 

erosions also greatly affect crop production in the area.  

 

The measured morphological and soil physicochemical properties exhibited spatial variations 

of different degrees with soil depth. This indicates the existence of different degrees of 

limitations, potentials and management requirements, thus the consideration of which is 

fundamental for sustainable use of soil resources in the study area. Integrated soil management 

practices have to be designed to overwhelm the physical problems and special emphasis is 

required to alleviate surface drainage of lower slope of Tefki plane. Moisture conservation 

during the dry season and excess water drainage during the wet season are critical. According 

to the WRB (2014) soil classification system based on morphological, physical and chemical 

properties, the soils of the study area are identified (classified) as Pellic Vertisols, Mollic 

Nitisols, Eutric Cambisols, Mollic Leptosols, and Calcaric Eutric Fluvisols, which will help 

manage those soils accordingly. 
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OF ETHIOPIA 
 

ABSTRACT 

Crop land suitability mapping is making increasing use of GIS-based analysis in combination 

with multi-criteria decision analysis (MCDA) methods. This study made physical land 

suitability evaluation for rainfed production of three commonly grown crops of chickpea, 

wheat, and teff along the cultivated sub-watershed area (2,718 ha) of Wachacha, central 

highland of Ethiopia. A spatial fuzzy-MCDA method was applied for crop suitability 

mapping. It made use of eighteen causal factors identified by experts and literature. Fuzzy set 

theory was integrated with Analytical Hierarchical Process in order to use pairwise 

comparisons of criteria and attributes for ranking purposes. Normalized overall weight and 

reclassified attributes for the three identified crops (chickpea, wheat, and teff) were determined 

to be used in the weighted sum overlay analysis. Finally, crop suitability database was 

established for the three crops. The study produced land suitability maps of the area that 

allows the cultivation of the best cereal and pulse at the optimum location. The values 

obtained from the weighted sum overlay were reclassified into four suitability classes of 

highly suitable, moderately suitable, marginally suitable, and not suitable. Accordingly, 2656 

ha, 2417 ha, and 2329 ha of the study area were suitable for chickpea, teff, and wheat 

production, respectively, while currently the remaining area are not.  The current dominant 

limiting factors for the study crops suitability are available phosphorous, total nitrogen, steep 

slope, and flooding. Moreover, CEC (teff), organic carbon (teff), and drainage (chickpea and 

wheat) were also the limiting factors. Thus, areas which are not suitable for the identified crop 

production should be changed to other land use types after conducting further study. 

 

Keywords:Land evaluation; spatial multi-criteria decision analysis; Vertisols; central highlands 

 

5.1. INTRODUCTION 
 

Land evaluation is important due to increasing competition for land uses, deterioration of 

resources and the transition from subsistence to market-based farming (Blum and Laker, 

2003). The way people use land is mainly based on available technology, knowledge, culture 

and experiences. The land use attitude changes when the value and productivity of land 

changes (Ignas, 2004).  

 

It is the risk of land degradation that stands at the root of land evaluation. Land capability and 

land suitability assessment gained momentum in many countries in response to severe soil 
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erosion that threatened food production, the stability of our society and the environment. Land 

evaluation is the estimation of the possible behavior of the land when used for a particular 

purpose (Mokarram et al., 2010). Land suitability evaluation provides information on 

potentials and constraints based on evaluation of the bio-physical resources and therefore can 

guide decision makings on optimal utilization of land resources (FAO, 1983). It is a 

prerequisite for land-use planning and development (Sys 1985; Van Ranst et al; 1996; 

Mokarram et al., 2010).  

 

A major breakthrough in land evaluation methodology for rural areas dates back to the 1960s 

with the introduction of land capability concept (Klingebiel and Montgomery, 1961). The 

approach was developed to identify and classify areas allocated for different agrarian activities 

of irrigation, mechanized farming, grazing and forestry. In the late 1960s and early 1970s, 

attempt was made to add value to the results of soil surveys in order to determine land use 

potentials and promote land use patterns according to land potential by the Framework for 

Land Evaluation (FAO, 1976, 1983, 1984a).  

 

The suitability of areas for diverse agricultural uses is determined by an evaluation of the soil, 

climate, and topographical environmental components and the understanding of local 

biophysical constraints. These involve many variables where each one should be weighted 

according to their relative importance on the optimal growth conditions of crops through 

multi-dimensional decision making process, which can be handled and evaluated through 

multi-criteria decision analysis (MCDA) technique. The method combines the preferences and 

opinions of different stakeholders in a matrix to develop a final structure for ranking, 

screening and selecting different alternatives (Jankowski, 2006, Kahraman, 2008). Boolean 

overlay and Weighted Linear Summation were the most common methods of MCDA 

suitability analysis that were criticized most for not reflecting the decision makers‟ views 

clearly and comprehensively (Elaalem, 2012; 2013). 

 

The Analytic Hierarchy Process (AHP) has been incorporated into the MCDA approach. It is 

capable of expressing judgments analytically by breaking down a problem into smaller 

components and assigning weights (1 to 9 scale) using pairwise comparison matrix which 
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reduces biasness (Saaty, 1977, 1980). However, AHP was also criticized as it gives single 

crisp numbers to judgments which is not the proper way to deal with the inherent uncertainty 

and imprecision associated with the decision making process (Malczewski, 2004).  

 

Fuzzy logic technique integrates vagueness in the preferences of the decision makers (Zadeh, 

1965). The approach is based on fuzzy set theory which allows decision makers to give 

interval judgments rather than concrete or crisp values to criteria. Integrating fuzzy logic into 

the AHP process provides an improved and accurate representation between criteria and 

alternatives (Jiang et al., 2000; Malczewski, 2004; Kahraman, 2008). Since properties such as 

soil have continuous spatial variability‟s, fuzzy method which is based on continuous changes 

of criteria and attributes can evaluate suitability of land with better accuracy. This is proven by 

the field observation and the agreement with the work of Sanchez Moreno (2007) and 

Mokarram et al. (2010). 

 

Integrating Geographical Information Systems (GIS) with MCDA provides flexible and better 

alternatives to the decision makers to evaluate criteria used in land use suitability evaluation. 

Geographic Information System based MCDA land-use suitability technique is powerful and 

is gaining momentum over the last few decades (Malczewski, 2004). It enables computation of 

criteria while spatial multi-criteria decision analysis (SMCDA) used to group criteria‟s into 

suitability index (Florent et al., 2001). Hall et al. (1992) cited in Malczewski (2006) used map 

overlays to define homogeneous zones, but then applied classification techniques to assess the 

agricultural land suitability level of each zone. 

 

As in many developing countries, current land use in Ethiopia is not rationally planned. 

Therefore, there is an urgent need to use land in the most rational and sustainable way. Spatial-

MCDA offers a dynamic tool for multidimensional process of crop suitability. Remote sensing 

also provides spatial information such as land use/land cover, drainage and topography. One of 

the most important and serious issues in Ethiopia and particularly in the study area was to 

evaluate the suitability of land in order to improve agricultural land management and cropping 

patterns. There are further constraints for Ethiopian agriculture; lack of specific fertilizer 

recommendation, limited guidance to farmers on possible integration of fertilizer with other 
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soil and water management practices, and limited use of integrated and locally tailored 

solutions to tackle complexity of constraints. Crop rotation, fallowing and green manures are 

becoming difficult to implement in populated areas with small farm sizes, and even more 

where food supply is insecure (IFPRI, 2010).  

 

Achievement of sustainable development becomes realistic if areas such as Wachacha sub-

watershed successfully adapt sound land suitability evaluation. Hence, this demands the 

designing of GIS based chickpea (Cicer arietinum L.), teff (Eragrostis tef (Zucc.) and wheat 

(Triticum aestivum L.) crops suitability evaluation using Fuzzy-MCDA that evaluates the land 

in response to physical evaluation criteria of climate, topography, wetness, soil physical, and 

fertility characteristics. Therefore, this study evaluated the physical suitability of the Sub-

watershed for rainfed production of three major crops using the GIS-based Fuzzy-MCDA.  

Moreover, increasing availability and access to evaluation data of the sub-watershed is vital. 

 

5.2. MATERIALS AND METHODS 

 

5.2.1. Description of the Study Area 

 

The study area is situated in Wachacha Mountain Range, the source of water for the upper 

Awash River system of the Central Highland of Ethiopia. The astronomical location of the 

study area is 38°28'14.7'' E to 38°32'44.8'' E and 08°51'29.1'' N to 08°57'54.6'' N (Figure 1.1).   

The selected cultivated Sub-watershed of the study having an area of 2,718.1 ha is located 

below Suba National forest of Wachacha mountain ranges from 2060 to 2407 m-amsl (see 

Figure 1.1 in chapter one). The details of geographic, environmental and farming systems of 

the study area are presented under chapter section 1.2.  
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5.2.2. Land Suitability Evaluation and Classification  

 

Land suitability is the fitness of a given land for defined use (FAO, 1976). It is part of land use 

planning methodology that defines possible options for the future land use and helps to 

describe interactions of policies, institutions and information management (Ignas, 2004). The 

analysis aims at identifying the most appropriate spatial pattern for future land uses according 

to specific requirements, preferences, and predictors of activities (Malczewski, 2003).  

 

The process of land suitability classification is the appraisal and grouping of specific areas of 

land in terms of their suitability for defined uses (FAO, 1976; 2007). The three major crops 

land utilization types of the study were selected through discussion with the key informant 

farmers and development agents. During the selection, importance to the community and area 

dominance of the crops, suitability of soils, and agro-climatic conditions were considered. The 

crop land use requirements (LURs) were also selected based on agronomic knowledge of local 

experts and literature. Attribute data of all the eighteen diagnostic factors were organized in 

database format of excel and joined with locational data of sample points in ArcGIS platform. 

The spatial attributes were reclassified based on crop LURs.   

 

Table 5.. Land suitability classes and their characteristics (FAO, 1993) 
Order Class Description 

Suitable (S) 

S1 (Highly suitable) 

Land without significant limitations. Includes the best 20-

30 percent of suitable land as S1.This land is not without 

limitation but can be highly productive.  

S2 (Moderately suitable) 

Land that is clearly suitable but has limitations that either 

reduces productivity or increase the inputs need to sustain 

productivity compared with those needed for S1 land. 

S3 (Marginally suitable) 

Land with limitations so severe that benefits are reduced 

and/or the inputs needed to sustain production are 

increased so that this cost is only marginally justified. 

Not Suitable 

(N) 

N (Currently not 

suitable) 

Land with limitations to sustained use that cannot be 

overcome at a current acceptable cost. 

 

Based on the processed final weighted aggregate values, the study implemented suitable 

classes adopted from FAO (1993) (Table 5.1) using the conceptual suitability evaluation 

analysis model presented on Figure 5.1. The weighted value of each land characteristics was 

reclassified for each land use. Each parameter was given a value based on its suitability for 
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specific land use type. In order to overlay the attribute map layers weighted sum overlay of 

spatial analysis tools of ArcGIS was applied.   

 

5.2.3. Fuzzy Multi-Criteria Decision Making Process 

Fuzzy logic was initially developed by Lotfi Zadeh in 1965 as a generalization of classic logic. 

Fuzzy set is “a class of objects with a continuum grades of memberships”; the membership is a 

function that assigns to each object a grade ranging between zero and one, the higher the grade 

of the membership the closest the class value to one (Zadeh, 1965). The theory has been 

extensively utilized in soil science for land suitability evaluation, soil classification, and soil 

quality indices (Burrough, 1989).  

 

Multi-criteria decision analysis was designed in the 1960s to assist decision-makers to 

incorporate many options. The method involves input data, the decision maker‟s preferences 

and manipulation of both information using specified decision rules (Figure 5.1). It includes 

quantitative and/or qualitative data sets that are assessed on the basis of conflicting factors 

(Elaalem et al., 2010). Moreover, it combines a number of criteria and forms of an assessment 

index unit (Yu et al., 2011).  

 

Figure 5.1. Conceptual flow of suitability evaluation analysis model. 
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Thus, the analysis assists decision-maker in selecting the best alternative from the number of 

feasible choice-alternatives under the presence of multiple choice criteria. The alternatives of 

the study were evaluated by individuals like decision-makers, managers, stakeholders, and 

interest groups. The individuals are typically characterized by unique preferences with respect 

to the relative importance of criteria where the alternatives are evaluated (Malczewski, 2006). 

In order to reduce problem of large number of factors that affect decision-making, the 

suitability analysis would be recognized as a multi-criteria evaluation method (Reshmidevi et 

al., 2009; Maddahi et al., 2016).  

 

5.2.4. Analytical Hierarchy Process 

There is a relationship between suitability (goal), land quality (objectives) and the attributes in 

hierarchical structure (Malczewski, 2004) (Figure 5.2).The highest level can be decomposed to 

lower levels (attributes). In the 1980s Saaty (1980) developed the Analytic Hierarchy Process 

(AHP) method implemented for the study. The AHP considers evaluation criteria in a 

hierarchical structure. The procedure paves the way to include judgments on intangible criteria 

(Badri, 2001; Dadras et al., 2014). It is based on three principles: structure of the model, 

comparative judgment of the alternatives and criteria, and combination of the priorities. The 

relative importance of criteria and attribute of the study was based on literature, field 

observation, expert knowledge, and key groups (Figure 5.2).  

 

Table 5.. Triangular fuzzy numbers to construct pairwise comparison matrices (AHP and FAHP) 

Linguistic scale for 

importance 

AHP: Crisp 

number 

FAHP: Positive triangular scale (l, m, u) 

Extreme unimportance 9-1 (1/9,1/9,1/8) 

Very strongly 

unimportance 

7-1 (1/8,1/7,1/6) 

Strongly unimportance 5-1 (1/6,1/5,1/4) 

Moderate unimportance 3-1 (1/4,1/3,1/2) 

Intermediate Values 2-1
,
 4-1

, 6
-1

, 8
-1

 (1/3,1/2,1), (1/5,1/4,1/3), (1/7,1/6,1/5), (1/9,1/8,1/7) 

Equally importance  1 (1,1,2)  

Moderate importance  3 (2,3,4)  

Strongly importance  5 (4,5,6)  

Very strong importance  7 (6,7,8)  

Extreme importance  9 (8,9,9)  

Intermediate Values 2,4,6,8 (1,2,3), (3,4,5), (5,6,7), (7,8,9) 

Source: Saaty (1980) and Dadras et al. (2014).  
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During the process, pairwise comparison of Triangular Fuzzy Numbers (TFNs) of Fuzzy 

Analytical Hierarchy Process (FAHP) that would make comparison of two elements at a time 

was performed. The values for the pairwise comparison among fuzzy parameters and linguistic 

variables were determined (Table 5.2) (Saaty, 1980; Dadras et al., 2014) which was later 

aggregated using geometric means.  

 

Figure 5.2. Hierarchical organization of goal, objectives, attributes and alternative classes of the study. 

 

The value of the pairwise comparison on n criteria can be summarized in an (n x n) evaluation 

matrix A in which every element (aij (i,j = 1,2,…., n) is the proportion of criteria weights. 

 

The quality of analysis result of the AHP is closely relevant with consistency of the pairwise 

comparison judgments. The relation between the admissions of matrix A: aij x ajk = aik can 

define the consistency using equation 5.1.  

