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Soil Characterization, Genesis, Classification and Land Suitability Evaluation 
of Kulumsa Subwatershed, Arsi, Ethiopia  

ABSTRACT  
 

Environmental factors such as topography, climate, geology, biotic factors and land-use activities are 

largely responsible for creating local differences in soil characteristics. These in turn create variations in the 

agricultural potential and management options of the soils that need detailed study in order to have 

adequate and comprehensive information and be able to solve site specific problems related to their 

sustainable use. However, there exists still a dearth of data in this aspect in Ethiopia in general and in Arsi 

Zone in particular. Cognizant of this fact, the present study was carried out in Kulumsa Subwatershed 

(KSW) as part of the Arsi-Highlands with the main objective to generate information through 

environmental and soil morphological description, soil characterization, genesis and classification as well 

as land suitability evaluation for rain fed production of the major food crops of KSW (teff, bread wheat, 

barley and faba bean) at an intermediate level of inputs and management. Soils of KSW were surveyed and 

19 representative profile locations identified and sampled based on 1:50,000 scale topographic map using 

free survey along altitudinal and latitudinal transects; 103 bulk soil samples, 75 core soil samples and 8 

rock samples were collected and analyzed. The sampled pedons were categorized into 10 Reference Soil 

Groups (RSG) based on FAO-World Reference Base and delineated into 8 soil mapping units (SMU) and 7 

land mapping units (LMU). The study area was characterized by a strong physiographic diversity, so that 

areas with a rugged topography and sloping to steep major landforms comprised altogether about 75% of 

the total area. The proportion of relatively level land was only about 21% and 4% was occupied by a 

mixture of dissected plain and depression that had also certain ruggedness. The great altitudinal variation 

(1810-4000 masl and 2190 m elevation range) and topographic ruggedness were the main causes of the 

differences in micro-climate, landforms, vegetation types, land-use patterns and thereby the soils. Several 

soil characteristics such as effective soil depth, horizonation, soil color, internal drainage, average clay 

content, etc. seemed to be affected mainly by the slope; whereas solum thickness appeared to be linked to 

annual rainfall amount and slope. The clay content increased with depth up to the B horizon, and about 

90% of the profiles had clayey texture in their subsoils or throughout even though almost all had well-

drained profiles except few with hydromorphic properties, which may be attributed mainly to the 

aggregating effect of Ca that dominated the exchange complex. The trends observed in the FC and PWP 

values conformed to that of clay content by increasing with increasing clay content, whereas available 

water and drainable porosity records had the reverse trend. There was a linear correlation between altitude 

and several chemical soil characteristics. Accordingly, a direct relationship was detected between the mean 

topsoil SOM, TN, Olsen-P (mg/kg) and mean subsoil variable negative charge values (cmolc/kg and as 

percent of CEC7) and altitude; and an inverse relationship between mean subsoil pH, CEC7, sum of 

exchangeable bases, base saturation (PBS) and %CaCO3 and altitude. The degree of leaching assessed in 

terms of PBS increased also with altitude with the least leached profile at 2050 masl and most leached one 

at 3800 masl; whereby exchangeable K and Mg values that implied their deficiency, were also encountered 

mainly in pedons of higher elevation areas above 2600 masl. Even though there were acidic soils with pH 

records as low as 5.15 within their profile and PBS below 50%, the problem of exchangeable Al was not 

observed, most likely due to the chelating effect of SOM. Olsen-extracted P values in mg/kg were rated as 

low (6-10) to very low (<5) almost in all pedons with higher values in the Ap or Ah horizons, the highest 

record (22) being in an Ap horizon of a crop land pedon (KS14) under cultivation for more than 30 years, 

probably due to gradual P accumulation from P-fertilizer application. Values of DTPA-extracted cationic 

micronutrients showed a decreasing tendency with depth, probably as a result of redistribution through 

vegetation. Zn and Cu contents in mg/kg were rated as low (< 2.5 and <4.0 respectively) to very low (< 

0.2); Fe contents as high (5.1-220) and Mn as medium (1.0-20) to very high (>50) in most and as low (0.3-

0.9) to very low (<0.2) in some pedons, implicating generally the inevitability of Zn and Cu deficiency 

within the KSW. The petrographic analysis results showed the prevalence of pyroclastic rocks and deposits 

as parent materials in areas below 2300 masl altitude and mainly extrusive volcanic rocks such as andesites 
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in areas above 2300 masl. High-activity clays such as smectites were estimated to be predominant in areas 

below 2550 masl; whereas in the higher areas the occurrence of mixed-type clay mineralogy with distinct 

proportions of the low-activity clays such as kaolinite, but also with the predominance of high-activity 

clays, were estimated to exist. The acidic profile condition of these high altitude areas seemed not to be in a 

position to cause an advanced weathering of the high-activity clay minerals, so that they still dominated the 

clay fraction. The agro-climate related pedogenetic assessment and soil classification results indicated that 

the least leached Kastanozems and Hypereutric Regosols in the Lower-Woina-Dega (1800-2100 masl), 

Chernozems and Luvisols (Hypereutric) in the Proper-Woina-Dega (2100-2250 masl), Cambisols, 

Planosols and Vertisols in the Upper-Woina-Dega (2250-2400) to Lower-Dega (2400-2550 masl), Retisols 

and Regosols (Orthodystric) in the Proper-Dega (2550-3000 masl), Umbric Alisols in the Upper-Dega 

(3000-3200 masl) and Hyperdystric Umbrisols in the High-Wurch (>3700 masl), were prevalent. The 

physical land suitability assessment revealed that all (7) the land qualities (LQ) selected as relevant had 

some kind of limitation, though there were differences both in the degree and type of limitation among the 

LMUs and the land utilization types (LUT). However, only four LQs, namely temperature regime (too high 

elevation), moisture availability (too much growing season rainfall), erosion hazard (steep slopes) and 

oxygen availability (water logging), were with severe limitations (n). Agro-climate related land suitability 

assessment results showed that the LMUs within Proper-Woina-Dega up to Upper-Woina-Dega were the 

most suitable (S1 to S2) for bread wheat and the other LUTs. Except for the steepness of the landscape-

topography, barley seemed to be most favored in the Proper-Dega agro-climatic belt (M4eII). The LMU 

within Upper-Dega up to High-Wurch agro-climate (M5fI) had an N2 class for all LUTs mainly due to 

very severe (n2) limitations of temperature regime and erosion hazard. In inference, the predominance of 

topographic ruggedness within the KSW implicates that for the sustainable agricultural use of most LMUs, 

stringent soil and water conservation measures are the prerequisite. Moreover, integrated suitability 

assessment that may address also various rotation crops and the existing mixed farming system is required. 

Generally, in the E.2.03 type Rainfall Pattern Region of Arsi Zone, the results of the soil characterization, 

pedogenetic assessment, soil classification and the land suitability evaluation, indicated that the differences 

observed by Ethiopian farmers since long in their altitudinally varied environments in terms of their land-

use practices, is found to be valid. However, for more reliable conclusion, this needs more detailed 

investigations that include the other Rainfall Pattern Regions of Arsi and of the country as well. 

 

Keywords: Reference Soil Groups, linear correlation, degree of leaching, high-activity clay, low-activity 

clay, physical land suitability, Rainfall Pattern Region. 
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1. INTRODUCTION  

 
Ethiopia is one of the developing countries, whose economy is heavily dependent on agricultural 

production, which is the predominant economic activity and back bone of the national economy. 

Agricultural sector is not only the back bone of the national economy but also the base of the 

overall economic development of the country. This is clearly articulated in the economic policy of 

Ethiopia, namely the “Agricultural Development Led Industrialization” which is meant to meet the 

challenges of food security, poverty and the overall economic development needs. Agriculture has 

been the mainstay of Ethiopian economy for centuries and will remain to be so for the coming 

many years (Pal and Yihenew, 2011). Ethiopian agriculture, which is dominated by small holder 

subsistence farming system, accounts for about 38.5% of the gross domestic product (NPC, 2016) 

and 85% of the employment opportunity (FAO, 2011). 

Environmental conditions such as geology, climate, topography, biotic factors and land-use 

patterns are largely responsible for creating regional and local differences in soil characteristics 

and variation in their agricultural potentials and constraints that need detailed survey and 

evaluation for their sustainable use (Mesfin, 1998; Shimelis et al., 2007). Depending on the parent 

material, climate, relief, vegetation and land-use with time that determine the soil development, 

soils have inherent constraints that limit their productivity for various uses (Fritzsche et al., 2007). 

Moreover, since Ethiopian agriculture is generally characterized by land degradation and low 

productivity, the food supply situation may be worsened in the future if the current trend of land 

degradation and steady population growth is not reversed significantly (Teklu, 2005; Darwish and 

Kawy, 2008). According to FAO (2006a), the main objective of research in soil science in relation 

to human use of soils is the understanding of the nature, properties, dynamics and function of soils 

as part of landscapes and ecosystems. The basic prerequisite to attain this objective is the 

availability of information on the morphological, mineralogical, physical, chemical and biological 

properties of soils which is obtained through field description and laboratory examination of soils; 

and these are in turn the basis for soil classification and land suitability evaluation (FAO, 2006a).   

The main purpose of soil survey (description, characterization, classification and mapping) is to 

provide adequate information about the soils and their spatial distribution so that this can be used 

for various agricultural investment (development) purposes, in the selection of experimental sites 

and in the interpretation of experimental results as well. Soil genesis, which deals with soil 
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development in relation to soil-forming factors and processes, utilizes the outputs of soil survey as 

its working materials and contributes thereby to research design and data acquisition in the fields 

of soil science (Buol et al., 2011). These authors define soil classification as a systematic 

categorization of soils into groups at varying levels of generalization according to defined systems 

of classification and their plotting into mapping units. Thus, soil classification is used as a vehicle 

for technology transfer and research planning by soil scientists, agronomists, etc., since knowledge 

of soil morphology at research plot sites is essential for the successful transfer of technologies at 

other similar locations. Land evaluation is a vital activity for rural development and land-use 

planning, since it provides a link between basic surveys of resources and decision making on land-

use planning, land development and management (FAO, 2007). According to Abayneh and 

Berhanu (2007), an assessment of the properties of soils and their response to different 

management options is required for agricultural development planning, for decision making in 

rural and urban planning, for the feasibility and design studies in land development projects and 

also for different engineering works. Hence, any data from soil survey may also serve several non 

agricultural purposes.  

However, there is no detailed characterization and comprehensive compilation of the soils of 

Ethiopia in order that an in depth understanding of the genesis, distribution and management of 

soils may lead to a proper formulation of appropriate strategies and to an implementation of 

subsequent development plans (Mesfin, 1998; Mesfin, 2009). Limitations imposed by the physical 

environment in general, climate and soils in particular, on the level of agricultural production of 

Ethiopia, have not been scientifically well studied, and the absence of sufficient soil resources 

inventory at national level has resulted in research outputs that cannot be transferred to users of 

various regions for the services intended (Mitiku, 1987; Mesfin, 2009). An acquisition of timely 

and objective information on soils of Ethiopia was strongly handicapped by the inaccessibility to 

most parts of the country, and as a result most of the studies undertaken so far were localized to 

areas close to the main transportation networks (Abayneh and Berhanu, 2007). According to these 

authors, to make the condition worse, most of these few available data have currently become 

obsolete as they are already about 30 years or more old. In general, little attention has been paid in 

Ethiopia in the past to soil genesis and classification studies, though research into these aspects 

would create the opportunity to understand and solve site specific problems related to the use and 

management of land resources (Mitiku, 1987; Alemneh et al., 2004). Moreover, Mitiku (1987) 
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emphasizes that in Ethiopia most of the agricultural production is generated from rain fed 

agriculture where limited number of surveys has been conducted. 

Regarding the status of soil survey, records indicate that maps showing the soils of Ethiopia date 

back to the 1920s, and the first map ever to show the soils of the country was prepared by Marbut 

in 1923 as part of the soils of Africa at 1:25 Million scale (Berhanu, 1994). On the Other hand, 

soil surveys have relatively effectively began in the 1960s as an area specific studies of 

agricultural development projects such as the Chillallo Agricultural Development Unit and 

countrywide soils‟ studies were carried out in the early 1970s as a component of the Land 

Resources Inventory of Ethiopia for the preparation of the “Master Land-Use Plan” for the country 

at 1:2 Million scale (Abayneh, 2005). Relatively ample information has been provided on most 

soils of Ethiopia by the exploratory soil surveys, by which basic information was produced in the 

soils and geomorphology report and maps of Ethiopia (FAO/UNDP, 1984a, 1984b). However, 

most of these surveys were done by expatriate consultants from different countries and 

organizations such as Russia, USA, France, UK and FAO, so that they varied accordingly and soil 

analytical methods were also not standardized besides the use of various foreign classification 

systems; and most of the surveys have been carried out at 1:250,000 scales or less at regional or 

national levels (FAO/UNDP, 1984a; Shimelis et al., 2007). According to Mesfin (2009), reviews 

of the hitherto efforts have revealed that there were attempts to collect, integrate and correlate the 

information on the very heterogeneous soils of Ethiopia. Nevertheless, this author states further, 

that the vast amount of information has remained of limited relevance as soil resources 

management tool since the systems of classification and survey methods have varied and hence 

comparison between different regions of the country has remained difficult, so that the paucity of 

such information is still existent.   

Though there were comparatively ample efforts to characterize and classify Ethiopian soils by 

different higher learning institutions, research organizations and Government Ministries in the 

past, it can be inferred from various treatises on Ethiopian soils that scientific works on land 

suitability evaluation are rather at their infancy. Nevertheless, there were some mainly location 

specific and reconnaissance type important scientific contributions such as those of Berhanu 

(1982), FAO/UNDP (1984d and 1984e), Teshome (1994), Teshome and Verheye (1995), 

Mohammed (2003), Teshome (2013) and Demeke (2014), which may be considered rather as 

taking some drops of water from an ocean for a vast country like Ethiopia. Hence, there is an 
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immense potential for research in this aspect for Ethiopian agricultural professionals in general 

and for pedologists in particular. In the Ethiopian context, agricultural land resource management 

can be better addressed by tackling the problems at the watershed or subwatershed level, since 

each has its own specific physical and socio-economic dimensions (Mohammed, 2003). In 

mountainous countries like Ethiopia, annual rainfall amounts may vary over a short distance so 

that productivity potentials also may vary within a relatively small watershed area depending on 

the topographic position and related phenomenon such as vegetation cover, erosion intensity, soil 

depth and other soil properties and human intervention (Klaij and Abiye, 2001).  This implies that 

every piece of land cannot be equally suitable for every land-use type, so that suitability evaluation 

of agricultural land in relation to the watershed conditions at least for the major food crops is of 

paramount importance (Mohammed, 2003). 

Regarding the study area in question (Kulumsa Subwatershed), in addition to the earliest works of 

Murphy (1968), who made exploratory investigations along accessible areas of the country mainly 

on physico-chemical properties of soils, Ahmed (2002) made an assessment of some physico-

chemical properties of soils in relation to elevation and land-use systems in the area that partially 

includes the present study area. Abayneh (2003) characterized and classified the soils of Kulumsa 

Agricultural Research Center (KARC) as part of Kulumsa Subwatershed (KSW). Similar to most 

parts of Ethiopian highlands, the Arsi-Highlands in general and the KSW in particular are 

characterized by strong physiographic, climatic and land-use diversity. This implicates the 

existence of great variations in kinds of soils and their potential suitability, constraints and 

management options. Moreover, the Arsi-Highlands by virtue of their agriculturally favorable 

environmental conditions have been the center of attraction for several agricultural development 

organizations that need site specific comprehensive information on the natural resources. On the 

other hand, Ethiopian farmers have since long recognized at least three different major traditional 

agro-climatic zones mainly based on the relation between elevation and temperature that enabled 

them to identify broad vegetation communities and animal races adapted to these zones (MOA, 

1998). These traditional agro-climatic classes are described by different agricultural development 

and research organizations based on altitude ranges and related factors such as temperature and 

annual rainfall amounts that indirectly indicate areas with different suitability to different crops. 