 

Consistency index (CI) = (λmax-n)/(n-1)       (5.1) 

where 

λmax= ∑ of the products between each element of the priority vector and column totals. 

λmax is the principal Eigen value of the matrix, and n is the number of factors. 
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Consistency ratio (CR) and λmax are two important concepts for understanding AHP. CR 

allows for realizing if the assessments are sufficiently consistent. It is computed using 

equation 5.2. 

 

CR = CI/RI                           (5.2) 

where 

 RI is Random consistency indices obtained from Random Indices Check (Table 5.3)  

 

Saaty (1980) proposes that if the ratio of CR surpasses 0.1, the aggregate sets of judgments are 

so inconsistent that it cannot be dependable. Thus, a CR of less than 0.1 is acceptable. When 

the assessment is inconsistent, the procedure is revised. Thus, all CR of the study were less 

than 0.1. 

 

Table 5.. Random indices for consistency check 

N  1 2* 3 4 5 6 7 8 9 10 11 12 13 14 15 

 RI  0 0.165 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.54 1.56 1.57 1.59 

* the RI was extrapolated based on RI of criteria numbers  3 to 15 

 

5.2.5. Fuzzy Analytical Hierarchy Process 

Fuzzy AHP (FAHP) is an AHP format that assesses different criteria through the use of fuzzy 

numbers. Although AHP is based on using crisp numbers, FAHP has overcome the limitations 

of AHP. Ambiguity which is a common characteristic of many decision-making problems can 

be compensate for its imperfection using FAHP method (Mikhailov and Tsvetinov 2004; 

Dadras et al., 2014).  

  

This study utilized FAHP method, in which TFNs are desired for pairwise comparison scale 

(Chang, 1992; Kahraman et al., 2003; Kahraman et al., 2004; Dadras et al., 2014). The fuzzy 

evaluation matrix of the criteria was constructed through the pairwise comparison of different 

attributes relevant to the overall objective using the linguistic variables and TFNs. The scheme 

of the fuzzy sets for the FAHP is summarized as follows (Chang, 1996). 
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A fuzzy number is a particular fuzzy set F={(x, µF(x), x Ԑ R}, where x takes its values on the 

real line, R: - ∞ ≤ x ≤ ∞ and µF(x) is a continuous mapping from R to the closed interval [0, 1]. 

The TFNs expresses the relative strength of each pair of elements in the same hierarchy. It is 

denoted by M = (l, m, u), where l ≤ m ≤ u. The parameters l, m, u indicate the smallest 

possible, the most promising, and the largest possible values, respectively, in a fuzzy event 

(Figure 5.3). Triangular membership function of M fuzzy number can be described as in 

equation 5.3 (Chang, 1996). When l = m = u, it is a non-fuzzy number by convention.  

                   (5.3) 

The different basic operation result for two TFNs A and B of triplets A = (l1, m1, u1) and B = 

(l2, m2, u2) used for the study were: 

(i) Addition: A (+) B = (l1 + l2, m1 + m2, u1 + u2), 

(ii) Multiplication: A x B = (l1l2, m1m2, u1u2), 

(iii) Inverse: (l1, m1, u1)
-1

 ≈ (1/u1, 1/m1, 1/l1), 

where ≈ represents approximately equal to. 

 

 

Figure 5.3.  Membership function of Triangular Fuzzy Number. 

 

The TFNs used in A pair-wise comparison matrix Ã(aij) is mathematically expressed using 

equation 5.4.  
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Ã = (ãij)n×n =             (5.4)  

 

where:  

ãij = (lij ,mij ,uij)  

ãij
–1

 = (1/uij ,1/mij ,lij)  

i, j = 1, ..., n and i ≠ j 

 

5.2.6. Soil Surface Sampling and Climatic data 

Soil data were generated from existing soil survey report, representative soil pits and profiles 

identified and compiled in the field and laboratory. A total of 40 representative sampling 

points were considered for the crop suitability evaluation study. Eight of the soil sample points 

were taken from Profile data, while the remaining 32 of them were Auger samples (Figure 1.1, 

Appendix Table 23). The analyzed soil samples of different depth were generalized to a point 

surface data (Sys et al., 1991). Moreover, climatic and topographic data of the study area were 

also part of the suitability evaluation. The meteorological station located at Holeta town was 

the closest and representative station located at a distance of less than 12 Km from the study 

area. The length of growing period was determined graphically, while slope and altitude of the 

area were generated from DEM. Thirty years (1986-2015) monthly average meteorological 

data of minimum and maximum temperature, relative humidity, wind speed, sunshine hours, 

and rainfall were used. The daily (mm day
-1

) and monthly (mm month
-1

) ETo, and decadal 

(mm month
-1

) of ETo and rainfall (mm) values were calculated using FAO Penman-Monteith 

and Gommes model, respectively (Gommes, 1983; FAO, 2012).  

 

5.2.7. Land Utilization Types and their Requirement 

In this study, physical land properties such as soil, climate and topography were evaluated 

using SMCDA approach through matching the overall weight of Fuzzy-MCDA and LQs 

diagnostic factory classified and standardized using crop requirements. To obtain information 

on the limitations and potential the study area land for rainfed crop production at low level of 
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management, three principal crop varieties Arerti for chickpea, Dendea for bread wheat, and 

Kuncho for Teff were selected. Land use requirements of each crops were also established 

(FAO, 1976; Sys and Riquier, 1980; Dent and Young, 1981; FAO, 1983; Sys et al., 1991ab; 

Van Diepen et al., 1991; Sys et al., 1993; Teshome and Verehye, 1994; FAO, 2002; Jones, 

2003; Sanchez et al., 2003; Kassa and Mulu, 2012; Hailu et al, 2015) (Appendix Table 20-22). 

 

5.2.8. Spatial Multi Criteria Decision Analysis 

Geographic Information System is a very important set of tools which successfully integrated 

the MCDA methods with spatial data and analyze maps according to various criteria. Spatial-

MCDA generate information for spatial analysis and decision makers from large numbers of 

factors that are important for tackling land suitability problems and produce map with best 

locations for specific land-use (Malczewski, 2004; Drobne and Lisec, 2009; Yu et al., 2009).  

 

The physical land suitability evaluation of the study was summarized based on FAO Land 

Evaluation Frame Work and Spatial Analysis of GIS (FAO, 1976, 1983, 1984, 2007). 

Furthermore, suitability evaluations of the selected crops were carried out through weighted 

sum overlaying techniques using overall weight generated by FAHP and interpolated point 

data using IDW of soil, topographic and climate characteristics. Individual grid cell created on 

a raster environment of the database were taken as an alternative to be evaluated for its quality 

or appropriateness for specific physical land suitability purposes. The decision-making process 

of land suitability analysis of the study was conceptualized as in Figure 5.4.   

 

5.2.9. Overlay Analysis  

The raster data layers of all attributes GPS data of the study were set to local coordinate 

system of Adindan UTM 37 N and resampled to 5 m spatial resolution. The final weight of 

individual attribute was computed by multiplying criteria and attribute weight. The sum of all 

attribute weight was 1. The sample point layers of all the eighteen attributes were interpolated 

using IDW of spatial analysis, reclassified and standardized into four (S1, S2, S3, and N) 

suitability classes using ArcGIS 10.3.1. In order to overlay the different attribute layers of 

specific crops, weighted sum overlay technique was applied. Weighted overlay is a technique 
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for applying a common scale of values to diverse and dissimilar input data to create an 

integrated analysis (Kuria et al., 2011).   

 

During the process of weighted sum overlay, the cell values of each input raster layer (i.e. the 

rating of suitability class) were multiplied by attributes overall weight (Table 5.6). The 

resulting cell values were added to produce suitability map. The final land suitability map is 

based on the best outcome in context of the suitability for each crop. The suitability levels for 

each factor were ranked as: Highly suitable-S1, Moderately suitable-S2, Marginally suitable-

S3, and Not suitable-N. Ranking and suitability maps were generated for the three crops. 

Furthermore, all the raw and processed data were properly stored in file Geodatabase for 

further study. 

 

Figure 5.4. Schematic diagram of physical land suitability evaluation designed for the study. 
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5.3. RESULTS AND DISCUSSION 

 

5.3.1. Agro-climatic Analysis and Suitability 

The Wachacha Mountain range followed the normal growing period that agrees with the FAO 

procedure which reveals the humid period (precipitation exceeding the potential 

evapotranspiration). The beginning of the growing period was derived from the start of the 

rainy season. The sowing date of the study area starts in the 3
rd

 decade of May, when rainfall 

exceeds half potential evapotranspiration. The average reference evapotranspiration (ETo) of 

the area was estimated to be 138 mm/month (4.5 mm/day). The average calculated value of the 

LGP, in the study area was 153 days. The growing period (BGP) in the study area starts on 

24
th

 May (3
rd

 decade) and the humid period (BHP) on June 13
th 

(2
nd

 decade), end of humid 

period (EHP) on 20
th

 (3
rd

 decade) September and the rainy season ends on 3
rd

 (1
st
 decade) 

October. The period from the start of the growing period to the end of rain covers 132 days. 

Based on daily ETo values of October (4.7 mm/day), the number of days required to consume 

the 100 mm of stored soil moisture was 21 days. Derived from this, the end of the growing 

period appears on 24
th

 (3
rd

 decade) October, which gives a growing period length of 153 days 

(Appendix Table 13 and 14). This showed that all the selected principal crops with the 

maximum crop cycle of 153 days can fit into the growing period and can be grown using 

rainfed agriculture. The growing period curve of the study area is presented in Figure 5.5. 

 

The average growing lengths for chickpea, teff, and bread wheat were 130, 119, and 128 days, 

respectively. The selection of varieties was made based on their dominance (area coverage) 

and importance in the area. As per the discussion made with the local farmers and agricultural 

experts, diverse productivity rate of the stated crops was observed in different parts of the 

study area. The differences in yield were due to variability of environmental conditions, 

management intensities, and provision of the necessary inputs.  
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BGP = Beginning of growing period, BHP = Beginning of humid period, EHP = End of humid period, ER = End 

of rains and EGP = End of growing period 

 

Figure 5.5. Length of growing period. 

 

5.3.2. Fuzzy Evaluation of Criteria 

In the first step of the study, TFNs pair-wise comparison matrix of the main criteria (Land 

Qualities) and sub-criteria (Diagnostic factor or attributes) was computed using Geometric 

mean for response obtained from fuzzy judgment matrix of nine experts (Appendix Table 15-

19). The FAHP models revealed the priorities and importance of the study criteria for the three 

crops. The result obtained from fuzzy evaluation of the main criteria (performance FAHP) of 

fertility characteristics for wheat, chickpea, and teff indicated a normalized weight of 0.360, 

0.341 and 0.334, respectively. This indicates that fertility characteristics of the soil was the 

major criteria while topography and wetness are the minor ones, but still important. 

Furthermore, the CR of the analysis for all the study crops was found to be below 0.1. Detailed 

results of fuzzy numbers and normalized weights of the five criteria of the three crops are 

presented in Table 5.4. 
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Table 5.. Fuzzy evaluation of the main criteria (performance of FAHP) for chickpea, teff, and 

wheat 

Land use Criteria 
Fuzzy Number Normalized 

weights Lower Middle Upper 

Chickpea 

Fertility characteristics 1.8671 2.3415 2.6562 0.3409 

Climate 1.3187 1.5470 1.8807 0.2357 

Physical characteristics 1.2864 1.5865 1.8393 0.2340 

Topography 0.5704 0.6458 0.7555 0.0979 

Wetness 0.5326 0.6035 0.7069 0.0915 

λmax = 5.1408; CR = 0.0314     

Teff 

Fertility characteristics 1.6686 2.2237 2.5600 0.3339 

Climate 1.2810 1.5114 1.9125 0.2435 

Physical characteristics 1.1118 1.3249 1.5776 0.2078 

Wetness 0.7084 0.8418 0.9961 0.1318 

Topography 0.4694 0.5276 0.6070 0.0830 

λmax = 5.1644   ; CR = 0.0367     

Wheat 

Fertility characteristics 1.8883 2.4905 2.9520 0.3600 

Climate 1.2869 1.5037 1.9077 0.2307 

Physical characteristics 1.1604 1.4610 1.7692 0.2156 

Wetness 0.6370 0.7521 0.9059 0.1127 

Topography 0.4703 0.5420 0.6385 0.0811 

λmax = 5.1641   ; CR =  0.0366     

 

According to results presented in Table 5.5, the highest normalized weights of CEC, total 

growing season rainfall, soil depth, slope, and flooding were respectively 0.175, 0.435, 0.571, 

0.695, and 0.644 for chickpea. Similarly, teff revealed highest normalized weights values of 

0.200, 0.418, 0,483, 0.536, and 0.664 for OC, total growing season rainfall, texture, drainage, 

and slope attributes, respectively. Moreover, the highest FAHP normalized weight for wheat 

were OC (0.230), total growing season rainfall (0.275), depth (0.518), drainage (0.583), and 

slope (0.560). Accordingly, the weights reflected the above mentioned attributes dominantly 

influence crop demand.  

 

Furthermore, Table 5.6 presents the two level normalized weight of criteria and attributes of 

the crops used for computation of overall weight. Thus, the computed weight values were used 

during weighted overlay analysis. These values of the analysis determine the overall influence 

of specific attributes for a specific crop. The overall weight of soil depth was 0.1340 compared 

to 0.0299 (altitude) for chickpea. This indicates soil depth has a profound influence on 

chickpea. Moreover, total growing season rainfall and soil depth yield the highest overall 

weight value of 0.1018 and 0.1116 respectively for teff and wheat (Table 5.6).  
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Table 5.. Normalized weights derived from FAHP for all sub-criteria of chickpea, teff, and wheat 
Land 

use 
Main criteria Sub-criteria 

Fuzzy Number Normalized 

weights Lower Middle Upper 

Chickpea 

Fertility 

characteristics 

Cation exchange capacity (cmolc(+) kg
-

1
) 

1.0400 1.3910 1.6360 0.1746 
Available phosphorus (mg kg-1) 1.0452 1.3161 1.6232 0.1711 
Soil Organic Carbon (%) 0.9810 1.1939 1.5425 0.1596 
Base saturation (%) 0.9439 1.1967 1.4279 0.1532 
Sum of basic cations (cmolc(+) kg

-1
)  0.8546 1.1088 1.3997 0.1444 

Total nitrogen (%) 0.6420 0.7943 0.9627 0.1030 
pH-H2O 0.5985 0.6757 0.9150 0.0940 

Climate 
Total growing season rainfall (mm) 1.8175 2.1344 2.5805 0.4354 
Mean growing season temperature (

o
C) 1.0787 1.2284 1.5177 0.2549 

Length of growing season (days) 0.6861 0.7944 0.8940 0.1582 
Occurrence of frost hazard (month) 0.6688 0.7495 0.8547 0.1515 

Physical 

characteristics 

Soil depth (cm)  1.9412 2.4729 3.0213 0.5708 
Textural class of the soil 1.1053 1.2146 1.5807 0.2995 
Coarse fragments 0.5063 0.5716 0.6113 0.1297 

Topography Slope gradient (%)  1.4475 1.5782 1.9210 0.6949 
Topographic position (Altitude) (m)  0.6759 0.7319 0.7639 0.3051 

Wetness Flooding 1.2476 1.4343 1.5537 0.6442 
Drainage  0.7372 0.7676 0.8344 0.3558 