However, the relationship of these traditional agro-climatic zones to pedogenesis and related soil 

properties and land suitability is not yet well established, though this issue seems to be crucial 
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especially in areas with great altitudinal and rainfall pattern variations such as the Arsi-Highlands, 

since scientific progresses made in this aspect may enhance the efficiency of agricultural extension 

system and research activities. Assuring sustainable agricultural production with a concomitant 

increase of productivity to solve the food insecurity problems of Arsi Zone as a whole and that of 

the study area (KSW) in particular necessitates the understanding of the nature and properties of 

soils in relation to the traditional agro-climatic zonation, their spatial variability, agricultural 

production potentials, limitations and management options. Such an understanding can only be 

acquired from information generated through detailed survey that encompasses the description, 

characterization and classification of the soils and suitability evaluation of the respective land, and 

this was the main motive behind the study undertaken in KSW. 

Thus, the main hypotheses that guided this study were: 

i. The exiting diversity of environmental conditions implicates the existence of spatial variations 

     of soils and differences in the land suitability and management practices.  

ii. Investigating the spatial variation of soils, their description, characterization, genesis,  

      classification and identification of the differences in land suitability and respective 

      management options especially in relation to the traditional agro-climatic classification can be 

      an important input for the future research and sustainable use of the main agricultural resource 

      base, the soils of the study area.  

Accordingly, the general objective of the study was to generate information through 

environmental and soil morphological description, soil characterization, genesis, classification and 

mapping as well as land suitability evaluation for rain fed production of the major food crops of 

Kulumsa Subwatershed. In line with this, the specific objectives of the study were to: 

- Make environmental and soil morphological description, physical, chemical, petrographic 

and mineralogical characterization of the soils. 

- Pedogenetically assess, classify and map the soils. 

- Evaluate the land suitability for rain fed production of the major food crops of the study 

area (teff, wheat, barley and faba beans) at an intermediate input and management level. 
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2. LITERATURE REVIEW 

 

2.1. Soil Formation and Soil-Forming Factors under Ethiopian Conditions 

According to Mishra et al. (2004), regarding the genesis, classification, potential fertility and 

productivity, the soils of Ethiopia are generally unique in their characteristics and Ethiopia can be 

considered as the land of “Soil Museum” where different soil orders except the Gelisols of the US-

Soil Taxonomy in varying frequencies occur, depending upon the existing physiographic and 

agro-ecologic differences. In response to the wide range of variation in climate, topography, parent 

materials, vegetation and land-use practices, the soils of Ethiopia are extremely variable due to 

different soil-forming factors‟ combinations in different parts of the country (FAO/UNDP 1984a; 

Mitiku, 1987). 

2.1.1. Soil Formation with Respect to Ethiopian Conditions  

Soil genesis is an inductive science which is a subdiscipline of pedology, that deals with the mode 

of origin of the soil (soil formation) with a special reference to the soil-forming factors and 

processes responsible for the development of the solum (true soil) from the parent material (Buol 

et al., 2011; Brady and Weil, 2014). Soil genesis as a natural phenomenon, is the process of 

forming a soil from a parent material through a combined effect of the soil-forming factors. This 

includes reducing the size of the parent material particles and rearranging them, alteration and 

decomposition of the minerals of the parent material, synthesis of newer minerals and other 

substances from the decomposition products and their translocation, incorporation and 

humification of organic matter (OM) and eventually forming the soil horizons (Singer and Munns, 

2002).  According to SSDS (2000) and Buol et al. (2011), Dokuchaev and his coworkers were the 

first to develop the concept of soil as an independent natural body with unique properties that 

result from the influence of a unique combination of soil-forming factors  (climate, organisms, 

parent material and time). These Russian workers stated that properties of soils reflect the 

combined effects of the particular set of genetic factors responsible for their formation (SSDS, 

2000). The integrated expression of all factors can be seen in the morphology of soils, and the 

nature of any soil layer seen in a particular soil profile is closely related to the nature of 

environmental conditions of the site (Brady and Weil, 2014). But, Jenny later emphasized the 

functional relationship of soil properties and soil-forming factors by including relief (topography) 
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also as a soil-forming factor, stating the soils as dependent variables and the factors as independent 

and causative variables SSDS (2000). According to Jenny (1941), soil-forming factors are not 

formers (creators), but are state factors that define the state of the soil system as they lead to the 

action of a particular set of soil-forming processes that bring about change in soil properties. 

Hence, soils are found to be the same whenever all the elements of the soil-forming factors and the 

respective soil-forming processes are the same, so that under similar environments in 

geographically different places, soils are similar. This is what permits the scientific prediction of 

the location of many different kinds of soils on earth, though it is rarely possible to find groups of 

soils in which all factors are similar (SSDS, 2000). On the other hand, Young (1976) states seven 

factors of the physical environment as soil-forming factors, namely climate, parent material, relief, 

hydrology (drainage), organisms, time and man. Based on Stephens (1947), Young (1976) claims 

that water table (hydrology) and human activities are also factors that affect the state of soils. 

Natural and man induced fluctuations of the water table and human land-use activities that often 

cause soil degradation due to accelerated erosion, soil pollution, salinization, sodification, 

acidification and structural deterioration are considered as factors that can alter the soil properties.  

According to Van Breemen and Buurman (1998), a particular combination of the soil-forming 

factors gives rise to certain soil-forming processes, which are a set of physical, chemical and 

biological processes that create a distinctive soil. These authors state that the characteristics of any 

soil results from an integrated action of these factors that occur in different kinds and degree of 

expression that can be combined in thousands of different ways, whereby each combination 

produces a different soil with its unique properties, so that there exist thousands of different soils 

on earth. Dealing with soil genesis brings order to this overwhelming variety of soils and aids their 

classification linking thereby the field of soil science to other scientific disciplines (Troeh and 

Thompson, 1993; Van Breemen and Buurman, 1998; SSS, 1999; SSDS, 2000). The integrated 

effect of the environmental factors (soil-forming factors) can be seen in the morphology of a soil, 

since soil morphology as expressed by the vertical section of a soil (profile) through the differing 

horizons reflects the combined impacts of a particular set of the genetic factors and processes 

responsible for its development and hence the soil-forming factors form the basis in modern soil 

science for how soil scientists look at soils in different environments (SSS, 1999; Coyne and 

Thompson, 2006; Brady and Weil, 2014). Generally, close examination of the soil and its 

environments tells how it came to be and how it can be best used (Coyne and Thompson, 2006). 
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Soil properties are the outcomes of a variety of soil-forming processes acting on a parent material, 

the marks of which can be seen in a soil profile (morphology) that enable an inference on the 

details of pedogenesis, since the marks of the set of processes are facts that can be observed and 

measured and be used as the basis for the distinction between different kind of soils, that is for soil 

classification (SSS, 1999). Soil genesis as an inductive science, utilizes as its working materials 

the morphological description and characterization of the soils (Brady and Weil, 2014; Buol et al., 

2011).   

Regarding the Ethiopian conditions, according to Mesfin (1998), coupled with great variation in 

the age and character of parent materials, the diverse physiography and climate in Ethiopia has led 

to extremely varied vegetation and land-use, and as a consequence of the variability in terms of 

place and time, a wide diversity of soils have been developed. This author states farther that 

altitude, slope position and steepness are the major physiographic attributes in differentiating the 

soil groups (types) and their characteristics in Ethiopia. Mitiku (1987) described the topography as 

the major factor in determining soil genesis and distribution through the Ethiopian highlands. 

Climatic, geologic and topographic variabilities in Ethiopia encourage the formation of different 

soil types as these factors trigger the abundance and intensity of soil-forming processes, so that 

due to the heterogeneity of soil-forming factors and processes, different types of soils in different 

stages of development exist (Hurni et al., 2007). According to Shimelis et al. (2007), many soil 

characteristics are influenced by interrelated environmental factors such as climate, topographic 

and geologic conditions and land-use systems. In mountainous areas such as the Chercher 

highlands, physical environments vary in short distances, and such a variability resulted in the 

formation of different soil types within a small land area (micro-catchment) that included 

Leptosols, Cambisols, Phaeozems, Fluvisols and Vertisols; and many characteristics of these soils 

showed variations with changes in altitude, topographic position and land-use scenarios 

(Mohammed et al. (2005). These authors state further that geomorphic processes such as erosion 

and deposition also have an influence on soil types and their characteristics through removal of 

fine materials and washed out soil constituents from the upslope and depositing them in the lower 

slope positions. Eylachew (2004) reported that the genesis of volcanic ash soils of the Ethiopian 

Rift Valley is strongly influenced by vegetation and climate.  

Under Ethiopian environmental setting, elevation being an important determinant of climate, has a 

strong influence on temperature and rainfall and is a fundamental dimension of the geographic 
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context in which agriculture and its related activities take place, thereby influencing also the 

development of soils (MOANR/EATA (2016). This author continues that slope being the measure 

of train steepness, has also an impact on agricultural suitability of a land area since areas with 

steep slopes are more difficult to cultivate and are prone to water erosion and hence are more 

likely to lose plant nutrients of soils, which in turn may influence also the intensity and direction 

of soil development.   

In relation to the wide environmental diversity throughout the country, the existing soil 

associations of the country range from the least weathered Entisols to the most weathered Oxisols 

of US-Soil Taxonomy; whereby the least weathered types occur mainly in the aridic areas of the 

rift valley and in the eastern, northern and southeastern lowlands, whereas the most weathered and 

leached types are prevalent in the southwestern, western and southern high rainfall and relatively 

warmer areas of the country (FAO/UNDP, 1984a; Mesfin, 1998). Soils with intermediate 

weathering stages such as Vertisols, Alfisols, Cambisols and Mollisols, etc. of the US-Soil 

Taxonomy occur in different parts of the country where the environmental conditions were 

conducive during their genesis (Mesfin, 1998).  

    

2.1.2. Soil-Forming Factors and their Role in Ethiopian Context  

          2.1.2.1. Geology and parent materials  

 

Geologically, the country can be grouped into three main geological units (Mengesha et al., 1996), 

and these include:  

- The Pre-Cambrian basement complex 

- The Mesozoic mantle of sedimentary rocks 

- The Cenozoic volcanic and associated sedimentary rocks 

The Pre-Cambrian rocks include various grades of metamorphic rocks derived from sedimentary 

and volcanic rocks such as gneisses, schists, magmatites, etc. that outcrop in four major regions, 

namely the western region along the Sudan border, in the south and southeastern (Sidamo, Arsi, 

Bale) regions and in eastern part in Hararghe region. The Mesozoic sediments that were deposited 

during the transgression of the sea over the horn of Africa in the Upper Juraisic when the sea 

engulfed the country from the southeast outcrop mainly in the central, northern and eastern parts 

of the country. Cenozoic era is characterized by extensive volcanism accompanied by the 

formation of the Main Ethiopian Rift (MER), which divides the country into two separate units, 

namely the western (central) plateau and associated lowlands and the southeastern plateau 
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(including the Arsi-Highlands that encompass the present study area) and associated lowlands. 

The Cenozoic rocks of Ethiopia are divided into the trap series, which refers to the Tertiary basalt 

sequence and Pyroclastic rocks that formed the northwestern and southeastern highlands, and the 

Aden series that refers to the post-rift volcanic rocks of the MER which are dominated by 

Pumiceous and Tuff materials that are mostly restricted to the lake basins within the MER. 

According to ABRDP (2004), in the Tertiary period of the Cenozoic era, there was a widespread 

volcanism induced by extensive fracturing and subsequent faulting that led to the outpouring of 

lava along fissures covering most of the present highland parts of Arsi Zone, which created a thick 

layer of basaltic rocks of the trap series that covered the central plateau and the massif of Arsi. 

According to EMA (1988) and OPEDB (1997), the southeastern highlands and the adjacent rift 

valley areas are mainly occupied by Tertiary Trappen lava and Quaternary lava formations. In 

general, the present landform or the relief structure of Ethiopia is mainly the result of geologic 

events and processes in the Cenozoic era, whereby during the Tertiary period both the highland 

areas and the rift valley of Ethiopia were formed (ABRDP, 2004). Although there is no clear 

indication for the occurrence of the Precambrian rocks in Arsi, the Mesozoic sediments of the 

Amba-Aradam formation are found in the eastern parts of Arsi that border with West-Hararge 

Zone; whereas the adjacent rift valley areas are covered mainly by Quaternary-Tertiary rift 

sediments and volcanics (Mengesha et al., 1996; ABRDP, 2004; Solomon, 2009).     

Parent materials are materials at the earth‟s surface from which the present soil profile is derived; 

whereby such materials may be of consolidated rock type that may be the origin for the in situ 

formation of residual parent material (residuum) from the underlying parent rock (original parent 

material) or of the unconsolidated deposited type that are often results of previous weathering 

processes (Birkeland, 1999; Miller and Gardiner, 2001). A parent material has direct (providing 

weatherable materials) and indirect (influencing materials transformation) effects on soil 

development and its direct effects decrease with increased weathering stages of soils (Fanning and 

Fanning, 1989; Brady and Weil, 2008). In general, parent materials from felsic (silicic) rocks lead 

to the formation of coarse textured, acidic and base poor soils, and those from basic (mafic) rocks 

to the formation of base rich fine textured soils (Buol et al., 2011). In regard to Ethiopia, as a 

result of the above mentioned geologic and tectonic events during the different eras, an amazing 

maze of rock formations such  as gneisses and schists , granites and diorites, basalts and trachytes, 

limestone and sandstones, marbles and clays and several others ranging in age from remote 
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antiquity to recent times, exist in the country (Mesfin, 1998). The existence of such varied rock 

formations that can be considered as parent rocks (original parent materials) are in turn one of the 

causes for the existence of a wide variation in soil types; for example, on acidic crystalline rocks 

such as granites and schists, base poor soils like Acrisols and Lixisols, on basic volcanic rocks like 

basalts, base rich soils such as Vertisols, Phaeozems, eutric Nitisols and Luvisols have been 

formed in different parts of the country  (FAO/UNDP, 1984b and Mesfin, 1998). Andosols with 

low bulk density and high contents of volcanic glass materials are formed on volcanic ejecta 

(Eylachew, 2004). Abayneh (2005) reported on a uniform clay distribution in soils derived from 

pyroclastic materials, very high clay contents and lower sand contents in soils derived from 

basaltic rocks; and lower clay and higher sand contents in soils derived from gneisses. 

2.1.2.2. Physiography  

Topographic variabilities such as curvature, aspect, elevation and slope gradient have a significant 

impact on soil-forming factors through their influence on soil parent materials, local climate and 

vegetation conditions (Fanning and Fanning, 1989; Buol et al., 2011). Great differences in 

elevation between the valley floor and the highest points in a landscape induce differences in 

climate, which in turn causes altitudinal sequences in vegetation and soils (Buol et al., 2011). The 

diverse physiography of Ethiopia consists of rugged mountains, hills, plateaux, plains, valleys, 

gorges, etc., that are  intimately related to the underlying geology and represent diversified 

elevations with the lowest point of about 126 meters below sea level in the Danakil Depression 

(Afar Depression) and the highest point with  4620 masl  in the Semien Mountains at Ras Dashen; 

which in turn causes divisions of the country into major zones each characterized by its own 

peculiar landform, relief and climate (Mesfin, 1998). In most parts of Ethiopia, the rapidly 

changing altitudes induce great vertical variations within a small distance of lateral variation. 