Teff 

Fertility 

characteristics  

Soil Organic Carbon (%) 1.2706 1.4939 1.8945 0.1999 
Total nitrogen (%) 1.0695 1.2395 1.6348 0.1692 
Cation exchange capacity (cmolc(+) kg

-

1
) 

0.9934 1.3088 1.5773 0.1664 
Available phosphorus (mg kg-1) 0.8626 1.0483 1.3401 0.1395 
Base saturation (%) 0.7402 0.9549 1.1019 0.1200 
Sum of basic cations (cmolc(+) kg

-1
))  0.7055 0.8832 1.1310 0.1167 

pH-H2O 0.5525 0.6545 0.8503 0.0883 

Climate 
Total growing season rainfall (mm)  1.5915 1.9581 2.4417 0.4180 
Length of growing season (days) 0.9250 1.0725 1.2615 0.2274 
Mean growing season temperature (

o
C) 0.7676 0.8491 1.0766 0.1879 

Occurrence of frost hazard (month) 0.6769 0.8158 0.8959 0.1667 
Physical 

characteristics 

Textural class of the soil 1.5106 1.7454 2.3204 0.4825 
Soil depth (cm)  1.1428 1.3681 1.6944 0.3639 
Coarse fragments 0.5259 0.5950 0.6549 0.1536 

Wetness Drainage  0.9673 1.0716 1.2182 0.5359 
Flooding 0.8481 0.9374 1.0349 0.4641 

Topography Slope gradient (%) 1.2663 1.5386 1.6954 0.6641 
Topographic position (Altitude) (m) 0.7091 0.7407 0.8262 0.3359 

Wheat 

Fertility 

characteristics  

Soil Organic Carbon (%) 1.4857 1.8075 2.3852 0.2296 
Total nitrogen (%) 1.2238 1.4501 1.9308 0.1862 
Available phosphorus (mg kg-1) 0.9579 1.1794 1.5279 0.1482 
Cation exchange capacity (cmolc(+) kg

-

1
) 

0.8926 1.1828 1.4598 0.1429 
Base saturation (%) 0.7230 0.9769 1.1292 0.1144 
pH-H2O 0.6270 0.7374 0.9880 0.0951 
Sum of basic cations (cmolc(+) kg

-1
))  0.5454 0.6893 0.8344 0.0837 

Climate 
Total growing season rainfall (mm)  0.8843 1.1303 1.4148 0.2752 
Occurrence of frost hazard (month) 0.8597 1.0742 1.3093 0.2602 
Length of growing season (days) 0.8404 1.0874 1.2859 0.2579 
Mean growing season temperature (

o
C) 0.7112 0.8099 1.0553 0.2067 

Physical 

characteristics 

Soil depth (cm)  1.5002 1.8556 2.2766 0.5178 
Textural class of the soil 0.9044 1.0393 1.2957 0.2978 
Coarse fragments 0.5857 0.6712 0.7480 0.1843 

Wetness Drainage  1.0864 1.1641 1.3685 0.5828 
Flooding 0.7878 0.8765 0.9263 0.4172 

Topography Slope gradient (%)  1.0422 1.1055 1.2849 0.5604 
Topographic position (Altitude) (m)  0.8185 0.9129 0.9611 0.4396 

 



117 

 

 

Table 5.. Normalized weights criteria at two levels for chickpea, teff, and wheat land suitability 
Land Use Criteria NW1* Sub criteria NW2

** 

Overall Weight 

W=NW1*NW2 

Chickpea 

Fertility 

characteristics 

 

 

 

 

CR= 0.0479 

0.3409 

Cation exchange capacity 

(cmolc(+) kg
-1

) 

0.174

6 

0.0595 
Available phosphorus (mg kg

-

1
) 

0.171

1 

0.0583 
Soil Organic Carbon (%) 0.159

6 

0.0544 
Base saturation (%) 0.153

2 

0.0522 
Sum of basic cations (cmolc(+) 

kg
-1

))  

0.144

4 

0.0492 
Total Nitrogen (%) 0.103

0 

0.0351 
pH-H2O 0.094

0 

0.0320 
Climate 

 

CR=0.0973 

0.2357 
Total growing season rainfall 

(mm)  

0.435

4 

0.1026 
Mean growing season 

temperature (
o
C) 

0.254

9 

0.0601 
Length of growing season 

(days) 

0.158

2 

0.0373 
Occurrence of frost hazard 

(month) 

0.151

5 

0.0357 
Physical 

characteristics 

CR= 0.0988 

0.2340 Soil depth (cm)  0.570

8 

0.1337 
Textural class of the soil 0.299

5 

0.0701 
Coarse fragments 0.129

7 

0.0303 

Topography 

CR= 0.0740 

0.0979 Slope gradient (%)  0.694

9 

0.0680 
Topographic position 

(Altitude) (m)  

0.305

1 

0.0299 

Wetness 

CR= 0.0565 

0.0915 Flooding 0.644

2 

0.0590 
Drainage  0.355

8 

0.0326 
Total weight value  1.0000     1.0000 

Teff  

Fertility 

characteristics 

 

 

 

CR= 0.0347 

0.3339 

Soil Organic Carbon (%) 0.199

9 

0.0667 
Total nitrogen (%) 0.169

2 

0.0565 
Cation exchange capacity 

(cmolc(+) kg
-1

) 

0.166

4 

0.0556 
Available phosphorus (mg kg

-

1
) 

0.139

5 

0.0466 
Base saturation (%) 0.120

0 

0.0401 
Sum of basic cations (cmolc(+) 

kg
-1

))  

0.116

7 

0.0390 
pH-H2O 0.088

3 

0.0295 
Climate 

 

 

CR= 0.0851 

0.2435 
Total growing season rainfall 

(mm)  

0.418

0 

0.1018 
Length of growing season 

(days) 

0.227

4 

0.0554 
Mean growing season 

temperature (
o
C) 

0.187

9 

0.0458 
Occurrence of frost hazard 

(month) 

0.166

7 

0.0406 
Physical 

characteristics 

CR= 0.0809 

0.2078 Textural class of the soil 0.482

5 

0.1002 
Soil depth (cm)  0.363

9 

0.0756 
Coarse fragments 0.153

6 

0.0319 
Wetness 

CR= 0.0935 

0.1318 Drainage  0.535

9 

0.0706 
Flooding 0.464

1 

0.0612 
Topography 

CR= 0.0939 

0.0830 Slope gradient (%)  0.664

1 

0.0552 
Topographic position 

(Altitude) (m)  

0.335

9 

0.0279 
Total weight value  1.0000    1.0000 

 Wheat 

Fertility 

characteristics 

 

 

 

 

 

CR= 0.0518 

0.3600 

Soil Organic Carbon (%) 0.229

6 

0.0827 
Total nitrogen (%) 0.186

2 

0.0670 
Available phosphorus (mg kg-

1) 

0.148

2 

0.0534 
Cation exchange capacity 

(cmolc(+) kg
-1

) 

0.142

9 

0.0514 
Base saturation (%) 0.114

4 

0.0412 
pH-H2O 0.095

1 

0.0342 
Sum of basic cations (cmolc(+) 

kg
-1

))  

0.083

7 

0.0301 
Climate 

 

 

CR=0.0347 

0.2307 

  

  

  

Total growing season rainfall 

(mm)  

0.275

2 

0.0635 
Occurrence of frost hazard 

(month) 

0.260

2 

0.0600 
Length of growing season 

(days) 

0.257

9 

0.0595 
Mean growing season 

temperature (
o
C) 

0.206

7 

0.0477 
Physical 

characteristics 

CR= 0.0482 

0.2156 

  

  

Soil depth (cm)  0.517

8 

0.1116 
Textural class of the soil 0.297

8 

0.0642 
Coarse fragments 0.184

3 

0.0397 
Wetness 

CR= 0.0797 

0.1127 

  

Drainage  0.582

8 

0.0657 
Flooding 0.417

2 

0.0470 
Topography 

CR= 0.0722 

0.0811 

  

Slope gradient (%)  0.560

4 

0.0454 
Topographic position 

(Altitude) (m)  

0.439

6 

0.0357 
Total weight value  1.0000   1.0000 

NW1* and NW2** are Normalized weight of main and sub-criteria respectively  
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5.3.3. Crop Attribute Suitability Analysis 

The diagnostic factors (attributes), reclassified maps influencing chickpea, wheat, and teff 

yields and their suitability are presented in Figures 5.6.a and 5.6.b, and Table 5.7. The 

presented attribute maps reveal different suitability ratings and were used to evaluate land 

suitability of the study area for crop production. All attributes of climatic LQs, topographic 

position (altitude), and availability of coarse fragment showed high suitability rating for the 

studied crops. Moreover, texture and soil depth (teff), pH (wheat), and sum of basic cations 

and percentage base saturation (chickpea and wheat) of the studied soils were highly suitable.   

  

Table 5.7 reveals that of the total study area of 2718 hectare 5.8, 4.2, and 2.4 percent are not 

currently suitable due to limiting attributes of available phosphorous, total nitrogen, and steep 

slope, respectively for the three study crops of chickpea, wheat and teff. Furthermore around 

50.8 and 8.7 hectare of the area were not suitable for cultivation of teff due to limitation of OC 

and CEC. Moreover, 64.3, 59.2, and 44.5 percent of the study area are marginally suitable for 

teff production as a result of TN, CEC and OC attributes, respectively. Among the analyzed 

attributed soil pH (chickpea); pH, sum of basic cations, percentage base saturation, and 

drainage (teff); and CEC and texture (chickpea and wheat) of the study area were highly to 

moderately suitable for the stated crops (Table 5.7, and Figure 5.6.a and 5.6.b). 

 

5.3.4. Crop Suitability Analysis 

The study has produced land suitability maps of the Wachacha sub-watershed that allows 

growing the right cereal and pulse crops at the right site for optimum yield. Results (Table 5.8) 

were generated through multiplying the reclassified factors maps (Figures 5.6.a and 5.6.b) 

with corresponding overall weights of attributes (Table 5.6) using weighted sum overlay 

technique of spatial analyst module of ArcGIS 10.3.1 software. The final physical land 

suitability map of the study area crops was developed. The values which were obtained from 

the weighted sum overlay were reclassified into four suitability classes. The classes were 

highly suitable, moderately suitable, marginally suitable, and not suitable (Figure 5.6.a, 5.6.b, 

5.7, and Table 5.7 and 5.8). 
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Table 5.. Attribute suitability of the study area for chickpea, teff, and wheat production 

Suitability pH (C) pH (T) PBS (T) SBC (T) 

Area (ha) % Area (ha) % Area (ha) % Area (ha) % 

Highly suitable 1642 60.4 2715 99.9 1882 69.2 1936 71.2 

Moderately suitable 1076 39.6 4 0.1 836 30.8 782 28.8 

 Total 2718 100.0 2718 100.0 2718 100.0 2718 100.0 

Suitability Drainage (T) CEC (C,W) Texture (C,W)  

Area (ha) % Area (ha) % Area (ha) %   

Highly suitable 2159 79.4 2667 98.1 310 11.4   

Moderately suitable 559 20.6 52 1.9 2408 88.6   

Total 2718 100.0 2718 100.0 2718 100.0   

Suitability AP (C,T,W) OC (T) CEC (T) TN (C,T,W) 

Area (ha) % Area (ha) % Area (ha) % Area (ha) % 

Highly suitable 686 25.3 60 2.2 308 11.3 88 3.2 

Moderately suitable 1319 48.5 1398 51.4 793 29.2 769 28.3 

Marginally suitable 555 20.4 1209 44.5 1608 59.2 1748 64.3 

Not suitable 158 5.8 51 1.9 9 0.3 113 4.2 

Total 2718 100.0 2718 100.0 2718 100.0 2718 100.0 

Suitability Slope (C,T,W) OC (C) OC (W) Flooding (C,T,W) 

Area (ha) % Area (ha) % Area (ha) % Area (ha) % 

Highly suitable 2084 76.7 2258 83.1 1458 53.7 1982 72.9 

Moderately suitable 363 13.4 460 16.9 1209 44.5 449 16.5 

Marginally suitable 206 7.6 1 0.0 51 1.9 287 10.6 

Not suitable 66 2.4 0 0.0 0 0.0 0 0.0 

 Total 2718 100.0 2718 100.0 2718 100.0 2718 100.0 

Suitability Depth (C) Depth (W) Drainage (C,W)  

Area (ha) % Area (ha) % Area (ha) %   

Highly suitable 2328 85.7 1526 56.1 1998 73.5   

Moderately suitable 371 13.6 1173 43.2 471 17.3   

Marginally suitable 19 0.7 19 0.7 250 9.2   

 Total 2718 100.0 2718 100.0 2718 100.0   

Note: C=chickpea, T=teff, W=wheat, PBS=percentage base saturation, SBC=sum of basic cations, and 

AP= available phosphorous  
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Figure 5.6.a. Suitability map of attributes for chickpea, Teff and Wheat. 
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Figure 5.6.b. Suitability map of attributes for chickpea, Teff and Wheat. 
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Tables 5.8 and Figures 5.7 show the total study area of 2,718 ha; among them, 38.1, 35.6 and 

22.3 percent were highly suitable for chickpea, teff, and wheat production, respectively. 

Moreover, the land use suitability analysis revealed that 34.6, 30.3, and 29.2 percent were 

suitable for teff, chickpea, and wheat production, respectively. Furthermore, 34.2, 29.3, and 

18.7 percent of the study area were marginally suitable for wheat, chickpea, and teff 

cultivation, respectively. However, the remaining 14.3, 11.1, and 2.3 percent of the study area 

was not suitable for production of wheat, teff, and chickpea crops, respectively. Although, 

according to the model the suitability of the area was more for chickpea (S1), 70.2 percent of 

the study area was categorized as S1 (highly suitable) and S2 (moderately suitable) for 

cultivation of teff (Table 5.8).   

 

The study revealed that GIS technique that integrates Fuzzy-MCDA and spatial diagnostic 

factors can be the most essential tool for crop land suitability evaluation. It is clear that the 

group of similar pixel of land were suitable for two or more crops bringing competing nature 

of crop LUTs. To validate the variations observed in the spatial analysis and counter yield of 

the parcel (group of pixels with similar suitability class), other socio-economic suitability and 

further empirical study need to be carried out. Available phosphorous, TN, and slope were 

major limiting attributes which significantly contributed for the not suitability of all the 

studied crops. Moreover, CEC and OC attributes were also limited the potential productivity 

of teff cultivation. Furthermore, drainage (chickpea and wheat) and flooding (chickpea, teff 

and wheat) contribution as a limiting factor for overall suitability of the crops were found to be 

significant (Figure 5.6.a, 5.6.b, 5.7, and Table 5.7 and 5.8). Decision-making regarding 

selection of crop LUTs and mitigation measures to alleviate the identified crop production 

limitations could include socioeconomic evaluation (Ceballos-Silva and Lopez-Blanco, 2002, 

Gizachew et al., 2015). According to the analysis, the increasing degree of limitation 

decreases the suitability of the land for a particular crop and expected productivity. 
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Table 5.. Land suitability of the study area for chickpea, teff, and wheat production 

Suitability 
Chickpea Teff Wheat 

Area (ha) % Area (ha) % Area (ha) % 

Highly suitable 1,036 38.1 968 35.6 606 22.3 

Moderately suitable 824 30.3 940 34.6 794 29.2 

Marginally suitable 795 29.3 509 18.7 930 34.2 

Not suitable 62 2.3 301 11.1 389 14.3 

Total 2,718 100.0 2,718 100.0 2,718 100.0 

 

Generally, the results obtained from the land suitability assessment for chickpea, wheat, and 

teff appear to correspond with the realities of the study area. The land categorized as 

unsuitable for agricultural crop production is currently cultivated by farmers in the study area. 