Accordingly, vertical changes of 1000 meters or more are so common in the major canyons and 

gorges, on the slopes of high mountains and along the rift valley escarpments, which strongly 

influence the trend of rainfall and temperature variations throughout the country (FAO/UNDP, 

1984a).     

According to Mesfin (1998), it can be stated that in no other part of Africa of equal area has nature 

brought together such contrasts of physiographic features that are intimately related to the 

underlying geology in so close juxtaposition as it has done in Ethiopia; and hence in essence, the 
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country presents a remarkable diversity of landscapes that can be seen as a compacted model of 

the environmental conditions of the continent. Mesfin (1998) continues that altitude, slope 

position and steepness are the major physiographic attributes in differentiating the soil groups 

(types) and their characteristics in Ethiopia. On the other hand, topographically induced soil 

variability is mainly the result of the processes of surface and subsurface water flow within the 

landscape. Upper slope soils are relatively freely drained and hence are often characterized by 

their redder hues; but rapid runoff of such topographic positions limits water infiltration and 

residence time in the profile which in turn induces rapid removal of weathered materials, so that 

soil development is limited (Mitiku, 1987; Birkeland, 1999; Lark, 1999). To the contrary, soils of 

lower slope positions and foot slopes receive all forms of materials removed from upper positions 

and steeper slopes, so that soils of such cumulative positions are characterized by thick solum, 

high contents of SOM, clay, silt and dissolved materials (Birkeland, 1999).  

Mitiku (1987) described the topography as the major factor in determining soil genesis and 

distribution throughout the Ethiopian highlands. In Ethiopia, soils such  as Nitisols, Acrisols and 

Luvisols have developed on gentle slopes and Regosols on steeper and colluvial foot slopes, 

whereas the poorly drained Vertisols and similar soils are formed on flatter plateau areas and 

depressions, while Phaeozems are prevalent on the gentle to steep slope terrains of intermediate 

altitude ranges (FAO/ UNDP, 1984a). 

 

2.1.2.3. Climate  

Climate has a direct influence on the genesis of soils mainly through temperature, radiation and 

precipitation and indirect effect through vegetation and topography (Buol et al., 2011). In several 

soil science literature, precipitation and temperature are considered to be the most important 

climatic elements (factors) that influence many soil-forming processes, whereby the way these two 

elements are integrated (combined) is seen as more interesting from the pedogenetic point of view. 

For example, generally with increase in annual rainfall amount at constant temperature, a 

concomitant increase of soil acidity, depth of carbonates and clay content in the solum is observed; 

whereas the effect of increased temperature by constant rain amounts is said to have varied effects 

that depend on different rain fall amounts per se (Fanning and Fanning, 1989). Higher rainfall 

coupled with higher temperature is generally taken as the cause of intensive weathering and 

advanced soil development (Fanning and Fanning, 1989; Brady and Weil, 2014).   
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With regard to climate, Ethiopia is distinctive in Africa for its large extent of high altitudinal 

ranges which are responsible for its great variations in climate that occurs across the country 

(FAO/UNDP, 1984a). Accordingly, the physiographic abruptness with which the high altitude 

Ethiopian land mass stands above the surrounding lowlands gives higher total amounts of rainfall 

for much of Ethiopia than the bordering low lying east African countries. For much of the 

highland areas above 2000 masl, the mean annual rainfall lies between 1000 and 1800 mm, 

whereby the highest values above 2200 mm occur in the southwestern parts of the country and the 

lowest values below 200 mm in the Danakil depressions and in Ogaden (FAO/UNDP, 1984a; 

Mesfin, 1998). Generally, rainfall amount is found to increase with an increase in altitude, and in a 

similar trend temperature is also found to be influenced by rapidly changing altitudes (MOA, 

1998). Accordingly, extreme mean annual temperature ranges exist in the country with 34.5 
0
C in 

the Danakil depression at about 100 meters below sea level and with below zero 
0
C minimum 

temperature records of on mountain slopes over 4000 masl in most part of the year especially 

during the night time (FAO/UNDP, 1984a; Mesfin, 1998).  

In general, the climate of the country ranges from the desert in the Danakil area to the cool 

temperate type in the highlands, which in turn causes also variations in the vegetation types and 

land-use activities throughout the country. These differences have caused varied natural resource 

exploitation and degradation phenomena, especially vegetation and soils (FAO/UNDP, 1984a). 

According to Daniel (1977) and MOA (1998), the climate of Ethiopia is largely influenced by the 

relief difference and diversity of topographic features, where rainfall amounts and temperature and 

thereby also the potential evapotranspirations are strongly correlated with altitude, so that for 

every 100 m rise in elevation the air temperature falls in about 0.6-0.7
⁰ 

C and rainfall generally 

increases and evapotranspiration rates decrease with increasing altitude. In Ethiopia, due to the 

rugged relief and great variation in altitude, climate, vegetation, soils and other aspects of the 

environment vary widely in short distances and the distribution of rainfall and temperature is 

strongly affected by the variation in altitude than by the variation in latitude, so that two places on 

the same latitude but with different altitude show different average annual temperature and rainfall 

amounts (Daniel, 1977). This relationship seems to be the base for the traditional classification of 

the “temperature-altitude regions” of Ethiopia which are known as traditional agro-climatic zones. 

The Ethiopian farmers have since the initiation of the agricultural activities recognized at least 

three major agro-climatic areas (zones) mainly based on elevation and temperature that enabled 
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them to identify the broad vegetation communities (crops and other vegetation types) adapted to 

the environmental conditions and thereby to select crop cultivars and livestock races best suited to 

these “temperature regimes” (MOA, 1998). Strong climatic variability in Ethiopia is also 

considered as one of the causes for the kaleidoscopic soils of the country. For example in the 

western, southwestern and southern high rainfall and warmer areas of  the  country, strongly 

weathered and leached  soils such as Nitisols, Acrisols and Ferralsols of the FAO-WRB (2006) 

classification system are prevalent; whereas in the areas with declining rainfall and prolonged dry 

periods  like the rift valley, the eastern low lands and similar areas of the country, base rich, 

coarser textured and shallower soils such as Leptosols, Regosols and Arenosls are common due to 

reduced intensity of weathering and leaching processes (FAO/UNDP, 1984a; Mesfin , 1998).                                                                                                                                                                                                                            

On the other hand, in low temperature and high rainfall areas of the high altitude mountainous 

regions of the central and eastern highlands, organic matter accumulation has resulted in the 

development of mollic and similar epipedons and hence to the formation of soils such as 

Phaeozems and Umbrisols as a result of lower mineralization rates of OM (Belay, 1997; 

Mohammed, 2003; Solomon, 2006). On the gentle to steep slopes of semi arid and semi humid 

areas, base rich and relatively deeper soils like Luvisols, Vertisols, Mollisols and Cambisols have 

been formed (FAO/UNDP, 1984a and 1984b).  

2.1.2.4. Vegetation and land-use  

Plants and animals affect the soil characteristics through their influence mainly on organic matter 

addition, mixing and protection of soil against erosion; whereas the effect of land-use by man may 

vary being either detrimental or beneficial on soil development. Hence, soil formation can be 

regarded as having two stages, namely the pedogenesis which is the soil development (soil 

formation) under natural environment (undisturbed by human activity) to produce natural soil 

profiles, and metapedogenesis which is the soil “development” under the influence of human over 

much shorter duration (Young, 1976). According to Fanning and Fanning (1989) and Buol et al. 

(2011), vegetation types play an important role in the formation of soils, though vegetation itself is 

the result of the environment, and hence the destruction of the natural vegetation may lead to 

changes in soil‟s properties. For example, obliterations of the natural vegetation may cause 

changes in the natural symbiotic associations between soils and vegetation types and thereby lead 

to degradation of biological qualities of soils, besides inevitable deterioration of soil‟s physical 
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and chemical properties. In terms of soil properties affected by human influence, the main changes 

concern soil OM, moisture regime, chemical composition and soil structure (Young, 1976).                                                                                            

In Ethiopia, inappropriate land-use  practices of many generations (clearing of forest, cultivation 

of steep slopes, over grazing, etc.) have caused serious soil degradation manly due to water 

erosion especially in the highlands of Ethiopia (Alemneh, 2004). According to Teshome and 

Verheye (1995), the land-use patterns in mountainous regions of countries like Ethiopia are 

closely related to and largely determined by topographic variables and associated conditions such 

as climate and soil variations that either aggravate or alleviate the impact of land-use on soil 

properties. Where there is vegetation cover, soils are rich in organic matter (OM) and retain 

nutrients (bases) against leaching and hence are fertile (Mitiku, 1987). Abebe et al. (2001), 

reported an increase of about 13% organic C, 17% total N, 42% available P, 12% base saturation, 

32% Na, 52% K, 20% Ca, 24% Mg, 25% exchangeable bases and 9% CEC under the canopy of 

Cordia africana trees compared to the adjacent non vegetated open areas. Iyayu (2010), reported 

about a significant difference of soil attributes such as soil OM, total N, total P, CEC, acidity, 

exchangeable bases, base saturation, micronutrients, soil texture, bulk density, porosity and 

particle density across different land-use types of Tera Gedam catchment in northwest Ethiopia. 

Accordingly, soils under natural forest had higher contents of OM, total N, total P, available P, 

exchangeable bases, base saturation and micronutrients followed by plantation forest, grazing 

land, cultivated land and the least values had the degraded lands.                                                                                        

According to Young (1976) and Fanning and Fanning (1989), there is a two way interaction 

between organisms (vegetation) and  soils and this interaction is found to be plant type  specific. 

For example, soils with argillic horizons and advanced development stage are more common 

under forests and soils with mollic epipedons are prevalent in native grasslands. According to 

ABRDP (2004), land configuration, soil type, climate and traditional practices account for the 

production of quite a wide range of crop types and crop cultivars, since land terrain and altitude 

variations create a variety of micro-climatic conditions that in turn account for the production of a 

wide range of crop types. Accordingly, cool temperate crops such as barley, oats and potatoes are 

produced mainly in the elevation ranges above 2400 masl on well-drained soils, and tropical (low 

land) crops such as maize and teff share both altitudinal ranges, namely the lower and medium 

altitude ranges of the temperate and the upper ranges of the tropical and subtropical local climatic 
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areas. In Ethiopia, Vertisols and Mollisols of the US-Soil Taxonomy are found mainly beneath 

grasslands of semi–arid to humid areas, and Ferralsols (Oxisols) and Nitisols are common under 

high rainfall lowlands and medium to higher altitude forests and savanna respectively, whereas 

soils like Leptosols are common on steep land surfaces and prevail especially on those improperly 

cultivated steep agricultural lands (FAO/ UNDP, 1984a). 

2.1.2.5. Time 

Time is considered as a soil-forming factor since soil-forming processes take time to show their 

effects (Brady and Weil, 2014). According to Buol et al. (2011), time related aspects in soil 

genesis may be discussed with respect to relative stage of soil development, absolute dating of 

horizons and profiles, time rate of soil formation and relation of soil age (development stage) to 

slope and landscape positions occupied by the soils. Time as a soil-forming factor is of a different 

nature to the other soil-forming factors, since it does not influence the soil-forming processes but 

the stage of evolutionary development of soils (Young, 1976). Accordingly, time zero is 

considered to be the time at which the pedogenetical development of a soil from its parent material 

or from the state of a soil system at the time zero of soil formation starts (Fanning and Fanning, 

1989; Mesfin, 1998).   

Time acts on soil formation in two ways, namely the value of soil-forming factors may change 

with time, example climate change, new parent material, and the extent of pedogenetic reaction 

may depend on the time for which it has operated in the soil system, so that the stage of 

conversion of a given parent material depends on how long it has stayed without the occurrence of 

catastrophic events that may disturb the evolutionary soil development and hence soil 

development is found to be correlated with the age of the land surface (White, 1997; Birkeland, 

1999; Buol et al.,2011). Therefore, although a given landscape may appear quite uniform and 

simple from a casual glance, there is a chance that it has a complex geomorphic history and that 

some soils on it may differ because of the differences in their time zero of soil formation related to 

the landform they occupy (Buol et al., 2011). Though there exist differences in literature on how 

to estimate the age of a soil, generally profile morphology which includes the number and type of 

horizons, their degree of differentiation, thickness, etc., is considered as the main criterion of soils‟
 

age for soils derived from uniform parent materials (White, 1997). In most cases, soil development 

stage is used as a relative measure of soil age based on the degree of weathering and terms such as 
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well developed, less developed, mature and young  soils are used as relative indicators of time in 

soil formation (Mesfin, 1998). Terms such as young and mature soil generally does not so much 

refer to the age of soils in years, but rather to the degree of weathering and profile development 

since the same degree of development may take much longer under conditions less favorable for 

weathering and leaching (White, 1997; Brady and Weil, 2014). Profile morphology, in particular, 

the number of horizons per profile and their degree of differentiation and thickness, especially for 

soils developed from a uniform parent material, is considered as the principal criterion of a soil‟s 

age (White, 1997; Birkeland, 1999).  

According to SSS (1999) most mineral soils at time zero are Entisols, and hence for a mineral soil 

to develop beyond an Entisol stage, it should be on a relatively stable land surface for some time. 

For a parent material with a good supply of weatherable minerals, soils with argillic horizons 

require several thousand years to develop and soils with oxic horizons presumably would take 

much longer time to be formed than those with argillic horizons (Fanning and Fanning, 1989). 

Although there is paucity of information on the development stages (ages) of the mosaic soils of 

Ethiopia, it is generally known from the hitherto existing treatise that soils of different weathering 

stages from the least weathered Entisols to the most weathered Oxisols of the US-Soil Taxonomy 

classification exist in different parts of the country (FAO/UNDP, 1984a; Mesfin, 1998). In this 

regard, Oxisols with Ultisols of the US-Soil Taxonomy are considered as the oldest types that 

occupy most stable landscape positions of similar geologic age, whereas young soils such as 

Entisols and Inceptisols are prevalent on less stable and steep positions exposed to geologic and 

anthropogenic erosion (Mesfin, 1998).  

 

2.1.3. General Pedogenetic Trend and Occurrence of the Major Soil Groups  

           (RSGs) of Ethiopia 

In regard to the Ethiopian conditions, coupled with great variations in the age and character of the 

parent materials, the diverse physiography and climate have led to extremely varied vegetation and 

as a consequence of the variability in terms of place and time, there exists a wide diversity of soils 

(Mesfin, 1998). The strong climatic, geologic and topographic variability in Ethiopia encourage 

the formation of different soil types as these factors trigger the abundance and intensity of soil-

forming processes, so that due to the heterogeneity of soil-forming factors and processes, different 

types of soils in different stages of development exist (Hurni et al., 2007). In line with the wide 



18 
 

 

variability of climate, topography, parent material, vegetation and land-use in Ethiopia, there 

exists also a very wide variability of soil types that range from the least developed Entisols to the 

most developed Oxisols of the US-Soil Taxonomy. According to FAO/UNDP (1984a), about 21 

soil types (RSGs) have been tentatively identified and their areal coverage estimated. Accordingly, 

Leptosols with 16%, Nitisols with 12%, Cambisols with 11.5% and Vertisols with 10% are the 

first four major RSGs (FAO/UNDP, 1984a) of the country and partially also the main soil groups 

of the present study area (KSW), the general occurrence and genesis of which is briefly presented 

as follows.  

Leptosols, which are very shallow mineral soils without natural diagnostic subsurface horizons or 

with beginning of such horizons, develop on various kinds of parent materials of recent origin or 

resistant parent materials or in such environmental conditions that limit the weathering process 

due to rapid runoff, extreme dryness or wetness and continuous disturbance of the parent material, 

so that the imprint of the initial parent material is strongly marked (Mesfin, 1998; FAO-WRB, 

2006; Brady and Wail, 2014). In Ethiopia, they are found throughout the country under a wide 

range of environmental settings such as ridges, crests, steep slopes, in drier areas and geologically 

young parent materials, though they are considered partially to be the results of long years of 

accelerated soil erosion and deposition processes due to improper cultivation practices (Belay, 

1997; Mesfin, 1998; Eylachew, 1999; Yohanes, 1999; Hurni et al., 2007). 

Nitisols, are clayey well drained reddish-brown to red colored, strongly weathered deep tropical 

soils with diffuse horizon boundaries and a nitic horizon that has angular blocky structural 

aggregates with high aggregate stability that break into polyhedral or flat-edged or nut-shaped 

elements with shiny aggregate faces when moist (FAO/IUSS-WRB, 2015). They can develop on a 

wide range of parent materials that contain enough weatherable minerals that can form clay upon 

weathering, on gently sloping to slightly steep but stable topographic conditions or on flat 

topography with good internal drainage in warm to moderately cool humid climates under tropical 

rain forest or savanna vegetation (FAO/UNDP, 1984a; FAO/IUSS-WRB, 2015). Nitisols are 

prevalent in the western, southwestern and southern warmer high rainfall areas of Ethiopia; and 

are also commonly encountered in the northwestern, southeastern and central highlands with 

moderately cool temperature and higher annual rainfalls (Mesfin, 1998; Birru et.al, 2003).   
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Cambisols are soils with slight or moderate weathering of their parent material that show at least 

the beginning of horizon differentiation in the subsoil, the transformation of the parent material of 

which is evident from changes in structure, brownish discoloration, increase in clay and/or 

carbonate removal, but absence of appreciable quantities of illuviated clay, OM, Al and/or Fe 

compounds (FAO/IUSS-WRB, 2015).They develop whenever conditions are not favourable for 

the development of other soils with advanced development stage. No single pedogenetic process 

operates, but rather all pedogenetic processes are active to some extent in Cambisol profiles, but 

none predominates (Buol et al., 2011). Environmental conditions for their formation include: 

geologically young or resistant parent materials or sediments, areas with active geological erosion 

and wet, dry or cold areas where soil-forming processes have been interrupted or slowed down to 

a large extent that well-defined diagnostic horizons such as argillic, spodic, kandic or oxic which 

are thought to be characteristics of more matured soils cannot be formed (Mesfin, 1998; Miller and 

Gardiner, 2001; Brady and Weil, 2014). In Ethiopia, Cambisols are located on a wide variety of 

landscapes, parent materials, vegetation types, land-uses and climatic conditions mainly on hilly 

and mountainous steep slopes of the central, northern, northeastern, eastern and southeastern parts 

of the country (Belay, 1998; Mesfin, 1998; Yihenew, 2002).   

Vertisols are black to brown colored heavy clay mineral soils with a vertic horizon starting within 

100 cm from the soil surface, 30% or more clay between the soil surface and the vertic horizon 

throughout; and shrink-swell cracks and wedge-shaped structural elements with slickensides that 

result from the predominance of 2:1 layer expanding clays in their clay mineralogy (Buol et al., 

2011; FAO/IUSS-WRB, 2015). Moreover, they are characterized by extensive cracking during the 

dry periods and water logging during the wet periods; and are common in tropical and subtropical 

semi-arid to humid climates with distinct alternative wet and dry seasons, on a landscape with 

slopes ranging from 0-8%, though the more frequent slope ranges are 0-2% (Buol et al., 2011; 

Brady and Weil, 2014; FAO/IUSS-WRB, 2015). However, according to Pagel (1981), rather than 

the atmospheric climate, a soil climate characterized by distinct wet and dry phases is decisive for 

their development. They may develop on a variety of parent materials with neutral to alkaline 

reaction as common features; the most common ones being sediments with high proportions of 

swelling clays, products of in situ weathering (residuum) of mafic igneous rocks like basalts, 

volcanic ashes and alluvium from these materials (Buol et al., 2011; FAO/IUSS-WRB,2015). The 

main pedogenic process is the movement and shearing of plastic soil material by the shrinking and 
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swelling of the 2:1 expanding lattice clays during the seasonal changes in soil moisture, which 

causes a significant mixing of the soil horizons through argillipedoturbation (Buol et al., 2011). 

Though the natural vegetation on Vertisols is equally variable as climate, the inherent properties of 

Vertisols (high clay content, shrinking and swelling) limit the vegetation to the dominance of 

grasses and slow-growing deep-rooted tree species that have the ability to survive intense dry 

periods (example acacia trees which are common on Vertisols worldwide) and overcome total root 

damage that could result due to annual cracking of the soil (Ahmad, 1983). 

In the highlands of Ethiopia where Vertisols are prevalent, the main soil parent materials are 

olivine basalts, tuffs, cinders and finer volcanic ash of basic nature and different alluvial deposits 

in landscapes with restricted drainage such as seasonally inundated depressions, basins, deltas, 

valleys, alluvial and pyroclastic plains, undulating plateaux and side slopes (Ahmed, 1983; 

Berhanu,1985; Mitiku, 1987). According to Belay (1996), Eylachew (1999) and Dawit and Reed 

(2002), in Ethiopia, Vertisols occur in a wide range of environmental conditions such as in the 

central, northern, southern, eastern and southeastern parts of the country under moisture regimes 

that range from humid to semi-arid; whereby they are often encountered in areas with mean annual 

rainfall ranges of 350- 1800 mm and elevation ranges of 800-3000 masl (Mitiku, 1987). Hurni et 

al. (2007), reported that Vertisols of Ethiopia cover large areas of the country due to widespread 

occurrence of weathered basalts and suitable topographic and climatic conditions for their 

formation, and are found mainly in Gojam, Shewa, Arsi, Bale and Hararge highlands and in the 

bottom lands of Gambela.  

 

2.2. The Status of Soil Survey, Characterization, Classification and Land 

        Suitability Evaluation in Ethiopia  

 

According to Davidson (1992), White (1997), SSDS (2000) and Brady and Weil (2014), soil 

survey is a part of natural resource survey and primarily involves the collection of information 

about soils in the field, their systematic examination, description, classification and mapping of 

the soils in their natural environment for further interpretations and correlations. It enables making 

predictions about the suitability of soils for different uses and how different managements affect 

them. The main purpose of soil survey is to provide adequate information about the soils and their 

spatial distribution so that this can be used for various agricultural development purposes, in the 

selection of experimental sites and in the interpretation of experimental results as well. One of the 
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aims of soil survey is also to pave the way forward to technology transfer and research activities 

through providing adequate information on soils mainly by the determination of the types and 

patterns of their occurrence in the landscape and plotting them on maps with satisfactory and clear 

legends (SSDS, 2000; Buol et al., 2011). In general, soil surveys enable to establish a scientific 

basis for planning the most appropriate use of land for its manifold use possibilities for now and in 

the future thereby resolving clashing use interests especially if there are no enough appropriate 

type of soils to satisfy various demands since most land-use plans are often formulated to benefit 

urban populations (Miller and Gardiner, 2001). These authors continue that soil survey of any 

type, as a fact finding mission about soil resources, should provide as its end product what type of 

soils there are (classification), where they are located (mapping) and for what purpose they are 

suitable (interpretation, suitability evaluation). A soil survey of an area should begin with the 

collection and study of existing documents such as aerial photographs, topographic maps, satellite 

images, etc., that enable an effective planning of the field survey activity (Young, 1976; Miller 

and Gardiner, 2001). Hence, techniques of soil survey involve aerial photo, satellite images, 

topographic maps, etc. interpretation, and field investigation of the soil properties, description of 

profile morphology and genesis and mapping of the spatial variation of soils or soil properties 

(Abayneh and Berhanu, 2007).  

According to Davidson (1992) and SSDS (2000), soil surveyors use local environmental features 

especially the topography and associated vegetation as marks of unique combinations of soil-

forming factors to predict the boundaries of different kinds of soils and their properties within the 

boundaries by identifying landscape units that would appear to be homogeneous in terms of soils. 

Hence surveyors should study the climate, geology, geomorphology, vegetation, land-use and 

land-use history of the survey area prior to any soil survey activity. These authors state that the 

close association between such environmental features and soils is a prime assistance to subdivide 

the landscape into areas of soil sampling and guiding of the mapping of soils, so that local patterns 

of topography, parent material, time and their relationships to vegetation and microclimate can be 

used to predict the kinds of soils in small areas. A survey based on soil morphology (the 

expression of visible and tactile soil properties), enables to make useful predictions about soil 

behavior and its response to soil management on the basis of profile morphological characteristics 

and related accessory properties, since morphology is related to the soil-forming factors and 

processes (Dent and Young, 1981). Accordingly, a surveyor should attempt to describe and 
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classify a soil in the field as precisely as possible on the basis of the soil morphological features 

(marks of the genetic processes) before any final classification is done after the laboratory 

analytical data have become available (Dent and Young, 1981: SSS, 1999). The information 

collected in soil surveys helps in the development of land-use plans, whereby the users of the 

survey outputs can be farmers, agronomists, foresters, researchers, engineers, students, teachers, 

private investors, development organizations community officials, taxation authorities, specialists 

in wild life and recreation, etc. (SSDS, 2000; Miller and Gardiner, 2001). 

Soil morphology is a part of pedology that deals with the description of the physical constitution 

of a soil profile as exhibited by the thickness, kind, number, relative position, color, and 

arrangement of the soil horizons in the profile; and by the texture, structure, consistence, porosity, 

etc. of each horizon. These are collectively known as soil morphology or soil‟s morphological 

features and are the major part of the basis for the genesis and classification of soils into defined 

categories (Buol et al., 2011; Brady and Weil, 2014). According to FAO (2006a), soil 

morphological description serves as the basis for soil classification and interpretations of the 

genesis and environmental functions of the soil; and a good soil description and the knowledge 

derived therefrom on the genesis of the soil are also powerful tools to guide and prevent errors in 

soil sampling; help to explain and regulate costly laboratory works. 

Soil characterization, which is the measurement of soil‟s mineralogical, chemical, biological and 

physical properties through laboratory procedures using soil samples from pedons (soil profiles), 

the morphology of which has been described in the field, aids the soil classification in support of 

soil survey and land suitability evaluation (Buol et al., 2011). It is conducted mainly to determine 

the chemical, biological, physical and mineralogical properties not visible in the field examination 

and to gain a better insight into soil genesis. Soil characterization helps also in interpreting 

experimental results and serves as a guide to scientific soil management (Srivastava et al., 1993); 

however depends heavily on the methodologies of soil chemistry, soil physics, soil mineralogy, 

soil microbiology and biochemistry for the analysis and data acquisition (FAO, 1983; Buol et al., 

2011).  

Soil classification as a subdivision of pedology is a systematic categorization (grouping) of the 

myriad of soils as natural bodies based on their morphological, physico-chemical, mineralogical 

and biological properties that can be objectively observed or measured, at varying levels of 

generalization using a specific system of classification (SSS,1999; Buol et al. 2011; Brady and 
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Weil, 2014). According to Troeh and Thompson  (1993), there exist thousands of different kinds 

of soils on earth, and a great deal of information on the morphological, physical, chemical and 

mineralogical properties can be gathered about each soil to the extent that the data gathered may 

be too cumbersome for various uses. Soil classification enables to organize this mass of 

information and make it manageable by assigning names that convey a long list of properties in an 

orderly manner. Soil classification deals with the arrangement of soils into scientific or technical 

groupings and serves as a medium for the organization, transfer and advancement of knowledge 

about soils and paves the way forwards to technology transfer and research activities by providing 

adequate information on soils mainly by determination of soil types and patterns of their 

occurrence in a landscape (mapping). Moreover, it facilitates their agricultural planning since it 

allows taking the advantage of research and experience at one location to predict the behavior of 

similarly classified soils at other locations (Young, 1976; Buol et al.; 2011; Brady and Weil, 

2014). Hence, soil classification system should create a universal language of soils that enables 

communication among soil scientists and all people concerned with land management and 

conservation of the soil resources locally, regionally and globally (Brady and Weil, 2014). 

Worldwide, there exist different types of soil classification systems amongst which the genetic, 

morphologic and morphogenetic systems are worth mentioning. Genetic systems are based on the 

presumed origin of the soil in relation to the soil-forming factors; whereas the morphological 

systems make use of the properties of the soil profile, irrespective of their origin (Young, 1976) 

On the other hand, morphogenetic systems use both the quantitative morphological means as 

criteria, but also use soil genesis as a guide for the selection of the morphological properties, 

whereby its main objective is to categorize the soils according to their natural relationships in 

order to emphasize the relationships between the soils themselves and between the soils and the 

factors responsible for the development of their specific characters (Buol et al., 2011). The FAO-

UNESCO (1971-1981) and its successions, namely the FAO-WRB (2006), FAO/IUSS-WRB 

(2015) or earlier versions and the US-Soil Taxonomy as soil classification systems are all said to 

be of the morphogenetic type (Mutscher, 1987).   

According to FAO (1983), soil surveys are the major basis for land evaluation at required level of 

scale and survey intensity; and the principal objective of land evaluation is to select the optimum 

use for each defined land unit. Land evaluation, which is a part of land classification, is the 

process of estimating the potential of land for one or several alternative uses and its basis of 
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classification is suitability for land-use, whereas land suitability is the fitness of a given tract of 

land for a defined land-use (Young, 1976; Davidson, 1992). The process of land evaluation 

requires basically some type of physical resource survey such as soil survey or landform survey 

which forms one of its major source of data, so that in principle land evaluation is not a “desk 

exercise” but necessitates considerable amount of field survey and data collection activities. 

Therefore, in a narrower sense, land evaluation is the interpretation of the collected data in terms 

of potentials and limitations for land-use (FAO, 1983; Davidson, 1992). Land evaluation is a vital 

activity for rural development and land-use planning, since it provides a link between basic 

surveys of resources and decision making on land-use planning, land development and 

management (FAO, 1983).  According to FAO (1983) and Davidson (1992), the basis for land 

evaluation is the land suitability evaluation of land units for land utilization types, and in essence 

land suitability evaluation is the assessment of land mapping units with respect to defined land-

uses that are appropriate to the area under question.  

Land should be used based on its capability to meet human needs, thereby ensuring the 

sustainability of ecosystems; and sustainable land-use would be achieved if land is categorized and 

used based upon its suitability (FAO, 1983; Amiri and Shariff, 2011). Hence, land evaluation is a 

vital link in the chain leading to sustainable use of land resources as it is the selection of suitable 

land for various specific land-uses and management alternatives which are physically and 

economically viable (FAO, 1983; FAO, 2007). Moreover, land evaluation is the process of making 

predictions of land performance over time for specific types of uses, whereby such predictions are 

used as a guide in a strategic decision making on land-use (Al-Mashreki et al., 2011). In this 

regard, there exist two kinds of land suitability evaluations, namely the suitability of the land for a 

defined land-use as the land is at the time of the interpretation (evaluation) with minor 

improvement measures where required, and the suitability of the land to correct the permanent 

limitations within an acceptable limit of the cost to benefit ratios. The former is called the actual or 

current suitability and the latter the potential suitability (Berhanu, 1982; FAO, 1983). 