This is mainly due to the shortage of cultivable land, and cultivation of temporarily flooded 

southern part of the study area for chickpea. Chickpea is dominantly cultivated in the southern 

flooded and poorly drained area around the end of the rainy period. According to the results 

obtained, the central foot slope of the study area is highly suitable for all the crops evaluated 

(Figure 5.7).  

 

Nevertheless, the southern part of the study area was highly suitable and moderately suitable 

for teff cultivation due to fertility and flat slope topographic characteristics. The northern steep 

sloppy areas and areas with limited availability of available phosphorous and TN are area 

which are unsuitable for the three crops. The gently sloping land with deep and fertile soil 

covering the south and central part of the study area seems ideal for rainfed agriculture, and 

the evaluation model classified it as highly suitable to marginally suitable for chickpea and 

teff, and highly suitable to not suitable for wheat (Figure 5.7). However, this unsuitability is 

not entirely based on the stated factors, but also on many other soil parameters associated with 

local soil conditions. The model has classified some land units as unsuitable but is currently 

being exploited for crop cultivation.  
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Figure 5.7. Overall suitability maps for chickpea, teff and wheat production. 
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The SMCDA procedure that considers independent factor maps output during the study was 

adequate in terms of the evaluation criteria set. The fuzzy AHP membership function approach 

was useful to generate standardized overall weights for the factor maps. Thus, the final 

suitability map represents a more realistic outcome, given that it takes into account the 

gradients that exist in natural conditions. This study used diagnostic factors of respective land 

qualities that produced detailed land suitability evaluations. The resulting outputs could 

become more detailed if mean distance between GPS sample points were less than 500 meters. 

One of the main premises of the GIS-based MCDA land suitability analysis was that the 

method reduces conflicts among competing interests by providing more and better data to 

resolve particular problems. Further, this study provides alternatives for local farmers and 

researchers in the area of agricultural land management and SMCDA database management. 

 

5.4. CONCLUSION 

 

The overall SMCDA land suitability assessment of the study showed moderate differences 

among the identified suitability land units for the three major crops. Available phosphorous, 

total nitrogen, steep slope, and flooding were the major limiting factors for all the crops. 

Moreover, CEC (teff) organic carbon (teff), and drainage (chickpea and wheat) were also the 

limiting factors. Some of the limitations were the results of anthropogenic activities related to 

inappropriate land uses particularly on steep slope, exploitation of crop residue and limited 

application of fertilizers. Results of the study revealed that the middle topographic positions 

are highly suitable (S1) for all considered crops. Moreover, in-order to increase the suitability 

of the southern toe slope which mostly affected by temporary flooding, alternative solutions 

like physical drainage would be vital. Generally, the upper topographic position of the study 

area was not suitable for crop production. Therefore, it is better to reserve this part of the study 

area for cultivation of highland fruits or forest.  
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 

6.1. SUMMARY 
 

Early civilizations took account of environmental conditions in their choice of settlement and 

cultural development. Subsequent breakdown of these civilizations may often be traced back 

to degradation of land resource. Concerns about land degradation grew sharply, in part 

because of human and animal population explosions. Increasing population pressure often 

causes over-exploitation potential and/or misuse of marginal land. The increasing rate of 

pressure on land in critical regions is violating the limits of the land's carrying capacity, even if 

available technological packages for managing the land resources have become better. The 

agriculture sector in Ethiopia is the backbone of the economy and labor. Thus, it is this risk of 

land degradation that stands at the root of LU/LC detection, soil characterization, and land 

suitability evaluation. 

 

The LU/LC changes were analyzed using aerial photography and satellite images for the 1957, 

1972, 1986, 2000, and 2014 over a study watershed area of 407 km
2
. Cultivated, natural forest, 

plantation, grazing, shrub and bush, and settlement lands were the major LU/LC types 

identified in the study area. The cultivated land declined from 83 to 77 percent over the study 

period. Nevertheless, vegetative land such as natural forest, plantation, grazing, and shrub and 

bush accounted for a relatively stable proportion of 14.8, 17.0, 17.7, 14.4, and 16.8 percent;  

while settlement covered 2.1, 3.1, 3.8, 3, and 6.1percent of the study area during the respective 

study period. A total of 19.8 and 18.2 km
2
 of cultivated land were converted to bush and 

shrub, and settlement respectively over the study period.  

 

The conversion of 5.3 percent bush and shrub land to plantation between 1972 and 1986 was 

an indication of high demand for construction material and fuel wood, and afforestation 

program. Similarly, over the past six decades 5.9 percent of cultivated land was taken by 

settlement. Thus, the conversion to cultivated land and expansion of settlement at the expense 

of the cultivated land are the most important milestones. Moreover, 62.3 and 5 percent of the 

area remained under cultivation and natural forest, respectively for the past six decades. 
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The effects of land use and soil depth on soil physicochemical properties were thoroughly 

investigated. The results showed that particle size distribution was affected by the interaction 

effect of land use and soil depth significantly (p ≤ 0.05). The interaction effect of land use by 

soil depth on bulk density of soils was also significant (p ≤ 0.05). The highest (1.3 g cm
-3

) and 

the lowest (1.0 g cm
-3

) mean values of bulk density were recorded at the bottom layers of 

plantation and forest land soils, respectively. The highest (62) and lowest (50 percent) values 

of total porosity were recorded at the surface (0-20 cm) and subsurface (40-60 cm) layers of 

the forest land plantation soils, respectively.  

 

The variation in mean soil pH (H2O and KCl) due to the interaction effects of land use by soil 

depth was significant (p ≤ 0.05). The lowest and highest pH-H2O was observed at the surface 

(5.45) of the bush and bottom layers (7.1) of cultivated land soils respectively. The upper 20 

cm of all land use types have significantly higher soil OM, but lower soil OM contents 

compared to the natural forest soils. Similar to soil OM content, the mean value of TN and 

C:N ratio content showed  significant difference (p ≤ 0.05) due to the interaction of land use 

with soil depth. The available P content of the surface soils of the study area varied from 12.17 

mg kg
-1

 in natural forest soils to 1.25 mg kg
-1

 in soils under the bush land with significant 

differences between soil samples. 

 

The mean variation of exchangeable bases as a result of the interaction effect of the two 

factors (land use X soil depth) was significant (p ≤ 0.05).The abundance of exchangeable 

bases on the exchange complex followed the order of Ca > Mg >K > Na. Among the 

exchangeable cations, Ca and Mg were the dominant cations along the exchange sites. The 

highest mean CEC value was registered at 40-60 cm soil depth of the cultivated land, while the 

lowest mean CEC value was observed on the subsurface layer of plantation forest. The overall 

mean CEC of the study soils ranged from 20.5 to 35.0 cmolc kg
-1

. The percent base saturation 

values ranged from 42.7 to 95.3 percent at the surface and subsurface layers of bush and 

cultivated land soils respectively.  Moreover, the highest values of micronutrients were 

recorded at the surface layer of grass followed by forest land soils. 
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Most soils of the study area were formed from Pyroclastic and basaltic rock types that vary 

from a white coarsely porphyritic sandidine trachyte found around the summit to an extensive 

series of pale to dark green or grey trachytes with basaltic feldspar phenocrysts at the lower 

altitudes. There were considerable variations in morphological and physicochemical properties 

of the soils along the identified micro-watershed. The soils of the studied area ranged from 

shallow to very deep with irregular A, B and C horizons. Moreover, there were variations in 

texture, structure and color due to organic matter, parent material and anthropogenic activities.  

 

The soils were slightly acidic to slightly alkaline, pretty low to high CEC and medium to very 

high base saturation. On the other hand, the concentration of soil OM, TN and available P 

were low attributed to the removal of crop residues and soil erosion. Some of the pedons 

revealed deep to very deep, moderately to poorly drained, clayey texture and poor horizon 

differentiation mainly around Tefki plane where deposition is common. According to the 

FAO-WRB soil classification system based on morphological, physical and chemical 

properties; soils of the study area were classified as Pellic Vertisols, Mollic Nitisols, Eutric 

Cambisols, Mollic Leptosols, and Calcaric Eutric Fluvisols. 

 

The study has produced land suitability maps of the study area that allows the cultivation of 

chickpea, teff and wheat at the optimum location. The values obtained from the weighted sum 

overlay were reclassified into four suitability classes of highly suitable, moderately suitable, 

marginally suitable, and not suitable. Out of the total study area of 2,718 ha; 97.7, 88.9 and 

85.7 percent were suitable for chickpea, teff and wheat production, respectively. However, the 

remaining 2.3, 11.1, and 14.3 percent of the study area were not suitable for production of 

chickpea, teff, and wheat crops respectively. The current dominant limiting factors for crop 

suitability were available phosphorous, total nitrogen, steep slope, and flooding. 

 

6.2. CONCLUSION 
 

From the results of this study, the following general conclusions can be drawn:  

 Over the last six decades, significant proportion of the cultivated land dominated the 

area; and the once vegetation covered land was transformed into any of the LU/LC and 

accounts for smaller proportion. The continuous exploitation of cultivation land as the 
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case of the central highland of Ethiopia, over the years, negatively affected the land uses 

and aggravated soil degradation. 

 Land use and soil depth interaction effects, have significantly affected most of the soil 

properties that affect soil fertility. Generally, the statuses of most agriculturally 

important soil attributes like available P, OM and TN were under critical condition; 

while it is better under the natural forest land which has been protected for years. 

 Differences in most of the measured soil properties within a pedon and among pedons 

reveal the differences in the intensity of soil forming processes and interaction of soil 

forming factors. Pedons around the cultivated field of Tefki have better soil depth and 

fertility, but have water logging problems. Nevertheless, the upper parts of the watershed 

have shallow soil depth and steep slope. 

 Deeper and finer textured soils are formed in the lower and middle positions as 

compared to the upper positions of the watershed although the OM content was higher 

along the upper position due to the presence of the natural forest. 

 According to expert mean for fuzzy judgment matrix and actual status of the soil criteria; 

the overall weight revealed that the different soil types have different constraints and 

potentials. As a result, four suitability degrees of S1, S2, S3 and N1 for the identified 

principal crops grown under rainfed conditions were identified. 

 

6.3. RECOMMENDATIONS 
 

The study has shown that, over the last six decades, significant proportion of the study area 

has been occupied by cultivated land. There were variations in soil properties along the micro-

watershed. The soil properties under different land uses and depth reflect diverse potentials 

and constraints for a given use. The constraints help to define site-specific management 

requirements for sustainably improving the agricultural productivity and wise use of the soil 

resources. In line with the above; the following recommendations are forwarded: 

 Significant portion of the land has been consistently used for cultivation. Hence, proper 

management of and utilization of natural resources shall be advocated and adapted.  

 Integrated soil fertility management scheme is required in order to reduce the deficiency 

of major plant nutrient elements, such as nitrogen and phosphorus. Removal of nutrients 

by crop, leaching and harvesting without replacement are common. 
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 Significant portion of low lying cultivated areas are always affected by waterlogging 

(due to temporary flooding) problem due to high clay content and very low slope close to 

the riverbank. Therefore, mechanized surface drainage is required.  

 The upper positions of the watershed manifest higher slope, which might aggravate soil 

erosion and sedimentation problem at lower slope area. Therefore, integrated catchment 

based land management scheme is required. 

 The overall SMCDA land suitability assessment of the study showed moderate 

differences among the identified suitability land units for 3 major crops; revealing high 

suitability potential for chickpea. Moreover, the model compensates the limiting factors 

using mean expert judgment and higher attributes‟ values. Therefore; reducing distance 

between sample locations would provide better result, and requires further study.   
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APPENDIX TABLE 
  
Table . Analysis of variance (ANOVA) results of study soils under five land use types and three depths 

Parameters 
Depth  Land use (LU) LU vs Depth CV 

(0.05) MS  F Value Pr > F MS F Value Pr > F MS F Value Pr > F 

Sand (%) 211.72 59.43 <.0001*** 96.27 27.03 <.0001*** 22.97 6.45 <.0001*** 10.38 

Silt (%) 91.45 16.64 <.0001*** 272.67 49.60 <.0001*** 1.93 0.35 0.9369ns 7.55 

Clay (%) 581.27 95.91 <.0001*** 461.73 76.18 <.0001*** 30.82 5.08 0.0006*** 4.85 

bd (g cm
-3

) 0.03 49.97 <.0001*** 0.03 55.07 <.0001*** 0.00 7.79 <.0001*** 2.00 

Porosity (%) 42.94 49.97 <.0001*** 47.33 55.07 <.0001*** 6.69 7.79 <.0001*** 1.73 

pH-H2O 0.02 0.60 0.5539ns 1.61 61.07 <.0001*** 0.26 9.89 <.0001*** 2.69 

pH-KCl 0.02 1.38 0.2693ns 0.93 56.97 <.0001*** 0.26 15.98 <.0001*** 2.69 

∆pH (H2O and KCl) 0.07 3.26 0.05* 0.17 7.37 0.0003*** 0.01 0.38 0.9246ns 12.22 

OM (%) 30.95 349.73 <.0001*** 6.79 76.72 <.0001*** 3.95 44.60 <.0001*** 10.15 

TN (%) 0.07 125.52 <.0001*** 0.02 32.52 <.0001*** 0.01 13.79 <.0001*** 14.86 

CNR 5.00 5.73 0.0082** 0.70 0.80 0.537ns 1.77 2.03 0.0795ns 8.84 

AP (mg kg
-1

) 32.03 106.14 <.0001*** 136.71 453.09 <.0001*** 2.86 9.46 <.0001*** 12.67 

Ca (cmolc(+) kg
-1

) 0.50 0.79 0.4646ns 323.05 514.30 <.0001*** 15.89 25.30 <.0001*** 6.33 

Mg (cmolc(+) kg
-1

) 0.06 0.29 0.7499ns 31.19 160.93 <.0001*** 0.18 295.70 <.0001*** 11.83 

K (cmolc(+) kg
-1

) 0.18 295.70 <.0001*** 0.26 425.90 <.0001*** 0.01 13.78 <.0001*** 2.11 

Na (cmolc(+) kg
-1

) 0.00 55.00 <.0001*** 0.01 264.21 <.0001*** 0.00 4.47 0.0014** 8.24 

CEC(cmolc(+) kg
-1

) 1.47 1.25 0.3033ns 198.53 168.15 <.0001*** 16.81 14.24 <.0001*** 4.18 

PBS (%) 30.65 8.88 0.001** 2903.38 840.95 <.0001*** 103.30 29.92 <.0001*** 2.83 

Fe (mg kg
-1

) 378.51 177.94 <.0001*** 389.54 183.13 <.0001*** 16.35 7.69 <.0001*** 4.35 

Mn (mg kg
-1

) 722.21 212.69 <.0001*** 78.58 23.14 <.0001*** 13.87 4.08 0.0025** 7.01 

Zn (mg kg
-1

) 6.87 19.32 <.0001*** 6.99 19.65 <.0001*** 0.44 1.23 0.3175ns 14.07 

Cu (mg kg
-1

) 0.79 50.67 <.0001*** 1.93 122.96 <.0001*** 0.03 2.02 0.0806ns 8.87 

B (mg kg
-1

) 0.01 33.35 <.0001*** 0.03 82.29 <.0001*** 0.00 1.78 0.1237ns 8.26 

bd =bulk density, CV (0.05)= Coefficient of Variance 
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 Table . Site information and soil description for pedon opened at Union Farm close to Tefki. 