According to Teshome (1996), suitability evaluation of land units is useful for identifying the 

major potentials and limitations to production and to indicate possible ways of overcoming the 

limitations or to propose effective interventions. Physical land suitability evaluation may 

contribute towards better land resource management in the way that more comprehensive 

development interventions that incorporate the major parameters related to soils, climate, local 
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farming system and other socio-economic conditions through segregation of the competing land-

uses, are designed (Teshome, 1996; Ziadat and Al-Bakri, 2006). Hence, fundamental to any land 

suitability evaluation procedure is the fact that different kinds of land-uses (land utilization types) 

have different requirements and these requirements are matched (compared) with resources 

offered by the respective land, i.e. the land quality. The end result of any survey and land 

evaluation should be a number of clear recommendations with alternatives on appropriate types of 

land-uses and the respective consequences.  

Regarding the status of soil survey, classification and land evaluation in Ethiopia, records indicate 

that maps showing the soils of Ethiopia date back to the 1920s; and the first map ever to show the 

soils of the country was prepared by Marbut in 1923 as part of the soils of Africa at 1:25 Million 

scale (Berhanu, 1994). Though Murphy (1968) was the pioneer to make an extensive soil survey 

that provided a basic information mainly on the chemical and physical properties of soils, his 

study was limited only to areas accessible to vehicle. Soil surveys have relatively effectively 

began in Ethiopia in the 1960s as an area specific studies of agricultural development projects 

(e.g., Chillallo Agricultural Development Unit), and country wide soils‟ studies were carried out in 

the early 1970s as a component of Land Resources Inventory of Ethiopia for the preparation of 

Master Land-Use Plan for the country at 1:2 Million scale (Abayneh, 2005). However, most of 

these survey works were done by expatriate consultants from different countries and organizations 

such as Russia, USA, France, UK and FAO, so that they varied accordingly and soil analytical 

methods used were also not standardized besides the use of various classification systems; and 

most of them had been carried out at 1: 250,000 or less scales at regional or national levels 

(FAO/UNDP, 1984a; Shimelis et al., 2007). National and regional small-scale surveys seem to be 

inadequate in providing basic soil data that enables to manage soils according to their local 

variability; and absence of detailed site-specific studies of soils hinder sound soil management and 

technology transfer, so that adequate knowledge on soil characteristics at large scale or at micro-

watershed level is essential to tackle specific and local problems of agricultural production 

(Shimelis et al., 2007). According to Mohammed et al. (2005), in Ethiopia, detailed information 

on the characteristics and current management practices of soils not only at micro-watershed level 

but also at farm level may contribute much to increase agricultural production. These authors state 

further that the primary aim of many hitherto conducted surveys on Ethiopian soils was to assess 

the fertility status of soils; which was rather limited in scope and hence failed to give the micro-
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level spatial variability of soils and comprehensive information on their characteristics that 

hindered in turn a micro-catchment related site-specific soil management and farm level planning.  

Moreover, maps from local authorities in charge of soil surveys, Theses, Dissertations and 

publications released from research and higher learning institutions followed mainly the USA Soil 

Taxonomy system of classification, whereas reports and maps by government Ministries were 

mainly based on the FAO-UNESCO classification system, so that up to present there is no 

standardized approach or national soil classification system developed (Abayneh, 2005). 

According to Mesfin (2009), reviews of the hitherto efforts have revealed that there were attempts 

to collect, integrate and correlate information on the heterogeneous soils of Ethiopia. However, the 

vast amount of information has remained of limited relevance as a soil resource management tool, 

since systems of classification and survey methods have varied and hence comparison between 

different regions of the country has remained difficult, so that the paucity of such information is 

still existent. On the other hand, an acquisition of timely and objective information on soils of 

Ethiopia was further handicapped by the inaccessibility to most parts of the country, and as a 

result most of the studies undertaken so far were localized to areas close to main transportation 

networks (Abayneh and Berhanu, 2007). According to these authors, to make the condition worse, 

most of these few available data have currently become obsolete as they are already about 30 years 

or more old. According to Mitiku (1987), limitations imposed by the physical environment in 

general, climate and soils in particular, on the level of agricultural production of Ethiopia, have not 

been fully understood and scientifically studied, and the absence of soil resources inventory at 

national level has resulted in research outputs that can
‟
t be transferred to users for the services 

intended. Mitiku continues that in Ethiopia most of the agricultural produce is generated from rain 

fed agriculture, though limited number of surveys have been conducted in the areas of rain fed 

agriculture.  

Though there were comparatively ample efforts to characterize and classify Ethiopian soils by 

different higher learning institutions, the MOA and research organizations in the past, it can be 

inferred from various treatises on Ethiopian soils that scientific works on land suitability 

evaluation are rather at their infancy. Nevertheless, there were some smale-scale and very 

localized important scientific contributions such as those of Berhanu (1980), Berhanu (1982), 

FAO/UNDP (1984d and 1984e), Teshome (1994), Teshome and Verheye (1995), Mohammed 

(2003),Teshome (2013) and Demeke (2014); which can but rather be considered as taking some 
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drops of water from an ocean for a vast country like Ethiopia, so that there is an immense potential 

for research in this aspect for Ethiopian agricultural professionals in general and for pedologists in 

particular. According to Mohammed (2003) and Abayneh and Berhanu (2007), regional and 

national resource surveys can be used only for a general assessment of resources, so that detailed 

land resource survey is required to address specific constraints and management options for an 

agricultural development planning, for feasibility and design studies in development projects, for 

many engineering works, etc., though such information are generally scarce up to present. 

According to Demeke (2014), Ethiopia is a vast country endowed with diverse agro-ecologies 

which are mainly attributed to altitudinal ranges and hence can grow a wide range of crop types. 

This author claims that ensuring that these land resources are used in the most productive and 

sustainable way requires an appropriate land-use planning and allocation based on a detailed 

assessment of the potentials and constraints of a given land resource for various uses; and the first 

and prerequisite task to be undertaken to achieve such an optimum utilization is a crop-land 

suitability analysis. To improve production and productivity, land-use planning is crucial to 

systematically allocate land to the best uses by considering the biophysical potentials, economic 

and socio-cultural factors; since different areas have different potentials and constraints for 

particular use (Demeke, 2014). Therefore, adequate information about the land resources and their 

potentials for various uses is indispensible to land-use planning and to answer the question what is 

to grow and where to grow. Furthermore, agricultural investors and different organizations 

engaged in this sector need basic and appropriate information on land resources and their 

potentials, limitations and management options to improve the efficiency of agricultural 

investment and other development endeavors.  
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3. MATERIALS AND METHODS  

 

3.1. Description of the Study Area 

        3.1.1. Location and Areal Coverage  

 

The study area, Kulumsa Subwatershed (KSW), is located in Oromia Regional State in Arsi 

Administrative Zone at about 168 km southeast of Addis Ababa and at about 6 km north of Assela 

town (the capital of Arsi Zone). Its geographical extent is from 07
⁰
 54' 16.0" to 08

⁰
 02' 17.1" N and 

from 039
⁰
 07' 29.7" to 039

⁰
 15' 54.0" E with an altitude ranging from 1810 to 4005 meters above 

sea level (masl) and has the total area of 7025.2 ha (Figure 3.1and Table 4.23). There exist major 

landforms that vary from level land (land with less that 10% slope and less than 50 m/km relative 

relief) to steep land (areas with more than 30% slope and relative relief of 150-300 m/km or more) 

and landscape-topography ranging from almost flat (0.5-2.0% slope) to mountainous (above 30% 

slope). The subwatershed starts at the eastern summit of Mount (Mt.) Chillallo and ends in the 

“Main Ethiopian Rift Valley” (MER), where the Gonde river joins Kulumsa river to form the 

Deneba river (after the junction) that joins the Ketar river (the largest river in Arsi Zone) within 

the “rift valley”. 

The Addis Ababa-Assela all-weather road (asphalt) provides the primary access to the area and is 

additionally accessible through Assela-Meki non-asphalt (gravel) all-weather road and two other 

small internal gravel roads yet under construction. The KSW area encompasses areas of four 

woredas, namely Tiyo, Hetosa, Lode-Hetosa and Digelu and Tijo, though its major part is found in 

Tiyo woreda that includes Assela town and KARC. 

3.1.2. Geology and Parent Materials 

According to ABRDP (2004), in the Tertiary period of the Cenozoic era, there was a widespread 

volcanism induced by extensive fracturing and subsequent faulting that led to the outpouring of 

lava along fissures covering most of the present highland parts of Arsi Zone, which created a thick 

layer of basaltic rocks of the trap series that covered the central plateau and the massif of Arsi. 

According to EMA (1988) and OPEDB (1997), the southeastern highlands and the adjacent rift 

valley areas are mainly occupied by Tertiary Trappen lava and Quaternary lava formations. 
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Figure 3.1. Location of the study area in Arsi Zone, Oromia Region and Ethiopia 
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In general, the present landform or the relief structure of Ethiopia is the result of geologic events 

and processes in the Cenozoic era, whereby during the Tertiary period both the highland areas and 

the rift valley of Ethiopia were formed (ABRDP, 2004). Although there is no clear indication for 

the occurrence of the Precambrian rocks in Arsi, the Mesozoic sediments of the Amba-Aradam 

formation are found in the eastern parts of Arsi that border with west Hararge Zone; whereas the 

adjacent rift valley areas are covered mainly by Quaternary-Tertiary rift sediments and volcanics 

(Mengesha et al., 1996; ABRDP, 2004; Solomon, 2009). In the KSW as part of the “rift valley” 

and the southeastern highlands of Ethiopia, materials from Tertiary and Quaternary volcanic rocks 

such as basalts, different pyroclastic rocks (tuffs and ignimbrites) and Quaternary-Tertiary rift 

sediments and volcanics may be considered as the main parent rocks of the soils of the study area 

(Mengesha et al., 1996). The petrographic examination results of the hard rock samples obtained 

from the bottom of some profiles of soils within KSW have indicated the presence of volcanic 

rocks such as andesites and pyroclastic rocks such as tuffs and pumice. 

3.1.3. Climate  

The climate of Ethiopia is largely influenced by the relief difference and diversity of topographic 

features, where rainfall amounts and temperature and thereby also the potential evapotranspiration 

are strongly correlated with altitude, so that for every 100 m rise in elevation the air temperature 

falls in about 0.6-0.7 
C and rainfall generally increases and evapotranspiration rates decrease with 

increasing altitude (Daniel, 1977; MOA, 1998). In Ethiopia, due to the rugged relief and great 

variation in altitude, climate, vegetation, soils and other aspects of the environment vary widely in 

short distances and the distribution of rainfall and temperature is strongly affected by the variation 

in altitude than by the variation in latitude. Hence, two places on the same latitude but with 

different altitude show different average annual temperature and rainfall amounts (Daniel, 1977). 

This relationship seems to be the base for the traditional classification of the “temperature-altitude 

regions” of Ethiopia, which are known as” traditional agro-climatic zones”.  

 Ethiopian farmers have since the initiation of the agricultural activities recognized at least three 

major agro-climatic areas (zones) mainly based on elevation and temperature that enabled them to 

identify the broad vegetation communities (crops and other vegetation types) adapted to the 

environmental conditions and thereby to select crop cultivars and livestock races best suited for 

these “temperature regimes” (MOA, 1998). According to the recent discipline oriented studies 
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conducted by the MOA and other research and development organizations, these traditional agro-

climatic classes are described based on altitude ranges and related factors such as temperature and 

annual rainfall amounts that indirectly indicate areas with different suitability to different crops. 

Thus, the traditional climatic classification may denote generally areas where different agricultural 

crops predominate or exclusively grow (adapted), and hence are named as agro-climates 

(MNRDEP/WDLUD, 1995; MOA, 1998; Lakew et al., 2005). According to FAO/UNDP (1984c), 

temperature regime is a useful means of differentiating between the major climatic regions 

especially at continental or similar scale; however in studies covering a limited area, it operates 

frequently through the effects of altitude and hence major agro-climatic differences occur with 

changes in altitude. Ethiopia is a vast country with diverse agro-ecologies which are primarily 

defined by the length of growing period (LGP) and thermal zones (mean temperature ranges 

during the growing period); whereas the LGPs in Ethiopia themselves are found to be a function 

of altitude (temperature and potential evapotranspiration) and annual rainfall amount and its 

distribution pattern, so that as a consequence the agro-ecological zones are also basically attributed 

to the wide altitudinal ranges within the country (Mitchelhill, 1986; Demeke, 2014). This holds 

true for the present study area (KSW) which is characterized by strong altitudinal variation within 

a relatively small land area, so that this aspect of agro-climatic classification seemed to be rational 

in relation to the objectives of this study.  

However, the relationship of the traditional agro-climatic zones to pedogenesis and classification 

related soil properties and its importance to land-use evaluation is not yet established. The author 

is of a strong opinion that the traditional efforts made by the Ethiopian farmers should be backed 

through scientific studies in agricultural disciplines, since this issue appears to be crucial 

especially in the physiographically and climatically diversified environments of the Ethiopian 

highlands in general and that of the Arsi-Highlands and the KSW in particular. Mitiku et al. 

(2006) defined an agro-climate as a long-term weather pattern in relation to agronomic 

requirements, and a “zone” as a horizontal spatial unit that has specific properties such as agro-

ecology and related factors; and a “belt” as a spatial unit that lies between two defined altitudinal 

boundaries that have similar properties with the “zone”. Thus, the term “belt” would be preferably 

used hereafter in this manuscript to indicate the altitudinal ranges by any agro-climatic description. 

Accordingly, since altitude subsumes rainfall amount and temperature under Ethiopian conditions 

and in the KSW as well, the altitudinal variations that existed within the KSW were categorized 
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into the traditional agro-climatic belts, which indicated a long-term weather pattern between two 

defined altitudinal boundaries in terms of agronomic requirements, adapted from Daniel (1977), 

MOA (1998), and Lakew et al. (2005), based on altitude and related climatic factors such as 

temperature, rainfall and potential evapotranspiration (PET) as elucidated in (Table 3.1). Lakew et 

al. (2005) subdivided the Woina-dega and Dega climates into wet and moist and the kola into dry, 

moist and wet based on average annual rainfall amounts. On the other hand, Mitiku et al. (2006) 

used the terms such as “lower”, “higher” and “proper” to describe the differences that exist within 

the major agro-climatic belts in terms of vegetation and agricultural production activities, but gave 

no specifications in terms of altitude and related factors. This approach seems to be pertinent also 

to describe the differences observed in the general trend of soil genesis and agricultural production 

activities during the soil survey within the study area. Accordingly, the author would like to 

propose tentatively some specified ranges of elevation for the transitional forms of agro-climates 

in relation to this aspect of description of the study area. It appears also to be of paramount 

importance for different pedological interpretations if the relationship of these traditional agro-

climatic belts to the soil moisture and temperature regimes defined by SSS (1999) and FAO 

(2006a) could be described. Thus, by considering the transitional forms of the major traditional 

agro-climatic belts which are manifested in the vegetation, soil properties and land-use differences 

within the study area, the transitional agro-climatic belts were also defined in terms of soil 

moisture and temperature regimes and related to soil genesis and classification. Hence, within the 

Woina-Dega (Badda-Daree) major agro-climatic belt, for the “Lower-Woina-Dega” the elevation 

range of 1800-2100 masl, for the “Proper-Woina-Dega” the 2100-2250 masl, for the “Upper-

Woina-Dega” the 2250-2400 masl; and within the Dega (Baddaa) major agro-climatic belt, for the 

“Lower-Dega” the 2400-2550 masl, for the “Proper-Dega” the 2550-3000 masl, for the “Upper-

Dega” (subafro-alpine) the 3000-3200 masl; and for the “Wurch” or Diilalla (afro-alpine) the 

3200-3700 masl range and for the “High-Wurch” (frost belt) the range above 3700 masl, are 

proposed for the purpose in respect to the conditions within the study area (Table 3.1).  

According to Miller and Gardiner (2001) and Buol et al. (2011), mean annual soil temperature can 

be estimated by adding 2.5
⁰
 C to the mean annual air temperature in regions within tropical 

latitudes; whereby soil temperature regimes with “Iso” prefix indicate that the mean annual soil 

temperature (MAST) of summer and winter differ by less than 5
⁰
 C, which is typical for tropical 

regions. Based on these premises, the major traditional agro-climatic belts and their transitional 
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forms identified within the study area as indicated in Table 3.1 can be categorized in terms of soil 

temperature regimes (including the specified ranges of elevation) by adjusting the respective mean 

annual air temperatures (MAAT).  

On the other hand, soil moisture regimes can also be estimated (though somewhat crude) based on 

the length of growing periods (LGP), number of humid months and profile saturation conditions. 

For example, in tropical regions with at least one rainy season of three months or more and, 

depending upon temperature, 90 or more cumulative days when the soil moisture control section 

(10-30 cm depth for fine loamy and finer texture and 30-90 cm by sandy soils) is dry; or moist in 

some part for more than 180 cumulative days, or it is moist for at least 90 consecutive days, the 

soil moisture regime is said to be ustic. Pedogenetically, profiles with ustic moisture regimes have 

carbonatic horizons at greater depth than those with aridic but at shallower depth than those with 

udic moisture regimes (Birkeland, 1999; FAO, 2006a). Generally, even though limited, there is 

some plant-available moisture during the growing season by an ustic moisture regime (Brady and 

Weil, 2014). Accordingly, in relation to the study area, soils within the Proper-Woina-Dega 

(2100-2250 masl) and below agro-climatic belts, the profiles of which had secondary carbonates in 

form of nodules starting within less than 100 cm depth from the soil surface, can be considered as 

soils with mainly ustic soil moisture regime, despite the fact that topographic conditions have 

modifying effect. This coincides with the whole isothermic and most probably the upper part of 

the isohyperthermic temperature regimes (including upper Kola), where basically a unimodal 

rainfall distribution pattern (from the middle of June to September) with not more than three 

months of humid period exists. Moisture regimes of soils with water saturated profiles (reducing 

condition) either due to perched water or groundwater in its one or more horizons in some part of 

the year (at least for few days) are generally said to have an aquic moisture regime (FAO, 2006a; 

Buol et al., 2011). Aquic soil moisture regime appears to be linked more to landscape-topography 

than to rainfall amount and altitude, whereby any flat and depression type topographic positions 

within any ago-climatic belt of the study area were found to have some kind of aquic soil moisture 

condition. Udic soil moisture regime is common to soils of humid climates that have well 

distributed rainfall to recharge the soils or cool foggy periods (summers) that reduce 

evapotranspiration, so that there is sufficient water for percolation through the soil profile and 

hence not dry at least for as long as 90 cumulative days (three months) in normal years (FAO, 

2006a). Hence, in respect to the study area, soils within the Upper-Woina-Dega (2250-2400 masl) 
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and above agro-climatic belts, where either no carbonates in form of nodules were encountered 

within 100 cm depth from the soil surface or their profile is devoid of carbonates, can be 

considered generally as soils with a udic soil moisture regime, without exclusion of the modifying 

effect of topographic condition. The major part of these areas had LGPs with 200 and more days 

and more than three months (from June to the middle of October) of humid period, despite the fact 

that there exists also a short moist period from the middle of March to the end of April in years 

with normal rainfall distribution. This coincides with agro-climatic belts with isomesic, isofrigid 

and the upper part of isothermic soil temperature regimes within KSW (Table 3.1). Though not 

encountered within the present study area, the lower Kola agro-climatic belt would have most 

probably the aridic soil moisture regime and the isohyperthermic soil temperature regime. 

The landscape of Arsi Zone includes high and rugged mountain ranges, flat-topped plateaus, deep 

gorges of rivers and rolling plains that range altitudinally from about 500 to 4245 masl with its 

peak at Mount Kaka (ABRDP, 2004); and this holds true for the present study area the elevation 

of which ranges from 1810 to 4005 masl with its peak at Mount (Mt.) Chillallo. This indicates that 

all the traditional major agro-climates described in Table 3.1 are found in Arsi Zone except the 

Bereha and four of them (Bereha and Kola (Gammoojjii) agro-climates excluded) exist in the 

KSW, namely Woina-dega (Badda-Daree), Daga (Baddaa), Wurch (Diilalla) and High-Wurch). 

Out of these four, only the Proper-Woina-dega area where the KARC is located has got a 

meteorological record station, though a long year meteorological data were not available 

(accessible) for the interpretations necessary in this manuscript. According to FAO/UNDP 

(1984c), the northern side of the Arsi-Highlands adjacent to the rift valley belongs to the E-type 

Rainfall Pattern Region of the highest order and the study area (KSW) belongs to the E.2.03 

Rainfall Pattern Region of the third order. By this type of rainfall pattern, the main rains in 

summer (Kiremt) are preceded by a small rainfall peak in spring (Belg) or by prolonged moderate 

rainfall in both cases. Abayneh (2003) has analyzed meteorological records of twenty years (1979-

1999) of this Proper-Woina-dega area, whereby mean annual rainfall of this specific area was 

found to be 788 mm and mean annual PET of 1300 mm with monomodal rainfall pattern 

characterized by a rainy period that extends from March to September with a short dry period in 

between from May to early June. The mean annual maximum temperature is 23
⁰
C and the mean 

minimum temperature is 10
⁰ 

C, whereas monthly values range between 8 and 25
⁰ 

C. The period 

from March to October is identified generally as moist since the rainfall is higher than half of the 
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PET, thus endowing the area with a length of normal type growing period (LGP) of 200-240 days 

that has about three months of humid period. The time from June to September is classified as 

humid since the rainfall is higher than the full PET. The total rainfall during the growing season is 

about 700 mm and mean maximum and minimum temperatures are 23
⁰ 
C and 11

⁰ 
C respectively. 

Even though this area is not representative for the entire study area, it may provide important clues 

to evaluate the other parts of the KSW. Thus, the range of LGPs and mean temperatures during the 

growing periods for the identified land mapping units (LMU) of the land suitability evaluation 

were estimated (calculated) based on the rainfall data of this area and that of Assela town with the 

presumption that these two areas can serve as a “reference locations” for the entire study area 

(KSW). Accordingly, the rainfall data used by Abayneh (2003) was taken to calculate the LGPs 

and growing period mean temperature ranges (TGPs) for the LMUs within the altitude ranges of 

1810 to 2400 masl for land evaluation and that of Assela town (2300-2500 masl) that amounts 

1260 mm, for the altitude ranges of 2400 to 4000 masl. The estimation of these parameters was 

done using the Regression Equations developed for the various Rainfall Pattern Regions of 

Ethiopia by FAO/UNDP (1984c). The Regression Equation used to calculate the LGP for the third 

order Rainfall Pattern Region E.2.03 (for the rift valley and adjacent areas on the northern slope 

of the Arsi massifs and specifically for Assela and Kulumsa area) is: 

LGPa = -31 + 0.044h + 0.181Pa, and r
2
 = 0.96                      (3.1) 

Where: LGPa = mean annual LGP in days; h = altitude in masl; Pa = mean annual rainfall; 

             r
2
 = coefficient of determination.  

The Regression equation for the TGP of the whole country except the southeastern lowlands 

(Borana, Ogaden) is: 

TGP = 30.2 – 0.0059h, and r
2
 = 0.90                                       (3.2)                           

Where: TGP = growing period mean temperature in 
⁰
C; h = altitude in masl. 

 

The length of growing period (LGP) in Arsi ranges for  medium and high altitude areas from 270 

to 365
+
 days, whereby the shortest LGP with 120 days occurs in areas below 1500 masl in the 

Wabe-Shabele river gorge and the rift valley (ABRDP, 2004). The estimated LGPs within the 

KSW were all of the normal LGP type and ranged from about 175 days in areas within the “rift 

valley” to about 365 days in areas around Mt. Chillallo (including Mt. Chillallo); and the TGP 

from about 19.5
⁰ 
C within the “rift valley” to about 7.0

⁰ 
C or less on Mt. Chillallo. 

 By the E.2-type rainfall pattern, the main rains in summer (Kiremt) are preceded by a small rainfall peak in spring (Belg) or by a  

    prolonged period of moderate rainfall in both cases. 
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Table 3.1. Description of agro-climatic belts in relation to soil temperature and soil moisture regimes  

 

Name of the major 

traditional agro-climatic 

belts and their 

subdivisions 

Altitude 

range in 

masl 

Mean 

annual 

rainfall 

(mm) 

MAAT range* 

in 
⁰
C 

Adjusted 

(MAST) 

range* 

in 
⁰
C 

Name of the 

corresponding 

MAST 

Normal 

 MAST range* 

in 
⁰
C 

Estimated  

soil moisture 

regime** 

 

Equivalent 

world‟s major 

climate type 

Kola and below it < 1800  700 > 27.5 > 30.0 Isohyperthermic ≥ 22.0 Aridic Desert/Tropical 

Entire Woina-Dega 1800-2400 700-1200 20.0-16.0 22.5-18.5 Isothermic 15.0≤V<22.0 ________ Subtropical 

Lower-Woina-Dega 1800-2100 700-1200 ______ ______ Isothermic _________ Ustic “ 

Proper-Woina-Dega 2100-2250 700-1200 ______ ______ Isothermic  Ustic/Udic “ 

Upper-Woina-Dega 2250-2400 700-1200 ______ ______ Isothermic  Udic “ 

Entire Dega 2400-3200 1200-2200 16.0-11.5 18.5-14.0 ________ _________ Udic Temperate 

Lower-Dega 2400-2550 1200-2200 11.5<X≤ 16.0 14.0<X≤ 18.5 Isothermic 15.0≤V<22.0 Udic “ 

Proper-Dega 2550-3000 1200-2200 16.0>Y<11.5 18.5>Y<14.0 Isomesic 8.0≤S<15.0 Udic “ 

Upper-Dega 3000-3200 1200-2200 16.0>P ≤11.5 16.0>P ≤14.0 Isomesic 8.0≤S<15.0 Udic “ 

Wurch 3200-3700 1500 7.5-11.5 10.0-14.0 Isomesic 8.0≤S<15.0 Udic Alpine 

High-Wurch > 3700 1500 < 7.5 < 10.0 Isofrigid 0-8.0 Udic Frost limit 

* The capital letters P, S, V, X and Y are used to indicate the respective specific ranges of temperature; MAAT = Mean annual air temperature. 

** The aquic soil moisture regime is not included since it was restricted to land surfaces that had subsurfaces with lower permeability. MAST = Mean annual soil temperature.    
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  According to ABRDP (2004), in the areas above 2400 masl elevation, mean annual rainfall 

generally amounts to about 1500 mm and above showing increasing tendency with altitude. In 

general, the elevation differences (great elevation range of about 2190 m) within the study area 

have caused significant climatic differences within a relatively small area of the subwatershed that 

the southeastern higher altitude areas above 2400 masl have bimodal rainfall pattern, whereas the 

northwestern relatively lower altitude areas, which are within and adjacent to the “rift valley” are 

mainly monomodal. The bimodal areas have a minor (short) rainy period (with mostly moderate 

rains) known as Belg from the end of February to the end of April (with a dry spell mostly from 

the end of April to early June) and the main (longer) rainy period the Kiremt (Ganna) as the humid 

period from June to October in years with normal rainfall distribution (AZAO, 2015). In the 

bimodal areas of the KSW, farmers are able to grow Belg-crops (short rainy season crops) in years 

with normal rainfall distribution, whereas in the monomodal areas the moisture status of the soils 

enables only land preparation for planting in the main rainy season (Kiremt). In the rift valley and 

the lower slopes of the southeastern highlands, the spring rains in most years do not reach half of 

PET; so that the growing period (GP) is restricted to the summer rains only and varies between 90 

and 200 days within this area (FAO/UNDP, 1984c). However, with increasing altitude and thereby 

increasing rainfall and decreasing PET due to decreasing temperature, the spring rains contribute 

to the LGP which therefore increases rapidly with altitude and finally extends over 270 to 365 

days up to the divide of the Arsi massifs. Therefore, in these higher altitude areas, there is no 

significant dry spell between the spring and summer rains except that may occur in some years to 

separate the two growing periods, thereby the spring GP then being of intermediate type.  

3.1.4. Physiography and Soils  

Topographic variabilities such as elevation, slope, curvature and aspect have a significant impact 

on soil-forming factors through their influence on soil parent materials, local climate and 

vegetation conditions (Fanning and Fanning, 1989; Buol et al., 2011). Great differences in 

elevation between the valley floor and the highest points in a landscape induce differences in 

climate, which in turn causes altitudinal sequences in vegetation and soils (Buol et al., 2011). 

According to Mesfin (1998), altitude, slope position and steepness are the major physiographic 

attributes in differentiating the soil groups (types) and their characteristics in Ethiopia. Mitiku 

(1987) described the topography as the major factor in determining soil genesis and distribution 

through the Ethiopian highlands. Mesfin (1998) states further that the diverse physiography of 
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Ethiopia consists of rugged mountains, hills, plateaux, plains, valleys, gorges, etc., that are  

intimately related to the underlying geology and represent diversified elevations with the lowest 

point of about 126 meters below sea level in the Danakil Depression (Afar Depression) and the 

highest point with  4620 masl  in the Semien Mountains at Ras Dashen; which in turn causes 

divisions of the country into major zones each characterized by its own peculiar landform, relief 

and climate. Such a physiographic condition holds true also for KSW that consisted of a rugged 

mountainous and hilly topography, plains, valleys and gorges which are related to a varied 

elevation with the lowest point of about 1810 masl at the junction of Kulumsa and Gonde rivers 

and its peak of about 4000 masl on Mt. Chillallo, giving a relative elevation difference of about 

2190 meters. The southeastern part of the KSW is characterized by a strongly rugged sloping to 

steep landform with rolling (10-30% slope) and mountainous (>30% slope) landscape-topography; 

and the northwestern part that encompassed mainly the „rift valley” and its escarpment areas had a 

rolling to hilly (15-30% slope) landscape-topography and sloping to steep major landform. 

Between these two, there was a relatively plain plateau area mainly with gently undulating (1-5% 

slope) to undulating (5-10% slope) landscape-topography and level land plateau (<10% slope) 

major landform. Several permanent and many non-permanent streams that lead lastly to Kulumsa 

river dissected the area at different locations and this had created a rolling and wavy topographic 

condition that lends the area a great physiographic and climatic diversity within a short distance, 

which in turn induced strong spatial variations of soil properties, vegetation and land-use. 

In line with the wide variability of topography, climate, vegetation and land-use, there existed also 

a wide variety of soil types within the relatively small study area (KSW) that ranged from the least 

developed Regosols (Entisols) to the most developed Alisols and Retisols of the FAO-WRB 

(2006) and FAO/IUSS-WRB (2015) classification respectively. Ahmed (2002), Abayneh (2003) 

and ABRDP (2004), have noted the existence of the main soil associations that include Leptosols, 

Cambisols, Vertisols, Luvisols and Nitisols within the present study area and its surroundings. 