Pedon number:                        One 

Soil type/classification:                 Calcaric Eutric Fluvisols (WRB, 2014) koticha (Local) 

Date of examination:          06/02/2013 

Author of description:                   Tassew Nigussie 

Location:                                    Union Farm north of Tefki town   

Coordinates:                                08
0
52'02.0' N latitude and 38

0
28'56.1'' E longitude 

Altitude:                                     2062 meters above sea level 

Major surrounding land form:        Plain 

Land element:                              Becho Plain 

Position:                                     Toe slope 

Soil temperature regime:                Mesic 

Soil moisture regime:                    Ustic 

Slope gradient:                             Nearly level (0.5-1.0%) 

Slope form:                                  Straight   

Micro-topography:                          None 

Land use/vegetation:                       Rainfed arable cultivation 

Crops: Teff, lentil, chickpea, grasspea 

Human influence:                          Ploughing, minor application of fertilizers 

Vegetation  None 

Grass cover (%) None 

Parent material:                             Fluvial  

Effective soil depth:                       Very deep (> 150 cm) 

Rock outcrops:                               None   

Erosion category and type:              Water erosion/deposition, and deposition by water 

Area, degree and activity of erosion: > 50 %, Extreme, and active at present  

Surface sealing/crusting:                None 

Surface cracks width:                     Extremely wide > 10cm 

Distance between cracks:                Moderately widely spaced 

Cracks depth:                Very deep > 20 cm 

Drainage class:                              Poorly drained  

Saturation: Saturated for short period 

Hydraulic Conductivity: Very slow 

External drainage:                          Slow runoff  

Flooding frequency:                       Annually  

Flooding duration:                         Two month 

Flooding depth:                             > 1 meter  

Ground water table:                        Not observed up to 200
+
 cm depth 

Moisture condition:                        Moist 
 

Depth (cm) Horizon Description 

0-13 Ap 

Black (5YR 2.5/1, moist to very dark gray (5YR 3/1, dry); clay loam; Abrupt and smooth 

boundary; Strong, fine/thin prismatic granular structure; slightly hard (dry), friable (moist), sticky 

and slightly Plastic (wet); Interstitial, medium, common to high percent pore; many medium roots 

and few termites. 

13-80 Ak 

Dark reddish brown  (5YR  4/2, moist) to dark gray (5YR 4/1, dry); clay; Abrupt and smooth 

boundary; Few, medium, distinct, clear, white mottle; Very strong, medium prismatic granular 

structure; hard (dry), friable (moist), sticky and slightly Plastic (wet); Interstitial, medium, few to 

medium percent pore; Abundant, distinct, pressure and ped faces cutans; Continuous, vesicular, 

clay and weakly cemented; Few, crystal, fine, irregular, soft, carbonates-silica white nodules; and 

common fine roots and very few termite channels. 

80-203
+
 Btk 

Reddish gray (5YR  5/2, moist) to dark reddish brown (5YR  3/2, dry); Clay; Abundant, coarse, 

prominent, sharp, white mottle; Strong, medium prismatic granular structure; slightly hard (dry), 

friable (moist), very sticky and plastic (wet); Dominant, prominent, pressure and ped faces cutans; 

Discontinuous, nodular, carbonate and moderately cemented; Abundant, crystal, coarse, irregular, 

hard, carbonates white nodules; and very few and very fine roots. 
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 Table . Site information and soil description for pedon opened close to Tefki town. 

Pedon number:                           Two 
Soil type/classification:                    Pellic Vertisols (WRB, 2014); beye guratti (Local) 

Date of examination:                      06/02/2013 

Author of description:                    Tassew Nigussie 

Location:                                       Cheffe 

Coordinates:                                   08
0
52'51.0'' N latitude and 38

0
29'20.3'' E longitude 

Altitude:                                        2067 meters above sea level 

Major surrounding land form:        Plain 

Land element:                                 Becho Plain 

Position:                                        Lower slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient:                                Very gently sloppy (1.0-2.0%) 

Slope form:                                    Straight   

Micro-topography:                          None 

Land use/vegetation:                       Rainfed arable cultivation 

Crops: Teff, lentil, chickpea, grasspea 

Human influence:                            Ploughing, grazing and minor application of fertilizers 

Vegetation  None 

Grass cover (%) <10 % 

Parent material:                               Fluvial  

Effective soil depth:                        Very deep (> 150 cm) 

Rock outcrops:                                 None   

Erosion category and type:                Water erosion/deposition, and deposition by water 

Area, degree and activity of erosion:  0- 5 %, slight, and active at present   

Surface sealing/crusting:                None 

Surface cracks width:                       Fine < 1 

Distance between cracks:                Very closely spaced < 0.2 m 

Cracks depth:                Medium 2-10 cm 

Drainage class:                                Poorly drained  

Saturation: Saturated for short period 

Hydraulic Conductivity: Very slow 

External drainage:                           Slow runoff  

Flooding frequency:                         Annually  

Flooding duration:                           Less than a day 

Flooding depth:                             Very shallow < 25 cm  

Ground water table:                        Not observed up to 200
+
 cm depth 

Moisture condition:                         Moist 

Salt: None 

 

Depth (cm) Horizon Description 

0-47 Ap 

Very dark gray (5YR 3/1, both moist and dry); Clear and wavy boundary; Clay; Moderate, 

medium granular structure; slightly hard (dry), firm (moist), sticky and slightly Plastic (wet); 

Broken, platy, clay cemented; common medium roots and few termites.  

47-100 Ass 

Dark reddish brown (5YR 3/2, moist and dry); Clear and wavy boundary; Clay; Strong, 

medium prismatic granular structure; hard (dry), very firm (moist), sticky and slightly Plastic 

(wet); Abundant, prominent, clay and ped faces cutans; Continuous, vesicular, Iron & clay 

cemented; Very few, soft concretion, very fine, irregular, soft, clay-sesquioxide red light grey 

nodules; and few fine roots and few termite channels. 

100-190
+
 Btkss 

Black (10YR 2/1, moist  to very dark gray (5YR 3/1 dry) very few, fine, faint, clear, white 

mottle; Clay; Strong, medium prismatic granular structure; Very hard (dry), very friable 

(moist), very sticky and slightly plastic (wet); very few, faint, clay and ped faces cutans; 

Broken, nodular, clay & carbonate cemented; Few, nodular, fine, rounded, hard, carbonates 

white nodules; and very few and very fine roots. 
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Table . Site information and soil description for pedon located at Farmers Training Center (FTC). 

Pedon number:                                Three 

Soil type/classification:                    Pellic Vertisols (WRB, 2014); beye guratti (Local) 

Date of examination:                      06/01/2013 

Author of description:                    Tassew Nigussie 

Location:                                       FTC compound of Gole Kebele 

Coordinates:                                   08
0
54'03.5'' N latitude and 38

0
28'57.9'' E longitude 

Altitude:                                        2076 meters above sea level 

Major surrounding land form:        Plain 

Land element:                                 Becho Plain 

Position:                                        Lower slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient:                                Very gently sloppy (1.0-2.0%) 

Slope form:                                    Straight   

Micro-topography:                          None 

Land use/vegetation:                       Animal husbandry/grazing   

Crops: Teff, wheat, sorghum  

Human influence:                            Intensive grazing/animal production, bunding    

Vegetation  None 

Grass cover (%) 50 % 

Parent material:                               Fluvial  

Effective soil depth:                        Very deep (> 150 cm) 

Rock outcrops:                                 None   

Erosion category and type:                Water erosion, and sheet 

Area, degree and activity of erosion:   0- 5 %, slight, and active at present  

Surface sealing/crusting:                None 

Surface cracks width:                        Fine < 1 cm 

Distance between cracks:                Very closely spaced < 0.2 m 

Cracks depth:                Medium 2-10 cm 

Drainage class:                                Well drained  

Saturation: Saturated for short period 

Hydraulic Conductivity: Very slow 

External drainage:                           Slow runoff  

Flooding frequency:                         Annually  

Flooding duration:                           Less than a day 

Flooding depth:                             Very shallow < 25 cm  

Ground water table:                        Not observed up to 200
+
 cm depth 

Moisture condition:                         Moist 

Salt: None 
 

Depth (cm) Horizon Description 

0-16 Ap 
Black (7.5YR 2.5/1, moist) to very dark gray (7.5YR 3/1, dry); Abrupt and smooth boundary; Silty clay 

loam; Moderate, fine granular structure; Slightly hard (dry), very friable (moist), slightly sticky and very 

plastic (wet); common medium roots.  

16-47 A1 

Dark brown (7.5YR 3/3, moist) to very dark gray (7.5 YR 3/1, dry); Clear & smooth boundary; many, 

fine, dominant, sharp, black & reddish brown mottle; Clay; Strong, medium blocky structure; hard (dry), 

very friable (moist), slightly sticky and very plastic (wet); many, concretion, fine, rounded & angular, 

soft, Iron & manganese, black reddish brown nodules; and few, fine roots. 

47-133 Bss1 

Reddish brown (5YR 3/1, moist) to dark reddish brown (5YR 3/2, dry); Clear and smooth boundary; 

many, fine, distinct, diffuse, black & reddish brown mottle; Silty clay; Strong, medium sub angular 

blocky structure; very hard (dry), very friable (moist), slightly sticky and very plastic (wet); Many, soft 

concretion, fine, angular, soft, Iron & manganese, black reddish brown nodules; and very few, very fine 

roots. 

133-200
+
 Bss2 

Brown (5YR 2.5/1, moist) to very dark gray (5YR 3/1, dry) Few, medium, prominent, sharp, black & 

grey mottle; Clay; Strong, medium, angular blocky structure; Very hard (dry), very friable (moist), sticky 

and very plastic (wet); and few, soft concretion, medium, angular, soft, Iron & manganese, black reddish 

brown nodules.. 
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 Table . Site information and soil description for soil pedon near the School 

Pedon number:                               Four 

Soil type/classification:                    Pellic Vertisols (WRB, 2014); beye guratti (Local) 

Date of examination: 06/01/2013 

Author of description:                     Tassew Nigussie 

Location:                                       South of the school 

Coordinates:                                   08
0
54'35.2'' N latitude and 38

0
30'38.7'' E longitude 

Altitude:                                        2095 meters above sea level 

Major surrounding land form:        Plain 

Land element:                                 Becho Plain 

Position:                                        Lower slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient:                                Very gently sloppy (1.0-2.0%) 

Slope form:                                    Straight   

Micro-topography:                          None 

Land use/vegetation:                       Animal husbandry/ Intensive grazing   

Crops: None  

Human influence:                            Surface compaction 

Vegetation  None 

Grass cover (%) > 80 % 

Parent material:                               Fluvial  

Effective soil depth:                        Very deep (> 150 cm) 

Rock outcrops:                                 None   

Erosion category and type:                Water erosion, and sheet 

Area, degree and activity of erosion:   0- 5 %, slight, and active at present  

Surface sealing/crusting:                None 

Surface cracks width:                        Fine < 1 cm 

Distance between cracks:                Moderately widely spaced 0.5 - 2 m 

Cracks depth:                Surface, < 2 cm 

Drainage class:                                Poorly drained  

Saturation: Saturated for short period 

Hydraulic Conductivity: Very slow 

External drainage:                           Slow runoff  

Flooding frequency:                         Annually  

Flooding duration:                           Less than a day 

Flooding depth:                             Very shallow < 25 cm  

Ground water table:                        Not observed up to 200
+
 cm depth 

Moisture condition:                         Moist 

Salt: None 

 

Depth (cm) Horizon Description 

0-30 Ap 

Dusky red (2.5YR 3/2, moist) to Reddish brown (2.5YR 5/3, dry); Abrupt and smooth 

boundary; Silty clay loam; Moderate to strong, fine granular structure; Slightly hard (dry), 

friable (moist), slightly sticky and plastic (wet); Channel, fine, common, medium percent 

pore; many and medium roots.  

30-45 AB 

Dark reddish grey (2.5YR 4/1, moist) to weak red (2.5YR 4/2, dry); Clear and smooth 

boundary; Clay; Strong, moderate granular structure; hard (dry), friable (moist), sticky and 

very plastic (wet); Channel, very fine, medium, fine percent pore; and common and fine 

roots. 

45-95 Btss1 

Dark reddish gray (2.5YR, 3/1, moist) to Dusky red (2.5YR 3/2, dry); Clear and smooth 

boundary; Clay; Weak, moderate granular structure; Slightly hard (dry), very friable (moist), 

sticky and very plastic (wet); and fine and very fine roots. 

95-180
+
 Btss2 

Black (5YR 2.5/1, moist) to very dark gray (5YR 3/1, dry); Clay; Weak, moderate granular 

structure; Slightly hard (dry), very friable (moist), sticky and very plastic (wet). 
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Table . Site information and soil description for soil pedon South of Suba, Liben Kebele   

Pedon number:                               Five 

Soil type/classification:                    Pellic Vertisols (WRB, 2014); beye guratti (Local) 

Date of examination:                      06/01/2013 

Author of description:                     Tassew Nigussie 

Location:                                       Libel Kebele south of Suba town 

Coordinates:                                   08
0
55'02.6'' N latitude and 38

0
30'12.2'' E longitude 

Altitude:                                        2113 meters above sea level 

Major surrounding land form:        Sloping land 

Land element:                                 Slope 

Position:                                        Middle slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient:                                Gently sloppy (2.0-5.0%) 

Slope form:                                    Straight   

Micro-topography:                          None 

Land use/vegetation:                       Rainfed arable cultivation 

Crops: Wheat, Teff, Sorghum, lentil, chickpea, grasspea 

Human influence:                            Ploughing, and minor application of fertilizers 

Vegetation  None 

Grass cover (%) None 

Parent material:                               Basalt 

Effective soil depth:                        Very deep (> 150 cm) 

Rock outcrops:                                 None   

Erosion category and type:                Water, rill and gully 

Area, degree and activity of erosion:   5-10 %, moderate, and active at present   

Surface sealing/crusting:                None 

Surface cracks width:                        Medium  1-2 cm 

Distance between cracks:                Very closely spaced < 0.2 m 

Cracks depth:                Surface < 2 cm 

Drainage class:                                Well drained  

Saturation: Saturated for short period 

Hydraulic Conductivity: Very slow 

External drainage:                           Slow runoff  

Flooding frequency:                         None  

Flooding duration:                           None 

Flooding depth:                             None 

Ground water table:                        Not observed up to 200
+
 cm depth 

Moisture condition:                         Moist 

Salt: None 

 

Depth (cm) Horizon Description 

0-14 Ap 

Reddish black (2.5YR 2.5/1, moist) to dusky red (2.5YR 3/2, dry); Clear and smooth 

boundary; Clay; Weak, fine granular structure; Slightly hard (dry), friable (moist), sticky and 

plastic (wet); few and fine roots.  