3.1.5. Vegetation and Land-Use 

In Ethiopia, inappropriate land-use practice of many generations (clearing of forests, cultivation of 

steep slopes, overgrazing, etc.) have caused serious land denudation and soil degradation mainly 

due to water erosion especially in the highlands of Ethiopia (Alemneh, 2004). According to 

Teshome and Verheye (1995), the land-use patterns in mountainous areas of countries like 

Ethiopia are closely related to and largely determined by topographic variables and associated 
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conditions such as climate and soil variations that either aggravate or alleviate the impact of land-

use on soil properties. Where there is sufficient vegetation cover, soils are rich in soil organic 

matter and retain nutrients (bases) against leaching and hence fertile (Mitiku, 1987).Though the 

impact of inappropriate land-use practice on the vegetation cover and soil degradation that have 

obliterated the natural vegetation in many areas can be judged as serious in general in Arsi and in 

KSW in particular, the presence of the remains of the indigenous forest trees and other vegetation 

types in Arsi Zone and in the KSW as well is related to altitude ranges as follows (ABRDP, 2004). 

a. Afroalpine and sub-afroalpine vegetation dominated by Erica arborea species (Asta, Sato) 

is found in  areas with elevation above 3000 masl and mean annual temperatures of below 

10
⁰ 
C. The upper part (above 3800 masl) of such areas is dominated by bushes, tuft grasses 

and sparsely scattered Giant Lobelia species since the low temperatures inhibit tree 

growth.  

b. Afro-montane type forest dominated by coniferous trees, which is mainly composed of 

Juniperous procera (Tid, Gatira) and Podocarpus gracilior (Zigba, Birbirsa), was found in 

altitude ranges of 2300 to 3000 masl and annual rainfall of 500-1100 mm. The lower parts 

of these areas were predominated by Podocarpus gracilior and the upper and more humid 

areas by Juniperous procera and Hagenia abyssinica (Koso, Heto) trees and  admixtures 

of Olea africana (Woyira, Ejersa), Prunus africanus (Tikur-inchat, Burayu), Ficus 

capensis (Shola, Harbu). The most upper parts of this area was dominated by Erica 

arborea, Hagenia abyssinica and different Hypericum species (Amija, Garamba/Hinde) 

and local berries (Morus species) known locally as Yedega-injori (Amharic) or 

Altufa/Hayina (Oromic). 

c. Woodland and Savanna vegetation was dominated by different Acacia species with grass 

mixtures in altitude ranges of 500-2000 masl in Arsi and in 1800-2300 masl ranges within 

the study area, where different Ficus species (Worka, Oda/Qiltu), Croton macrostachyus 

(Bisana, Bekanisa) are prevalently seen as admixtures. Eucalyptus tree species were the 

dominant exotic tree plantations, especially around homesteads in all altitudinal ranges 

except in the Wurch and High-Wurch. Waterlogged areas, depressions and flat lands were 

dominated by different grass species. 

Land configuration, soil type, climate and traditional practices account for the production of quite 

a wide range of crop types and cultivars, since land terrain and altitude variations create a variety 

of micro-climatic conditions that in turn account for the production of a wide range of crop types. 

Accordingly, cool temperate crops such as barley, oats and potatoes are produced mainly in the 

elevation ranges above 2400 masl on well-drained soils, and tropical crops such as maize and teff 

share both altitudinal ranges, namely the lower and medium altitude ranges of the temperate and 

the upper ranges of the tropical and subtropical local climatic areas (ABRDP, 2004). According to 

AZARDO (2010), rain fed subsistence mixed farming system with a crop production as the main 

and the livestock rearing as the auxiliary practice characterizes the Arsi and KSW agricultural 

production, whereby the major annual field crops such as wheat, barley, teff, horse beans, field 
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peas, linseed, rapeseed, maize, sorghum, etc. account for more than 80% of the cultivated land. 

The livestock composition includes cattle, sheep, goats, horses, donkeys and chicken. Vegetable 

crops such as potatoes, tomatoes, cabbages, carrot, beet roots, garlic and shallots are also widely 

planted around homesteads mainly as cash crops for the farming community. With steadily 

increasing dominance of the role of the crop production, there is a drastic decrease of grazing land, 

so that practically almost no more natural grazing land exists and hence the livestock production is 

dependent mainly on crop residues, which in turn has a negative impact on the fertility and 

productivity of crop lands. Moreover, AZARDO (2010) states that, due to continuous expansion 

of crop land, denudation of the natural vegetation cover, absence of soil conservation practices, 

etc., land degradation in general and soil erosion in particular was ranked as the first bottleneck of 

the land-use system of the area.  

3.2. The Soils Studied  

Soils within Kulumsa Subwatershed were surveyed, described and sampled for the subsequent 

laboratory analysis. The survey and sampling site selection was performed as elucidated in Section 

3.3.1. Accordingly, 19 profile sites were selected in a manner that they may represent a 

homogeneous topographic, soil, vegetation and land-use condition within a defined landscape-

topography based on a topographic map of 1:50,000 scale. Moreover, extensive visual 

observations were made through a combined use of free (traverse) and transect survey along two 

transects, namely along altitudinal transect from northwest to southeast from the lowest to the 

highest elevation areas and along the south to north (latitudinal) transect as there was also 

altitudinal increase from north towards the south, in order to encompass spatial and physiographic 

variations in all direction within the study area (Table 3.2 and 4.1). The identification of the pit 

(profile) locations was performed based on observable site and soil characteristics such as slope, 

topographic position, vegetation, topsoil color, texture, etc. in a manner that they may be 

representative for a landscape portion believed to be dominated by the same taxonomic unit 

(RSG).  

 

 

3.3. Site Selection, Environmental and Profile Description and Soil Sampling 
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         3.3.1. Sampling Site Selection 

 

In order to determine the soil sampling sites that represent relatively homogeneous environmental 

conditions (landscape-topography, vegetation, land-use and surface soil characteristics such as 

color, texture, consistence, etc.), a field survey was conducted using a combination of free 

(traverse) and transect survey methods through visual observation, probing with auger and 

measuring with equipments such as clinometer or Jallo, altimeter and GPS along two transects, 

namely along altitudinal and latitudinal transects. The field observation activity was started in 

May 2012 within the “Main Ethiopian Rift Valley” (MER) at the junction of Kulumsa and Gonde 

rivers where they form the Deneba river thence, at an elevation of 1810 masl as the lowest point 

within the study area and ended in February 2015 on the eastern summit (crest) of Mt. Chillallo at 

an elevation of 3910 masl as the peak point among the eastern divide points of Kulumsa 

Subwatershed. Prior to the commencement of the survey activity, a topographic map of 1:50,000 

scale as a base map and the document prepared for the Kulumsa Watershed Development Project 

by AZARDO (2010) were used to obtain base line information for the preliminary survey 

conducted before the detailed survey that enabled the identification of the soil sampling sites. The 

delineation of the study area (KSW) was performed based on the altitudinal information provided 

through the contour lines of the topographic map and by ground traverse survey to determine the 

ridgelines (divides) by identifying the relative heights and spot-heights using altimeter and GPS. 

Based on the inspection of 285 auger points and detailed visual observation of the environmental 

conditions of the entire study area (KSW), nineteen (19) profile opening locations which were 

presumed to represent the major physiographic, climatic, vegetation and land-use conditions of a 

specified landscape portion and surface soil characteristics in terms of homogeneity, were 

identified as profile opening locations (Tables 3.2 and 4.1). However, had it been not for the 

budget constraints, the extreme physiographic and climatic diversity within the study area 

implicated that about 25 or more profiles were necessary to adequately assess the existing 

environmental diversity. Augering was performed on average to a depth of 50 cm in a manner that 

at least the Ah (Ap) and A1 horizons or the Ah and any horizon directly beneath the Ah horizon, 

were included. Priority was given to virgin land areas for pit opening at locations that had marked 

remnant natural vegetation. 

 



42 
 

 

Table 3.2. Master horizons, their vertical subdivisions (sub-horizons) sampled and total profile depth   

 

Profile 

No 

Site altitude 

in masl 

Identified master 

horizons 

Identified transition 

(combination) 

horizons 

Designations of vertical  

subdivisions identified 

Profile‟s total 

depth in cm 

Total No. of   

sub-horizons 

identified 

KS 01 2290 A, B BA, BC Ah, A1, A2, BA, Bss1, Bkss2, BCkss 200
+
 7

 

KS 02 2050 A, B, C BC Ah, A1, BAt, Btk1, Btk2, BCtk, Ck 200
+
 7 

KS 03 2110 A, B BA Ah, A1, A2, BAk, Bwk1, Bw2 200
+
 6 

KS 04 2345 A, B, R AE, BA Ah, AE, BAt, Btss1, Btss2, BCr 200
+
 6+Rs 

KS 05 2050 A, B, R BA, BC Ah, A1, Bt1, Bt2, BCr 123
+
 5+Rs 

KS 06 2110 A, B, R BA, BC Ah, A1, BAt, Bt1, Bt2, BCtrk 126
+
 6+Rs 

KS 07 2150 A, B, C, R B/C Ap, A1, Bt, B/Ctk, Cr 200
+
 5+Rs 

KS 08 2080 A, B, C, R BA, BC Ap, A1, BAt, Bt1, B2, BCk, Crk 172
+
 7+Rs 

KS 09 2190 A, B, C BA, BC Ah, A1, BAt, Bt1, B2, BCk, Ck 200
+
 7 

KS 10 1950 A, B, C, R BA, BC Ah, A1, BAt, Bt1, Bk2, BCk, Crk 200
+
 7+Rs 

KS 11 1980 A, C, R AC Ah, AC, Cr  62 3+Rs 

KS 12 2345 A, B EA, B/E Ah, EA, B/Et, Btss1 Btss2 200
+
 5 

KS 13 2470 A, B, R A/E, BC Ah, A/E, Btss1, Btssg2, B/Ctrg 181
+
 5+Rs 

KS 14 2340 A, B, C BC Ap, A1, Bw1, Bw2, BC, C 200
+
 6 

KS 15 2650 A, B BE, BC Ah, A1, BEt, Bt1, Bt2, BC 200
+
 6 

KS 16 2965 A, R A/C Ah, A1, A/Ctr    83
+
 3 

KS 17 2790 A, B BE Ah, A1, BEt, Bt1, B2 200
+
 5 

KS 18 3100 A,  B, R B/C Ah, A1, Bt1, B/Ctr 113
+
 4 

KS 19 3800 A, R AC Ah, A1, ACr  55 3 

 _____ ________ __________   ___________ Total number of horizons sampled ____ 103 

       Rs = Rock sample taken for petrographic analysis.
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The profile locations were meant to represent the anticipated predominant taxonomic units (RSGs) 

according to the FAO-WRB (2006) and FAO/IUSS-WRB (2015). The location map was 

developed by digitizing the topographic map of the area in ArcGIS Version 10.3.  

 

3.3.2. Environmental and Profile Morphological Description and Soil Sampling  

 

Description of the environmental conditions (physiography, climate, parent materials, vegetation 

and land-use) and that of the profile macromorphology was performed based on the FAO (2006a) 

Guidelines for Soil Description and the results of the descriptions were recorded on the format 

prepared for the purpose for further interpretation in relation to the subsequent laboratory soil 

sample analysis results (Appendix 3). The soil profiles of freshly opened pits were described and 

the horizons to be sampled designated according to the tentative guide of Appendix 4 based on 

FAO (2006a) and Soukup et al. (2008a). The color identification of the soil materials of the 

sampled genetic horizons was conducted using the Munsell Soil Color Charts (2000) and the field 

texture class determination (field texturing) according to Rowell (1994), Gupta (2005), FAO 

(2006a) and Brady and Weil (2014), using the hand texturing procedure described in Appendix 5. 

The soil samples were collected from each profile opened for the purpose based on the master 

horizons and their vertical subdivisions (subhorizons) identified by the soil profile description 

from freshly opened pits. Bulk samples of about 1.5 kg were collected from each horizon 

delimited to be sampled in plastic bags for physico-chemical and mineralogical analysis from soil 

pits of 1m width, 2 m length and 2 m depth (1x2x2 m) unless otherwise the depth is limited by the 

specific profile site condition. Similarly, core samples were taken for the investigations of soil 

physical characteristics using cylindrical metal cores with 7 cm diameter and 5 cm height. Both 

sample types were collected across the face of each genetic horizon from the same location within 

a horizon in question and labeled. In the same manner rock samples were collected from the 

profiles, the stipulated depth of which ended with an exposure of a hard rock or similar 

consolidated or semi-consolidated (soft rock) material for petrographic analysis in plastic bags and 

labeled. The rock samples were collected from the profiles with hard rock or similar material 

exposure after the stipulated depth (200 cm) of their regolith or after any pedon specifically 

limited depth of the respective regolith. A total of 103 bulk soil samples, 75 core soil samples and 

eight (8) rock samples were collected and analyzed (Table 3.2 and 4.4).  

 



51 
 

 

3.4. Soil Sample Processing and Laboratory Analysis   

The chemical  and physical laboratory soil analysis of the samples was carried out according to the 

standard analytical methods and procedures used in Jije Analytical Testing Service Laboratory which 

is owned by the Jije Laboglass Pvt. Limited Company, in Addis Ababa. The bulk soil samples 

collected were air-dried, ground and sieved to pass through a 2 mm sieve before the analysis 

except for those for soil organic carbon and total nitrogen which were sieved by 0.5 mm sieve.  

3.4.1. Physical Soil Analysis 

The particle size distribution (soil texture) was determined by the hydrometer method according to 

Bouyoucos (1962). The determination of the dry bulk density was done using the core samples, 

whereby the core samples were weighed with the soil in their undisturbed condition and then 

oven-dried at 105⁰ C for 24-48 hr until mass constancy is attained. The oven dried core cylinder 

with soil is cooled in a desiccator and the core cylinder separately weighed after soil is removed. 

After calculating the weight of the dry soil by subtracting the weight of the core cylinder from the 

mass of the oven-dried core and soil, the bulk density is computed by dividing the mass of the 

oven-dried soil by the volume of the core cylinder as follows, with the assumption that the volume 

of the soil in the core is equal to the volume of the core cylinder. The total porosity of the soil was 

estimated according to Brady and Weil (2014) from the measurement of the dry soil bulk density 

and the “standard” particle density (2.65 g/cm
3
) using the formula: 

Total porosity (%) = 1 -     bulk density     x 100                     (3.3) 
                                            particle density     
                  

According to Miller and Gardiner (2001) and Brady and Weil (2014), if the actual particle density 

of a soil is not known, a particle density of 2.65 g/cm
3
 can be assumed as a standard particle 

density to calculate the total porosity of mineral soils, and this assumption was generally used for 

the estimation of the total porosity of the soils of the study area. Effective porosity or the 

macropores space (drainable porosity) at field capacity of the soil was estimated by subtracting the 

volumetric water content at field capacity from the total porosity where deemed necessary (Hao et 

al., 2008). Water retention of the soils at field capacity (FC) and at permanent wilting point (PWP) 

suction values were measured through pressure plate extraction method according to Van 

Reeuwijk (1993). Plant available water retention capacity was estimated using the conventional 
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practice of subtracting the permanent wilting point moisture content from the field capacity 

moisture content of the soil. For the conversion of gravimetric (mass) water content in percent to 

volumetric water content in percent, the gravimetric value was multiplied by the specific gravity 

value, i.e. the bulk density of the soil divided by the water density at 4⁰ C and standard pressure, 

which is 1g/cm
3
 and hence the specific gravity value is dimensionless in this respect and 

numerically equal to the bulk density value used for computation.  