14-53 A1 

Dark reddish gray (2.5YR 3/1, moist) to reddish black (2.5YR 2.5/1, dry); Gradual and 

smooth boundary; Common, fine, faint, diffuse, black mottle; Clay; Weak, medium granular 

structure; Hard (dry), firm (moist), sticky and plastic (wet); Common, concretion, fine, round, 

hard, manganese, black nodules; and very few and very fine roots. 

53-96 Ass 

Reddish black (2.5YR 2.5/1, moist) to Dark reddish gray (2.5YR 3/1, dry); Abrupt and 

smooth boundary; Clay; Weak, medium granular structure; Very hard (dry), firm (moist), 

sticky and plastic (wet). 

96-193
+
 Btss 

Black (5YR 2.5/1, moist) to very dark gray (5YR 3/1, dry); Few, very fine, faint, diffuse, 

black mottle; Clay; Weak, medium granular structure; Hard (dry), very friable (moist), 

slightly sticky and slightly plastic (wet); Few, soft concretion, fine, flat, soft, manganese, 

black nodules. 
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Table . Site information and soil description for soil pedon west of Suba town 

Pedon number:                                Six 

Soil type/classification:     Eutric Cambisols (WRB, 2014) and beye dimtu (Local) 

Date of examination:                      06/03/2013  

Author of description:                     Tassew Nigussie 

Location:                                       West of Suba town 

Coordinates:                                   08
0
55'42.5'' N latitude and 38

0
31'05.8'' E longitude 

Altitude:                                        2140 meters above sea level 

Major surrounding land form:        Sloping land 

Land element:                                 Slope 

Position:                                        Middle slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient:                                Sloppy (5-10%) 

Slope form:                                    Concave  

Micro-topography:                          None 

Land use/vegetation:                       Rainfed arable cultivation 

Crops: Wheat, Teff, bean,  

Human influence:                            Ploughing, and minor application of fertilizers 

Vegetation  None 

Grass cover (%) None 

Parent material:                               Basalt 

Effective soil depth:                        Moderately deep (50-100 cm) 

Rock outcrops:                                 None   

Erosion category and type:                Water, sheet and gully 

Area, degree and activity of erosion: > 50 %, moderate, and active at present   

Surface sealing/crusting:                None 

Surface cracks width:                       None 

Distance between cracks:                None 

Cracks depth:                None  

Drainage class:                                Well drained  

Saturation: Never saturated 

Hydraulic Conductivity: Very slow 

External drainage:                           Rapid runoff  

Flooding frequency:                         None  

Flooding duration:                           None 

Flooding depth:                             None 

Ground water table:                        Not observed up to 200
+
 cm depth 

Moisture condition:                         Dry 

Salt: None 
 

Depth (cm) Horizon Description 

0-20 Ap 

Reddish brown (5YR 4/4, moist and dry); Abrupt and smooth boundary; Clay; Weak, 

medium granular structure; Slightly hard (dry), very friable (moist), very sticky and very 

plastic (wet); Common and fine roots.  

20-115 Bw 

Dark gray (5YR 4/1, moist) to very dark gray (5YR 3/1, dry); Abrupt and smooth boundary; 

Few, fine, faint, diffuse, red & black mottle; Clay; Strong, medium granular structure; Hard 

(dry), very friable (moist), sticky and plastic (wet); Few, common, fine, irregular, hard, Iron 

& manganese, red & black nodules; and few and very fine roots. 

115-175
+
 Cr 

Dark reddish gray (5YR 4/2, moist) to Dark reddish brown (2.5YR 2.5/3, dry); Silty clay; 

Weak, crumb; very hard (dry), friable (moist), non-sticky and non-plastic (wet). 
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 Table . Site information and soil description for soil pedon North of Suba town 

Pedon number:                               Seven 

Soil type/classification:                    Mollic Leptosols (WRB, 2014) and Daleti (Local) 

Date of examination:                      06/03/2013 

Author of description:                     Tassew Nigussie 

Location:                                       North of Suba town, Ulaba Kebele  

Coordinates:                                  08
0
56'24.2'' N latitude and 38

0
32'05.7'' E longitude 

Altitude:                                        2323 meters above sea level 

Major surrounding land form:        Sloping land 

Land element:                                Slope 

Position:                                        Upper slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient:                                Strongly sloppy (10-15%) 

Slope form:                                    Convex  

Micro-topography:                          None 

Land use/vegetation:                       Rainfed arable cultivation 

Crops: Teff, poteto,  

Human influence:                            Ploughing, and minor application of fertilizers 

Vegetation  None 

Grass cover (%) None 

Parent material:                               Pyroclastic 

Effective soil depth:                        Moderately deep (50-100 cm) 

Rock outcrops:                                 None   

Erosion category and type:                Water, sheet and gully 

Area, degree and activity of erosion: > 50 %, moderate, and active at present   

Surface sealing/crusting:                None 

Surface cracks width:                      None 

Distance between cracks:                None 

Cracks depth:                None  

Drainage class:                                Well drained  

Saturation: Never saturated 

Hydraulic Conductivity: Very slow 

External drainage:                           Rapid runoff  

Flooding frequency:                         None  

Flooding duration:                           None 

Flooding depth:                             None 

Ground water table:                        Not observed up to 100
+
 cm depth 

Moisture condition:                         Moist 

Salt: None 
 

Depth (cm) Horizon Description 

0-19 Ap 

Very dark gray (7.5YR 3/1, moist) to dark brown (7.5YR 3/2, dry); Clear and smooth 

boundary; Clay loam; Weak, fine crumbly structure; Slightly hard (dry), friable (moist), 

sticky and plastic (wet); common & fine roots.  

19-58 A1 

Dark gray (7.5YR 4/1, moist) to dark brown (7.5YR 3/3, dry); Clear and smooth boundary; 

Clay loam; Many, fine gravel, angular, weathered, stone; Weak, fine crumbly structure; 

Slightly hard (dry), friable (moist), slightly sticky and plastic (wet). 

58-80 Cr1 

Gray (7.5YR 5/1, moist) to brown (7.5YR 4/2, dry); Diffuse and smooth boundary; Clay; 

Common, fine gravel, sub angular, weathered, stone; Moderate, fine crumbly structure; Hard 

(dry), very friable (moist), non-sticky and plastic (wet). 

80-85
+
 Cr2 

Brown (7.5YR 5/2, moist) to very dark gray (7.5YR 3/1, dry); Clay loam; Dominant, coarse 

gravel, flat, strongly weathered stone; Slightly strong, very crumbly structure; very hard 

(dry), very firm (moist), none sticky and none plastic (wet). 
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 Table . Site information and soil description for soil pedon at SE of camping ground (Suba forest) 

Pedon number:                               Eight  

Soil type/classification:                    Mollic Nitisols (WRB, 2014) 

Date of examination:                      06/06/2013 

Author of description:                     Tassew Nigussie 

Location:                                       North east of suba forest 

Coordinates:                                   08
0
57'08.3'' N latitude and 38

0
32'48.2'' E longitude 

Altitude:                                        2465 meters above sea level 

Major surrounding land form:        Sloping land 

Land element:                                 Slope 

Position:                                        Upper slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient:                                Steep (30-60%) 

Slope form:                                    Convex  

Micro-topography:                          None 

Land use/vegetation:                       Forest 

Crops: None  

Human influence:                            None 

Vegetation     Natural forest (closed forest)  

Grass cover (%) 100% 

Parent material:                               Pyroclastic 

Effective soil depth:                        Deep (100-150 cm) 

Rock outcrops:                                 None   

Erosion category and type:                None 

Area, degree and activity of erosion: None  

Surface sealing/crusting:                None 

Surface cracks width:                       None 

Distance between cracks:                None 

Cracks depth:                None  

Drainage class:                                Well drained  

Saturation: Never saturated 

Hydraulic Conductivity: Very slow 

External drainage:                           Rapid runoff  

Flooding frequency:                         None  

Flooding duration:                           None 

Flooding depth:                             None 

Ground water table:                        Not observed up to 100
+
 cm depth 

Moisture condition:                         Moist 

Salt: None 

 

Depth (cm) Horizon Description 

0-35 Oa 

Black (5YR 2.5/1, moist) to very dark gray (5YR 3/1, dry); Gradual and smooth boundary; 

Loam; Weak, very fine granular structure; Soft (dry), loose (moist), slightly sticky and plastic 

(wet); many & coarse roots.  

35-70 A1 

Dark reddish brown (5YR 3/2, moist to dark reddish brown (5YR 3/3, dry); Gradual and 

smooth boundary; Clay loam; Moderate, fine granular structure; Slightly soft (dry), loose 

(moist), sticky and very plastic (wet); many & medium roots. 

70-93 Bt 

Very dark gray (5YR 3/1, moist) to black (5YR 2.5/1, dry); Diffuse and smooth boundary; 

Silt clay loam; Moderate, medium sub angular blocky structure; Hard (dry), very friable 

(moist), sticky and very plastic (wet); Common & fine roots. 

93-132 Cr1 

Dark reddish brown (7.5YR 3/4, moist) to dark reddish gray (7.5YR 4/2, dry); Diffuse and 

wavy boundary; Clay loam; Slightly strong, medium angular blocky structure; Hard (dry), 

friable (moist), non-sticky and plastic (wet). 

132-158
+
 Cr2 

Reddish brown (7.5YR 4/3, moist) to reddish brown (7.5YR 4/4, dry); Silt clay; Slightly 

strong, very coarse prismatic structure; Very hard (dry), firm (moist), non-sticky and plastic 

(wet). 
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Table . Site information and soil description for soil pedon at SW of suba forest 

Pedon number: Nine  

Soil type/classification:     Eutric Cambisols (WRB, 2014) and beye dimtu (Local) 

Date of examination:                      06/06/2013 

Author of description:                     Tassew Nigussie 

Location:                                       South west of suba forest [Suba-2] 

Coordinates:                                   08
0
57'14.4'' N latitude and 38

0
31'10.5'' E longitude 

Altitude: 2273 meters above sea level 

Major surrounding land form:        Sloping land 

Land element: Slope 

Position: Upper middle slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient:                                Sloppy (5-10%) 

Slope form:                                    Concave  

Micro-topography:                          None 

Land use/vegetation:                       Rainfed arable cultivation 

Crops: Wheat, Teff, Barley, linseed  

Human influence:                            Ploughing, bunding, and minor application of fertilizers 

Vegetation  Close forest [Coniferous forest] 

Grass cover (%) 25-50% 

Parent material:                               Basalt 

Effective soil depth:                        Deep (100-150 cm) 

Rock outcrops:                                 None   

Erosion category and type:                Water, sheet and gully 

Area, degree and activity of erosion: 10-25%, moderate, and active at present   

Surface sealing/crusting:                None 

Surface cracks width:                      None 

Distance between cracks:                None 

Cracks depth:                None  

Drainage class:                                Well drained  

Saturation: Never saturated 

Hydraulic Conductivity: Very slow 

External drainage:                           Rapid runoff  

Flooding frequency:                         None  

Flooding duration:                           None 

Flooding depth:                             None 

Ground water table:                        Not observed up to 200
+
 cm depth 

Moisture condition:                         Dry 

Salt: None 
 

Depth (cm) Horizon Description 

0-15 Ap 

Dark reddish brown (5YR 3/1, moist) to yellowish red (5YR 3/2, dry); Clear and smooth 

boundary; Clay; Moderate, fine blocky structure; slightly hard (dry), friable (moist), very 

sticky and very plastic (wet); common & medium roots, and few termites.  

15-111 Bw 

Dark gray (5YR 4/1, moist) to very dark gray (5YR 3/1, dry); Clear and wavy boundary; 

many, fine, prominent, clear, black mottle; Clay; Strong, medium blocky angular structure; 

hard (dry), very friable (moist), sticky and very plastic (wet); Abundant, prominent, 

manganese, vertical pedfaces cutan; Abundant, soft crystal concretion, fine, elongated, hard 

& soft, manganese, black nodules; few & fine roots, and very few termites. 

111-169
+
 Cr 

Reddish gray (5YR 5/2, moist) to reddish brown (5YR 4/3, dry); Clay; Abundant, stone, flat 

strongly weathered, feldspar rocks; Moderate, medium blocky sub angular structure; very 

hard (dry), very firm (moist), non-sticky and non-plastic (wet). 
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Table . Site information and soil description for soil pedon at SW of camping ground (Suba forest) 

Pedon number: Ten 

Soil type/classification:                    Mollic Nitisols (WRB, 2014) 

Date of examination:                      06/06/2013 

Author of description:                     Tassew Nigussie 

Location:                                       North of main get                                                                                     

Coordinates:                                   08
0
57'50.6'' N latitude and 38

0
32'21.3'' E longitude 

Altitude:                                        2419 meters above sea level 

Major surrounding land form:        Sloping land 

Land element:                                 Slope 

Position:                                        Upper slope 

Soil temperature regime:                 Mesic 

Soil moisture regime:                      Ustic 

Slope gradient: Slopping (5-10%) 

Slope form:                                    Convex  

Micro-topography:                          None 

Land use/vegetation:                       Forest 

Crops: None  

Human influence:                            None 

Vegetation     Natural forest (closed forest)  

Grass cover (%) 10% 

Parent material:                               Pyroclastic 

Effective soil depth:                        Deep (100-150 cm) 

Rock outcrops:                                 None   

Erosion category and type:                Water, and sheet  

Area, degree and activity of erosion: 5-10%, slight, and active at present   

Surface sealing/crusting:                None 

Surface cracks width: None 

Distance between cracks:                None 

Cracks depth:                None  

Drainage class:                                Well drained  

Saturation: Never saturated 

Hydraulic Conductivity: Very slow 

External drainage:                           Rapid runoff  

Flooding frequency:                         None  

Flooding duration:                           None 

Flooding depth:                             None 

Ground water table:                        Not observed up to 100
+
 cm depth 

Moisture condition:                         Moist 

Salt: None 

 

Depth (cm) Horizon Description 

0-14 Oa 

Dark reddish brown (5YR 2.5/2, moist) to very dark gray (5YR 3/1, dry); Clear and smooth 

boundary; Sandy loam; Weak, fine granular structure; Soft (dry), very friable (moist), slightly 

sticky and slightly plastic (wet); many & coarse roots, and common earthworm channel and 

termites.  

14-58 A1 

Dark gray (5YR 4/1, moist) to reddish brown (5YR 4/3, dry); Diffuse and smooth boundary; Clay; 

Moderate, medium blocky structure; Slightly hard (dry), very friable (moist), sticky and plastic 

(wet); many & medium roots, and few earthworm channel and termites. 

58-152
+
 Bt 

Black (5YR 2.5/1, moist) to dark reddish brown (5YR 2.5/2, dry); Common, fine, faint, diffuse, 

and black mottle; Clay; Moderate, medium blocky structure; Slightly hard (dry), friable (moist), 

sticky and plastic (wet); Common, faint, manganese, and vertical pedfaces cutan; common, soft 

concretion, fine, rounded, hard, manganese black colored nodules; common & medium roots. 
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Table . Critical limits for interpreting levels of analytical parameters 

Parameter 

Rating 

Very 

low 

Low Medium High Very 

high  

Sources 

pH - <5.5 5.5-7.0 7.0-8.5 >8.5 Landon (2014) 

Soil organic carbon (%) <0.5 0.5-1.5  1.5-3.0  > 3.0 - Tekelign (1991) 

Total nitrogen (%) < 0.05  0.05-0.12  0.12-0.25  > 0.25 - Tekelign (1991 

Available P (mg kg
-1

) < 5  5-9  10-17  18-25  > 25 Cottenie (1980) 

Exchangeable Ca (cmolc (+) kg
-1

) < 2  2-5  5-10  10-20  > 20 FAO (2006) 

Exchangeable Mg (cmolc (+) kg
-1

) < 0.3  0.3-1.0  1-3  3-8  > 8 FAO (2006) 

Exchangeable K (cmolc (+) kg
-1

) < 0.2  0.2-0.3  0.3-0.6  0.6-1.2  > 1.2 FAO (2006) 

Exchangeable Na (cmolc(+) kg
-1

) < 0.1  0.1-0.3  0.3-0.7  0.7-2  > 2 FAO (2006) 

CEC (cmolc(+) kg
-1

) < 5  5-15  15-25  25-40  > 40 Landon (2014) 

Percent base saturation (%) 0-20  20-40  40-60  60-80  > 80 Hazelton and 

Murphy (2007) 

Available Fe (mg kg
-1

) 0.1-0.6  0.7-2  2.1-5  5.1-250  > 250 Jones (2003) 

Available Mn (mg kg
-1

) < 0.2  0.3-0.9  1.0-20  20-50  > 50 Jones (2003) 

Available Zn (mg kg
-1

) < 0.2  0.3-0.4  0.5-1  1.1-10  > 10 Jones (2003) 

Available Cu (mg kg
-1

) < 0.2  0.3-2.5  2.6-5  5.1-10  > 10 Jones (2003) 

Available B (mg kg
-1

) < 0.2  0.3-1.0  1.1-2.0 2.1-4.0  > 4.1 Jones (2003) 

 
Table . Calculated daily (mm/day) and monthly (mm/month) ETo, and decadal (mm/month) of ETo and rainfall 

(mm) values using FAO Penman-Monteith and Gommes model, respectively (mean 1986-2015) 

Month 
Daily 

Eto 

Monthly 

Eto 

Monthly 

Rainfall 

Average Decade Eto Average Decade Rainfall 

1 2 3 1 2 3 

January 5.0 155.0 17.57 51.52 51.72 51.76 4.39 5.77 7.41 

February 5.5 154.0 34.85 50.12 51.00 52.88 9.77 11.64 13.45 

March 5.8 179.8 50.70 59.66 60.58 59.55 14.82 16.82 19.06 

April 5.1 153.0 73.04 51.94 50.49 50.57 23.76 24.82 24.46 

May 5.4 167.4 56.99 57.40 56.60 53.40 17.14 18.09 21.76 

Jun 3.9 117.0 114.62 43.45 38.71 34.84 29.10 37.53 47.98 

July 2.9 89.9 226.92 31.79 29.67 28.44 68.22 76.90 81.80 

August 2.8 86.8 236.85 28.37 28.71 29.72 83.54 80.37 72.93 

September 3.4 102.0 131.42 30.90 33.65 37.45 55.80 43.88 31.74 

October 4.7 145.7 20.26 45.51 49.02 51.18 14.25 5.54 0.46 

November 5.1 153.0 7.32 50.60 51.10 51.29 3.22 2.28 1.82 

December 4.9 151.9 7.63 50.55 50.58 50.77 2.03 2.42 3.17 

Mean 4.54 137.96 81.51 45.99 45.99 45.99 27.17 27.17 27.17 
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Table . Simple water balance computation for the determination of end of growing period (mean 1986-2015) 

Month Decade Rainfall Rainfall + Excess (mm) ETo(mm) 0.5ETo(mm) Excess 

January 1 4.39  51.52 25.76  

 2 5.77  51.72 25.86  

 3 7.41  51.76 25.88  

February 1 9.77  50.12 25.06  

 2 11.64  51.00 25.50  

 3 13.45  52.88 26.44  

March 1 14.82  59.66 29.83  

 2 16.82  60.58 30.29  

 3 19.06  59.55 29.78  

April 1 23.76  51.94 25.97  

 2 24.82  50.49 25.25  

 3 24.46  50.57 25.28  

May 1 17.14  57.40 28.70  

 2 18.09  56.60 28.30  

 3 21.76  53.40 26.70  

Jun 1 29.10  43.45 21.72  

 2 37.53  38.71 19.36  

 3 47.98 47.98-34.84=13.15 34.84 17.42  

July 1 68.22 68.22+13.15-31.79=49.57 31.79 15.90 49.57 

 2 76.90 76.90+49.57-29.67=96.80 29.67 14.84 96.80 

 3 81.80 81.80+96.80-28.44=150.17 28.44 14.22 150.17 

August 1 83.54 83.54+100-28.37=155.17 28.37 14.19 155.17 

 2 80.37 80.37+100-28.71=151.67 28.71 14.35 151.67 

 3 72.93 72.93+100-29.72=143.21 29.72 14.86 143.21 

September 1 55.80 55.80+100-30.90=124.90 30.90 15.45 124.90 

 2 43.88 43.88+100-33.65=110.23 33.65 16.82 110.23 

 3 31.74 31.74+100-37.45=94.29 37.45 18.72 94.29 

October 1 14.25 14.25+94.29-45.51=63.04 45.51 22.75 63.04 

 2 5.54 =5.54+63.04-49.02=19.56 49.02 24.51  

 3 0.46  51.18 25.59  

November 1 3.22  50.60 25.30  

 2 2.28  51.10 25.55  

 3 1.82  51.29 25.65  

December 1 2.03  50.55 25.27  

 2 2.42  50.58 25.29  

 3 3.17  50.77 25.39  
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Table . Triangular fuzzified pair-wise comparison matrix of the main criteria (Geometric mean for fuzzy judgment matrix of nine experts) 
Chickpea Climate Topography Wetness Soil physical Soil fertility 

Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper 

Climate 1.0000 1.0000 1.0000 2.8689 3.3926 4.1284 1.3787 1.7411 2.2474 0.8461 1.0428 1.2788 0.5000 0.5585 0.7489 

Topography 0.2422 0.2948 0.3486 1.0000 1.0000 1.0000 0.9246 1.1493 1.3969 0.4656 0.5277 0.7117 0.2197 0.2574 0.3202 

Wetness 0.4449 0.5744 0.7253 0.7159 0.8701 1.0816 1.0000 1.0000 1.0000 0.2584 0.2965 0.3800 0.2440 0.2765 0.3478 

Soil physical 0.7820 0.9589 1.1819 1.4050 1.8949 2.1476 2.6314 3.3726 3.8693 1.0000 1.0000 1.0000 0.6137 0.7063 0.9977 

Soil fertility 1.3353 1.7904 2.0000 3.1226 3.8850 4.5524 2.8755 3.6165 4.0989 1.0023 1.4158 1.6295 1.0000 1.0000 1.0000 

Teff                

Climate 1.0000 1.0000 1.0000 2.5154 3.1466 4.0767 1.3843 1.6156 2.1514 0.9870 1.2072 1.5423 0.5183 0.5875 0.7919 

Topography 0.2453 0.3178 0.3975 1.0000 1.0000 1.0000 0.5009 0.6041 0.7611 0.3114 0.3644 0.4350 0.2895 0.3519 0.4415 

Wetness 0.4648 0.6190 0.7224 1.3139 1.6554 1.9965 1.0000 1.0000 1.0000 0.4836 0.6008 0.7937 0.2798 0.3338 0.4677 

Soil physical 0.6484 0.8284 1.0132 2.2987 2.7440 3.2110 1.2599 1.6644 2.0678 1.0000 1.0000 1.0000 0.3519 0.3878 0.5962 

Soil fertility  1.2628 1.7022 1.9293 2.2648 2.8420 3.4541 2.1380 2.9959 3.5745 1.6772 2.5786 2.8420 1.0000 1.0000 1.0000 

Wheat                

Climate 1.0000 1.0000 1.0000 2.0200 2.4551 3.2110 1.9626 2.3618 3.0391 0.9870 1.1493 1.5423 0.4648 0.5520 0.7459 

Topography 0.3114 0.4073 0.4950 1.0000 1.0000 1.0000 0.6311 0.7937 1.0357 0.2217 0.2718 0.3591 0.1875 0.2370 0.3026 

Wetness 0.3290 0.4234 0.5095 0.9655 1.2599 1.5846 1.0000 1.0000 1.0000 0.6170 0.7553 1.0132 0.2735 0.3220 0.4221 

Soil physical 0.6484 0.8701 1.0132 2.7850 3.6790 4.5114 0.9870 1.3240 1.6207 1.0000 1.0000 1.0000 0.3816 0.4317 0.7009 

Soil fertility  1.3407 1.8114 2.1514 3.3049 4.2188 5.3320 2.3692 3.1057 3.6558 1.4268 2.3164 2.6207 1.0000 1.0000 1.0000 
  

Table . Triangular fuzzified pair-wise comparison matrix of Soil fertility characteristics sub criteria (Geometric mean for fuzzy judgment matrix of nine experts) 
Chickpea pH OC TN Available_P Basic Cations CEC Base saturation 

Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper 

pH 1.000 1.000 1.000 0.405 0.480 0.662 0.580 0.662 0.970 0.438 0.493 0.718 0.725 0.905 1.338 0.649 0.727 1.043 0.392 0.463 0.674 

OC 1.510 2.084 2.468 1.000 1.000 1.000 1.299 1.600 2.210 0.653 0.774 1.013 0.624 0.732 1.111 0.878 1.046 1.531 0.903 1.122 1.464 

TN 1.031 1.511 1.725 0.452 0.625 0.770 1.000 1.000 1.000 0.370 0.457 0.601 0.489 0.573 0.786 0.656 0.763 1.018 0.496 0.630 0.839 

Available_P 1.393 2.026 2.282 0.987 1.292 1.531 1.663 2.189 2.704 1.000 1.000 1.000 1.032 1.232 1.714 0.626 0.720 1.062 0.616 0.753 1.069 

Basic Cations  0.748 1.105 1.379 0.900 1.367 1.602 1.273 1.744 2.047 0.583 0.811 0.969 1.000 1.000 1.000 0.425 0.484 0.710 1.054 1.251 2.092 

CEC 0.959 1.376 1.541 0.653 0.956 1.139 0.982 1.310 1.524 0.942 1.389 1.597 1.409 2.068 2.352 1.000 1.000 1.000 1.335 1.639 2.300 

Base saturation 1.484 2.161 2.549 0.683 0.891 1.108 1.592 1.587 2.016 0.935 1.327 1.624 0.478 0.799 0.949 0.435 0.610 0.749 1.000 1.000 1.000 

Teff                      

pH 1.000 1.000 1.000 0.454 0.567 0.757 0.622 0.735 1.009 0.475 0.588 0.782 0.418 0.548 0.832 0.398 0.493 0.687 0.501 0.650 0.885 

OC 1.321 1.763 2.202 1.000 1.000 1.000 1.187 1.440 2.148 1.392 1.627 2.053 1.394 1.624 2.018 1.171 1.325 1.730 1.429 1.677 2.111 

TN 0.991 1.361 1.608 0.466 0.694 0.843 1.000 1.000 1.000 1.241 1.371 2.053 1.384 1.576 2.234 1.004 1.117 1.558 1.401 1.558 2.148 

Available_P 1.279 1.701 2.105 0.487 0.615 0.718 0.487 0.729 0.806 1.000 1.000 1.000 1.225 1.515 2.084 0.616 0.706 1.036 0.944 1.072 1.632 

Basic Cations  1.202 1.824 2.395 0.495 0.616 0.717 0.448 0.634 0.722 0.480 0.660 0.816 1.000 1.000 1.000 0.672 0.725 1.170 0.642 0.722 1.096 

CEC 1.455 2.026 2.511 0.578 0.755 0.854 0.642 0.896 0.996 0.966 1.417 1.624 0.855 1.379 1.489 1.000 1.000 1.000 1.459 1.689 2.567 

Base saturation 1.130 1.537 1.997 0.474 0.596 0.700 0.664 0.642 0.714 0.613 0.933 1.060 0.912 1.384 1.558 0.390 0.592 0.685 1.000 1.000 1.000 

Wheat                      

pH 1.000 1.000 1.000 0.276 0.328 0.449 0.307 0.356 0.493 0.583 0.713 1.115 0.803 0.933 1.361 0.382 0.489 0.680 1.038 1.344 1.817 

OC 2.226 3.048 3.628 1.000 1.000 1.000 1.526 1.885 2.794 1.624 1.909 2.587 1.537 1.870 2.557 0.987 1.130 1.688 1.500 1.811 2.444 

TN 2.026 2.813 3.259 0.358 0.531 0.655 1.000 1.000 1.000 1.054 1.158 1.876 1.495 1.715 2.505 1.429 1.616 2.280 1.204 1.318 1.940 

Available_P 0.897 1.403 1.714 0.387 0.524 0.616 0.533 0.863 0.949 1.000 1.000 1.000 1.314 1.500 2.141 1.201 1.379 1.963 1.374 1.587 2.312 

Basic Cations  0.735 1.072 1.245 0.391 0.535 0.650 0.399 0.583 0.669 0.467 0.667 0.761 1.000 1.000 1.000 0.451 0.520 0.780 0.374 0.449 0.735 

CEC 1.470 2.047 2.617 0.593 0.885 1.013 0.439 0.619 0.700 0.510 0.725 0.833 1.282 1.923 2.217 1.000 1.000 1.000 0.956 1.080 1.839 

Base saturation 0.550 0.744 0.963 0.409 0.552 0.667 0.765 0.759 0.830 0.432 0.630 0.728 1.361 2.227 2.671 0.544 0.926 1.046 1.000 1.000 1.000 
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Table . Triangular fuzzified pair-wise comparison matrix of Climatic sub criteria (Geometric mean for fuzzy judgment matrix of nine experts) 
Chickpea Temperature Rainfall  Growing season Frost hazard 

Lower Middle Upper Lower Middle Upper Lower Middle Upper Lower Middle Upper 

Temperature 1.0000 1.0000 1.0000 1.0325 1.1645 1.6854 0.9159 1.0795 1.3969 1.3663 1.6696 1.9885 
Rainfall  0.5933 0.8587 0.9685 1.0000 1.0000 1.0000 3.6970 4.2744 5.4830 1.9795 2.4046 2.8705 

Growing season 0.7159 0.9263 1.0918 0.1824 0.2340 0.2705 1.0000 1.0000 1.0000 0.8461 1.0173 1.2137 

Frost hazard 0.5029 0.5990 0.7319 0.3484 0.4159 0.5052 0.8239 0.9830 1.1819 1.0000 1.0000 1.0000 

Teff             

Temperature 1.0000 1.0000 1.0000 0.4637 0.5520 0.9032 0.9338 1.0878 1.4001 0.6727 0.7564 1.0031 

Rainfall  1.1072 1.8114 2.1563 1.0000 1.0000 1.0000 2.2883 2.7651 3.4541 1.9705 2.2557 3.1565 

Growing season 0.7142 0.9193 1.0708 0.2895 0.3616 0.4370 1.0000 1.0000 1.0000 1.6961 2.0091 2.5383 
Frost hazard 0.9969 1.3221 1.4865 0.3168 0.4433 0.5075 0.3940 0.4977 0.5896 1.0000 1.0000 1.0000 

Wheat             

Temperature 1.0000 1.0000 1.0000 0.5330 0.6237 0.9685 0.5775 0.6971 1.0325 0.7345 0.9188 1.2203 

Rainfall  1.0325 1.6033 1.8761 1.0000 1.0000 1.0000 0.8572 1.0878 1.5577 0.6475 0.8303 1.2252 
Growing season 0.9685 1.4345 1.7316 0.6420 0.9193 1.1665 1.0000 1.0000 1.0000 0.7512 0.9960 1.2453 

Frost hazard 0.8195 1.0884 1.3615 0.8162 1.2044 1.5445 0.8030 1.0040 1.3312 1.0000 1.0000 1.0000 

 

Table .  Triangular fuzzified pair-wise comparison matrix of Topographic and Wetness sub criteria (Geometric mean for fuzzy judgment matrix of nine experts) 
Chickpea Slope Altitude  Drainage Flooding 

Lower Middle Upper Lower Middle Upper  Lower Middle Upper Lower Middle Upper 

Slope  1.0000 1.0000 1.0000 1.8949 2.1563 2.8420 Drainage  1.0000 1.0000 1.0000 0.4745 0.5352 0.6688 

Altitude  0.3519 0.4637 0.5277 1.0000 1.0000 1.0000 Flooding 1.4951 1.8686 2.1075 1.0000 1.0000 1.0000 

Teff              

Slope  1.0000 1.0000 1.0000 1.5327 2.0772 2.3907 Drainage  1.0000 1.0000 1.0000 0.9347 1.1431 1.4364 
Topographic  0.4183 0.4814 0.6525 1.0000 1.0000 1.0000 Flooding 0.6962 0.8748 1.0699 1.0000 1.0000 1.0000 

Wheat              

Slope  1.0000 1.0000 1.0000 1.0844 1.2110 1.5697 Drainage  1.0000 1.0000 1.0000 1.1729 1.3281 1.7371 

Topographic  0.6371 0.8258 0.9221 1.0000 1.0000 1.0000 Flooding 0.5757 0.7529 0.8526 1.0000 1.0000 1.0000 
 

Table .  Triangular fuzzified pair-wise comparison matrix of soil physical characteristics sub criteria (Geometric mean for fuzzy judgment matrix of nine experts) 
Chickpea Textural Depth Coarse fragments 

Lower Middle Upper Lower Middle Upper Lower Middle Upper 

Textural  1.0000 1.0000 1.0000 0.3114 0.3544 0.5439 2.0046 2.2894 3.1981 
Depth  1.8385 2.8217 3.2110 1.0000 1.0000 1.0000 2.9850 3.5970 4.8530 

Coarse fragments 0.3127 0.4368 0.4989 0.2061 0.2780 0.3350 1.0000 1.0000 1.0000 

Teff          

Textural  1.0000 1.0000 1.0000 1.3918 1.6273 2.3949 2.1399 2.6089 3.5663 
Depth  0.4175 0.6145 0.7185 1.0000 1.0000 1.0000 2.0109 2.4897 3.3649 

Coarse fragments 0.2804 0.3833 0.4673 0.2972 0.4017 0.4973 1.0000 1.0000 1.0000 

Wheat          

Textural  1.0000 1.0000 1.0000 0.4015 0.4788 0.7025 1.3116 1.6390 2.1847 
Depth  1.4235 2.0885 2.4905 1.0000 1.0000 1.0000 2.0772 2.4784 3.3392 

Coarse fragments 0.4577 0.6101 0.7624 0.2995 0.4035 0.4814 1.0000 1.0000 1.0000 
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Table . Land suitability ratings for agro-climate characteristic requirements for rainfed (Chickpea, Wheat, and 

Teff) crops 

LUT Rating Temperature (oC) Rainfall (mm)  LGP (days) * Frost hazard (month) 

Chickpea S1 95 16-23 >250 105-155 none Oct.-Dec. 

 S2 85 23-25 or 16-14 250-150 80-105 or 155-175 none Oct.-Nov. 

 S3 60 25-28 or 14-12 150-50 60-80 or 175-195 - 

 N1 40 - - <60 or >195 any Oct.-Nov. severe Dec 

 N2 25 >28 or <12 <50   - 

Teff S1 95 15-20 800-1200 86-151 none Oct.-Nov. 

 S2 85 12.5-15 or 20-25 600-800 or 1200-1400 60-86 or 151-170 slight Oct.-Dec. 

 S3 60 10-12.5 or 25-30 400-600 or 1400-1600 40-60 or 170-190 -  

 N1 40 <10/>30 <400 or >1600 <40 or >190 severe Oct.-Dec. 

 N2 25 - 800-1200 86-151 none Oct.-Nov. 

Wheat S1 95 12-23 >600 110-145 None oct. Nov , slight Dec. 

 S2 85 23-25 or 12-10 400-600 100-110 or 145-180 None oct.. slight Nov-Dec. 

 S3 60 25-30 or 10-8 200-400 80-100 or 180-230 slight in Oct. to Dec 

 N1 40 -  <200 <80 or >230  any in Oct. severe Nov, Dec 

 N2 25 >30  or  <8 - - -  

* LGP = Length of growing period 

 

Table . Land suitability ratings for soil chemical characteristic requirements for rainfed (Chickpea, Wheat, 

and Teff) crops 

LUT Rating pH-H2O 
Soil OC 

(%) 

Total N 

(%) 

Available P 

(mg Kg-1) 

SBC cmol(+) 

kg-1 

CEC cmol(+) 

kg-1 
PBS (%) 

Chickpea S1 95 6-7.6 >1.2 >0.2 >10 >5 >16 >50 

 S2 85 5.6-6 or 7.6-8 0.8-1.2 0.15-0.2 5-10 5-3.5 <16(-) 50-35 

 S3 60 5.6-5.2 or 8-8.2 <0.8 0.1-0.15 3-5 3.5-2 <16(+) <35 

 N1 40 <5.2 - <0.1 <3 <2 - - 

 N2 25 >8.2 - - - - - - 

Teff S1 95 5.2-7.5 >2.5 >0.2 >10 >15 >40 >80 

 S2 85 5.0-5.2 or 7.5-8.0 1.5-2.5 0.15-0.2 5-10 5-15 25-40 50-80 

 S3 60 4.5-5 or 8.0-8.5 1-1.5 0.1-0.15 3-5 2-5 15-25 35-50 

 N1 40 <4.5 or >8.5 <1 <0.1 <3 <2 <15 <35 

 N2 25 - - - - - - -  

Wheat S1 95 6-8.2 >1.5 >0.2 >10 >5 >16 >50 

 S2 85 6-5.6 or 8.2-8.3 1.5-1 0.15-0.2 5-10 5-3.5 8-16 50-35 

 S3 60 5.6-5.2 or 8.3-8.5 1-0.5 0.1-0.15 3-5 3.5-2 <8 <35 

 N1 40 <5.2 <0.5 0.1-0.08 <3 <2 - - 

 N2 25 >8.5 - <0.08 - - - - 

SBC= sum of cations; PBS = % base saturation 
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Table . Land suitability ratings for physical characteristic requirements for rainfed (Chickpea, Wheat, and 

Teff) crops 

LUT Rating Slope (%) Altitude (m) Drainage Flooding Texture  
Depth 

(cm) 

Stoniness 

(%) 

Chickpea S1 95 <8 1800-2600 MW Fo CL, SiL, 

SiCL, L, 

SCL,SC 

>75 <15 

 S2 85 8-16 1400-1800 or 

2600-2800 

I - Cs, SL, SiCs 50-75 15-35 

 S3 60 16-30 1200-1400 or 

2800-3000 

P F1 LS,fS, Co, 

SiCm 

30-50 35-55 

 N1 40 30-50 <1200 or 

>3000 

VP - - - - 

 N2 25 >50 - E F2+ Cm,cS <30 >55 

Teff S1 95 0-8 1800-2500 W, MW Fo Si, SiC, C >50 0-3 

 S2 85 8-16 1600-1800 or 

2500-2700 

I F1 SiCL 30-50 3-35 

 S3 60 16-30 1400-1600 or 

2700-2900 

SE-E F2 SiL, CL,SC 20-30 15-35 

 N1 40 > 30 <1400 or 

>2900 

P - L, SCL 10-20 35-55 

 N2 25  - -  VP F3+  S, LS,SL  <10 >55 

Wheat S1 95 <8 2000-2600 W Fo C < 60s, SiC, 

Si, SiL, CL, 

SC, C>60s, L 

>90 <15 

 S2 85 16-30 1500-2000 or 

2600-3300  

MW F1 SCL, C>60v 50-90 15-35 

 S3 60 16-30 1000-1500 or 

3300-3800 

I F2 LfS, SL 20-50 35-55 

 N1 40 - <1000 or 

>3800 

P F3 - 10-20 - 

 N2 25 >30 - VP,E F4 Cm, SiCm, 

LcS, fS, cS, S 

<10 >55 

 

Note: W = well drained, MW = moderately well drained, I = imperfectly drained, P = poorly drained, VP = 

very poorly drained, SE = semi excessively drained, E = excessively drained; Fo = no risk, F1 = slight, F2 = 

common, F3 = frequent, F4 = permanent; C<60s = clay less than 60% blocky structure, C>60v = clay greater 

than 60% vertisol structure, CL = clay loam, Cm = massive clay, Co = clay, oxisol structure, Cs = clay, 

blocky structure; cS = coarse sand,  fS = fine sand, L = loam,  LcS = loamy coarse sand,  LfS = loamy fine 

sand, LS = loamy sand, S = sand,  SC = sandy clay,  SCL = sandy clay loam,  SL = sandy loam, Si = silt, SiC 

= silt clay, SiCL=silty clay loam,  SiCm = massive silty clay, SiCs = silty clay, blocky structure, SiL = silt 

loam, SL = sandy loam. 

 

Source: Requirements for Chickpea, Wheat, and Teff were compiled from; Dent and Young, 1981; FAO, 

1976; FAO, 1983; FAO, 2002; FAO/UNDP, 1984; FAO/UNDP, 1984ab; Hailu et al, 2015; Jones (2003); 

Kassa and Mulu, 2012; Sanchez et al., 2003; Sys and Riquier, 1980; Sys et al., 1991ab; Sys et al., 1993; 

Teshome and Verehye, 1994; Van Diepen et al., 1991. 
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Table . Soil and landscape attribute data   

No East North Depth pH Texture OC TN AP SBC CEC PBS D F 

1 445401 985666 100 6.36 clay 1.87 0.13 1.00 26.5 27.4 96.9 W N 

2 447040 986890 100 5.56 clay 1.76 0.09 3.14 14.6 19.0 77.2 W N 

3 446211 984824 100 5.95 silt clay 3.44 0.14 4.85 15.3 18.9 80.8 P S 

4 448871 988166 80 5.68 clay 2.16 0.08 12.77 10.3 18.0 57.0 W N 

5 447186 989710 100 5.87 clay 2.27 0.09 1.85 11.8 14.8 79.8 W N 

6 443811 981627 100 6.11 clay 3.28 0.11 5.63 29.2 30.6 95.5 P S 

7 443068 980123 100 7.69 clay 3.24 0.09 7.00 43.5 51.3 84.9 P C 

8 443129 983853 40 6.01 silt clay 2.66 0.17 9.33 15.7 16.5 95.3 W S 

9 442447 979508 100 6.43 clay 3.68 0.17 12.32 49.5 54.0 91.6 P C 

10 443383 979755 100 6.00 clay 3.69 0.13 9.91 46.5 47.5 97.7 P C 

11 442501 980688 100 6.14 clay 5.45 0.13 2.46 34.8 38.1 91.1 I S 

12 443340 980478 100 6.48 clay 4.36 0.18 4.77 35.8 40.4 88.7 I C 

13 442658 981594 100 6.94 clay 1.57 0.16 1.76 18.7 23.0 81.3 I S 

14 443908 981476 100 5.93 clay 3.31 0.17 5.43 27.0 29.6 91.2 MW N 

15 443631 982372 100 7.03 clay 2.29 0.27 3.66 26.2 31.0 84.4 MW N 

16 443543 983670 100 5.83 clay 2.70 0.16 3.72 15.8 17.6 90.1 MW N 

17 444592 983756 100 5.43 clay 3.09 0.18 4.33 19.1 31.3 60.9 MW N 

18 443500 984423 100 6.22 clay 2.65 0.22 12.23 18.6 19.3 96.0 W N 

19 444374 984633 100 6.70 clay 2.06 0.16 5.07 25.9 27.5 94.4 W N 

20 445815 984672 100 5.76 Silt clay 3.08 0.13 5.41 17.1 17.8 96.3 MW N 

21 444515 985406 100 6.55 clay 1.81 0.09 1.63 24.6 25.7 95.5 W N 

22 445421 985432 40 6.02 silt loam 2.26 0.07 16.03 12.3 12.9 94.9 W N 

23 446271 985547 100 7.10 clay 1.35 0.08 1.93 40.2 40.6 99.1 W N 

24 445176 986384 80 5.75 clay 2.41 0.16 2.62 13.6 14.1 96.5 W N 

25 446245 986535 70 7.47 clay 1.47 0.10 1.42 48.0 48.3 99.4 W N 

26 447363 986743 65 5.76 clay 1.96 0.11 0.76 15.6 15.9 97.9 W N 

27 445702 987313 68 5.99 clay loam 2.03 0.11 34.89 12.1 15.2 79.6 W N 

28 446247 987381 70 5.95 Silt clay 2.95 0.10 32.35 13.1 14.8 88.5 W N 

29 447321 987738 80 6.17 clay 1.66 0.11 16.41 17.2 17.7 97.0 W N 

30 448227 987442 75 5.73 clay 2.25 0.14 11.51 13.6 23.8 57.2 W N 
31 446501 988200 90 5.39 clay 2.71 0.12 6.99 12.6 21.3 59.1 W N 
32 447676 988346 78 5.29 clay 2.96 0.12 2.41 9.8 16.8 58.1 W N 
33 448333 988299 82 5.66 clay 2.02 0.18 8.79 14.0 23.9 58.8 W N 
34 449541 988439 74 5.38 clay 2.16 0.14 0.62 11.1 18.5 60.0 W N 
35 446294 989356 97 5.64 clay 3.05 0.12 3.36 11.9 20.4 58.4 W N 
36 447349 989437 100 5.54 clay 3.02 0.14 1.02 12.1 20.8 58.3 W N 
37 448326 989760 100 5.54 clay 4.67 0.15 1.36 10.2 18.2 56.2 W N 
38 447187 990376 98 6.29 silt clay 4.48 0.13 1.50 14.5 14.9 97.2 W N 
39 448275 990343 90 6.54 clay 4.09 0.09 15.32 17.0 17.8 95.5 W N 
40 446821 987124 30 6.12 clay 1.77 0.11 2.50 15.0 26.5 56.4 W N 

Note: D= Drainage, W= Well Drained, MW= Moderately well drained, I= Imperfectly drained, P= Poorly 

drained,  F= Flooding, N= None, S= Slight, C= Common. All climatic LQ attributes, altitude, coarse 

fragment (stoniness) of the study are highly suitable (S1), while slope is generated from DEM.   

 

 