3.4.2. Chemical Soil Analysis  

Soil pH and electrical conductivity (EC) were measured in soil to water suspension ratio of 1:2.5 

according to Sahlemedhin and Taye (2000). Organic carbon (OC%) was determined by the wet 

combustion procedure with potassium dichromate in concentrated sulfuric acid solution according 

to Walkley and Black (1934); and total nitrogen (N%) by the wet oxidation and distillation 

procedure of the Kjeldahl method according to Bremner (1965) using concentrated H2SO4 

solution. The determination of exchangeable bases was conducted by percolating the soil sample 

with ammonium acetate solution at pH 7, and the exchangeable bases measured in the percolate. 

The exchangeable cations Ca and Mg were determined in the extract by atomic absorption 

spectrophotometer, and exchangeable K and Na by flame photometer in the same extract 

(Sahlemedhin and Taye, 2000). The same soil sample was subsequently percolated with sodium 

acetate (pH7) and the excess salt was removed by ethanol; and the adsorbed Na
+
 ions were 

exchanged by percolating with ammonium acetate (pH7) and the Na in the percolate is measured 

to determine the CEC according to FAO-WRB (2006). Exchangeable acidity and exchangeable 

aluminum were determined by extracting the soil with 1M KCl unbuffered solution and 

subsequent titration with NaOH for H
+
 and Al

3+ 
(total exchangeable acidity), and with HCl for 

Al
3+

 stepwise after the addition of NaF to recoup the NaOH for titration and subtracting the Al
3+

 

result from the total exchangeable acidity for H
+
 as per the method used in National Soil Testing 

Center (Sahlemedhin and Taye, 2000). After the determination of the CEC7 (CEC determined by 

ammonium acetate (AAc) method at pH7) and the exchangeable bases (EB) by the same method, 

and exchangeable acidity and aluminum by extracting the soil with 1M unbuffered KCl solution; 

the effective cation exchange capacity (ECEC) was calculated by the sum of exchangeable bases 

of the AAc method and exchangeable acidity (Al
3+ 

and H
+
) for the acidic soils of higher altitude 

areas within KSW. The pH buffering or due salt-charge effect induced difference in the magnitude 

of negative charge sites were calculated by subtracting the ECEC value from that of the CEC7 for 
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the acidic soils, and by subtracting the value of the sum of EB (SEB) from that of the CEC7 for 

neutral and alkaline soils for which the analysis of exchangeable acidity was not conducted. 

Generally, the following parameters were estimated where deemed necessary for the subsequent 

interpretation by computation based on the analysis results of the soil‟s CEC7, ECEC, EB, 

exchangeable acidity, OC%, total N%, the particle size distribution and the soil pH. 

The parameters so computed were: 

- Soil organic matter (SOM) = % OC x 1.724                                                                                    (3.4)  

- Carbon to nitrogen ratio (C: N-ratio) =   %OC                                                              (3.5) 

                                                          % total N   

 

- Percent base saturation (PBS) =    SEB x100                                                                                   (3.6)                                                   

                                                        CEC 7  

 

- Exchangeable sodium percentage or sodium saturation (ESP): 

 

                                       ESP  =   exchangeable Na x 100                                                                   (3.7)                             

       CEC7   

         

- Aluminium saturation (%)  =   exchangeable Al
3+ 

 x 100                                                                 (3.8)   
                                                                                     

ECEC                                                                                                                         
                                                                                             

 - Soil pH buffering induced negative charge (Vc) in (cmolc/kg) = CEC7 - ECEC; or                       (3.9) 

 - Vc = CEC7 - SEB; for neutral and alkaline soils (salt-charge effect).                                             (3.10)                                                 

        

- Effective base saturation (%)  =   SEB x 100                                                                                   (3.11) 
                                                  ECEC  

 

- Calcium saturation (%)  =    exchangeable Ca  x 100                           (3.12) 

                                                 CEC7 

                                                       

- Cationic ratios are generally calculated by dividing the respective exchangeable cation  

   value of one cation type by the other as follows: 

- Ca:Mg- ratio  =    exchangeable Ca                                    (3.13) 

                              exchangeable Mg 

 

- Mg : K- ratio  =  exchangeable  Mg                                    (3.14) 

                             exchangeable   K 

 

- Ca + Mg : K- ratio =  exchangeable  (Ca + Mg)                                                       (3.15)                          

                                        exchangeable   K       

      

Available phosphorus (P) content of the soils was determined according to Olsen et.al. (1954) 

using 0.5 M NaHCO3 extraction solution at pH8.5. Calcium carbonate content (CaCO3%) was 
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determined by acid neutralization method using 0.5M HCl as standard solution to decompose the 

soil carbonates (Sahlemedhin and Taye, 2000). Available cationic micronutrients (Fe, Mn, Cu, Zn) 

were extracted by the DTPA (diethylene triamine pentaacetic acid) extraction method according to 

Tan (1996) and their respective amount in the extract was determined by atomic absorption 

spectrophotometer. 

3.4.3. Petrographic Analysis   

The petrographic analysis of the rock samples collected from the bottom of the soil pits (profiles) 

was conducted in the Central Geological Laboratory of Geological Survey of Ethiopia and in the 

Geological Laboratory of the Department of Earth Sciences of Addis Ababa University according 

to the standard petrographic analysis methods and procedures used in the respective laboratory. 

The petrographic analysis (the determination of the mineralogical composition of the rock 

samples) was conducted using the thin sections of the rocks prepared for the purpose under 

petrographic microscope, whereby the modal proportions of the rock forming minerals, rock type 

identification and rock texture descriptions were carried out. The preparation of the thin sections 

was conducted according to Clausnitzer (1954) using glass slides of 46x27x1 mm size as 

permanent mounts, whereby the slabs were fixed on the glass slide with Canadian balsam and 

ground to 30 m by silicon carbide. Point counting method was used as a measurement technique 

for the quantification of the data according to (Glagolev, 1934).  

3.4.4. Estimation of Dominant Clay Minerals  

The mineralogical analysis of the soil samples selected for the purpose was started in the Central 

Geological laboratory according to the standard methods and procedures used in this laboratory. 

However, the analysis made in this laboratory using two different methods (powder and pipette 

method) for the identification of the dominant clay minerals could not aid to obtain the anticipated 

results in both cases, most probably due to absence of appropriate analysis methods and 

procedures. Therefore, it was attempted to estimate only the dominant clay mineral types 

according, to Van Reeuwijk (2002), Buol et al. (2011) and Brady and Weil (2014) using the 

formulas of number (3.16), (3.17) and (3.18) below, through estimation of the CEC of the pure 

inorganic (mineral) clay fraction in the soil by subtracting the CEC (ECEC) of the OM which was 

estimated at different pH values of the soil (for each horizon) from the CEC7 of the soil; or solely 

by computing using the second formula (3.17) according to Van Reeuwijk (2002). The respective 
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cation activity class was also estimated through the ratio of CEC7 to % clay of the soil (apparent 

CEC) based on the clay percent determined by the texture analysis (Formula 3.18 below). Since 

the mineralogical calculations done using both approaches resulted in most cases in almost 

identical or similar values, the formula from Van Reeuwijk (2002), namely the second formula 

(Formula 3.17) was preferred in order to minimize the errors of estimating the ECEC of SOM 

from a graph prepared for the purpose according to Brady and Weil (2014).  

 

- CEC of the mineral clay fraction for the estimation of the dominant clay mineral type 

    of the soil (CECclay):   

 

1
st
:  CEC clay = CEC7 - (% SOM x ECEC of  SOM

*
)                                    (3.16) 

                                                               % clay/100   

  

                  2
nd

:  CECclay  = CEC7 - (350
**

 x %OC)                                                       (3.17)                        

                                                %clay/100                                

 

- CEC7 : % clay-ratio (apparent CEC) for the estimation of cation exchange activity class:  

 

        CEC7 : %clay-ratio =   CEC7                                                                                  (3.18) 
                                                 %clay      

 

 

 

 

 

 

 
 

 

 

 

 

 

 

* The ECEC of SOM was estimated graphically according to Brady and Weil (2014) for different pH values of the  

    respective soil horizons by the calculation of the CEC of the mineral clay fraction (CECclay). By horizons with very 

    high SOM content or suspected poor dispersion by the texture analysis, the % clay used in the calculation was 

    estimated (adjusted) by subtracting the % OC from the % gravimetric water content at PWP (15 bar) of the  

    respective horizons and multiplying the result by 2.5; and the so obtained % clay value was used also for the 

    estimation of the cation exchange activity class through apparent CEC. Such a calculation was done only if the ratio 

    of % gravimetric water content at PWP to the % clay content of texture analysis result is equal to 0.25 or less, or 

    0.60 or more (Buol et.al., 2011). 

** Depending on the nature of OM, its ECEC may range from 150 to750 cmolc/kg; and hence the value 350 cmolc/kg  

     soil was taken as a workable average approximation by the CECclay estimation (Van Reeuwijk, 2002).   
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3.5. Data Analysis and Interpretation 

 

The data obtained from field survey activities and laboratory soil sample analysis was examined 

primarily using descriptive statistics. Moreover, simple linear regression and correlation was used 

with descriptive statistics particularly to assess the trends of the relationships observed between 

some soil characteristics and environmental factors (mainly altitude), and the results were 

interpreted based on the hitherto existing research findings and previously established scientific 

facts. Due to absence of a long year climatic data for the study area, the climatic parameters 

required for the physical land suitability evaluation were estimated using the Regression Equations 

developed by FAO/UNDP (1984c) for various Rainfall Pattern Regions of Ethiopia. The 

Regression Equations developed for the third order Rainfall Pattern Region E. 2. 03 for the rift 

valley and adjacent areas on the northern slope of the Arsi massif, specifically for Assela and 

Kulumsa area were Equations No. 3.1 and 3.2 of Section 3.1.3. These equations were used to 

estimate the corresponding parameters through computation based on the respective survey data 

for the assessment of the physical land suitability and interpretations made under Section 4.3.  The 

field survey data was mapped using GIS-Software version ArcGIS-10.3.   
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 4. RESULTS AND DISCUSSION 

 

4.1. Environmental and Soil Morphological Description, Physical, Chemical,  

        Petrographic and Mineralogical Characterization of the Soils 

  

4.1.1. General Environmental Description   
 
The general site information and brief environmental description of the pit locations (profile sites) 

are elucidated in Table 4.1 as performed based on FAO (2006a) Guideline for Soil Description. 

The detailed site information and environmental descriptions are additionally presented in the 

Appendix Tables 1, 2, 3 and 4 for further information on the soil sampling sites. It can be observed 

from Table 4.1 and Figure 4.1) that the study area was situated partially in the “rift valley” (below 

2000 masl) and its border areas, and extended up to the eastern summit of Mt. Chillallo. 

Generally, the study area was characterized by a strong physiographic diversity, so that areas with 

a rugged topography and sloping to steep major landforms comprised altogether about 75% of the 

total area. The proportion of relatively level land was only about 21% and 4% was occupied by a 

mixture of dissected plains and depressions that had also certain ruggedness. The level land 

portion itself was dissected by Kulumsa river gorge and by several other non-permanent small 

streams. From the “rift valley escarpment” up to the “main body” (where the typical mountainous 

topography starts) of Mt. Chillallo, there existed a repeating pattern of terrace type topography 

(stairs) within a certain interval of rather irregular spacing, among which the Guticha hill-chain 

seemed to be the most prominent of them. Such a stair-like topography divided the subwatershed 

altitudinally into five (5) major landform units that have been the basis for the identification of the 

land mapping units (LMUs) and soil mapping units (SMUs), the description of which is given as 

follows. Moreover, there existed also several smaller stair-like topographic conditions within the 

major five landforms which were however characterized by an intermittent occurrence. 

In general, the five major landforms consisted of:  

   - The first landform (3.7% of the study area) that encompassed the “rift valley” and its 

        escarpment borders which was dominated by a rugged topography with elevation range of 

        1810-2100 masl, being situated at the western end of the KSW mainly within a 

        Lower-Woina-Dega agro-climatic belt. 

   - The second landform (20.8% of the study area) of “level plateau land” area with elevation  

        range of 2100-2270 masl and undulating (5-10% slope) to gently undulating (1-5% slope) 

        landscape-topography that included the KARC and its residential and farm land areas, was 
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        extending up to the upper foot slope of Guticha hill within a Proper-Woina-Dega  

        agro-climatic belt. 

   - The third relatively small landform area with depression type (terrace type) topography that 

        encompassed the main water logged areas (also dissected by several streams) within the 

        KSW, included the Guticha hill and the area up to the upper foot slope of the fourth land unit 

        and had an elevation range of 2270-2460 masl, including the Upper-Woina-Dega and the  

        Lower-Dega agro-climatic belts. 

   - The fourth landform (27.6%) which was in the proximity of Mt. Chillallo and hence was 

        considered as its foot slope area, encompassed a strongly rugged sloping landform with 

        mainly rolling (10-30% slope) landscape-topography, dissected by many permanent and  

        non-permanent streams. It had an elevation range of 2460-3000 masl, being extended 

        fromLower-Dega to Proper-Dega agro-climatic belt and included also some waterlogged 

         areas. 

   - The fifth major landform (33.8%) included most part of the “main body” of Mt. Chillallo 

        with purely mountainous landscape-topography with more than 30% slope, relief intensity 

        (RI) of more than 300 m/km and an altitude range of 3000-4000 masl within the  

        Upper-Dega, Wurch and High-Wurch agro-climatic belts.  

This shows that the sampled pedons represented diversified physiographic positions and elevation 

ranges within the study area (Figure 4.14). Accordingly, the study area encompassed different 

agro-climatic belts of the traditional classification that included the Woina-Dega (altitude range 

1800-2400 masl), Dega (2400-3200 masl) and the Wurch (cold) (3200-3700 masl) and the High-

Wurch above 3700 masl (ABRDP, 2004; Lakew et al., 2005). The variations within this ranges 

were also clearly observable from the natural vegetation, soil types, the cultivated crop types and 

different agricultural activities of the farming community, so that the use of the terms such as 

Lower-Dega, Upper-Dega, Lower Woina-Dega, etc., appeared to be necessary to describe the 

transitional type environmental conditions within these major traditional agro-climatic belts of the 

study area. This condition seemed to have been the main cause for the strong diversity of soil 

groups and soil properties such as profile horizonation, sequences of genetic horizons, effective 

soil depth and other morphological characteristics, internal drainage, and various chemical and 

physical soil characteristics observed within a relatively small land area of the KSW. Mulugeta 

and Sheleme (2010), had also observed that landscape position induces differences in soil 

properties through its influence on soil temperature, runoff, drainage, soil erosion and deposition, 

soil depth and thereby also on soil formation.  



59 
 

 

Table 4.1. General site information and brief environmental description of the pit locations  

Profile 

No. 

Location coordinates     Site 

elevation 

in masl 

Major landform and landscape-topography 
Land-use 

and 

vegetation 

Parent 

material 

Site local 

name 

Date of 

description 

in E.C.
* Latitude Longitude 

Major 

landform 

Site 

position 

Landscape 

topography 

Site slope 

in % 

KS01 07
0
59'42.1" N  039

0
09'48.4" E 2290 S-SH MS Rolling  SS (e-w) 

S (n-s) 

Grassland 

MF 

Unknown Tulu-Guticha 04 10 03 

KS02 08
0
01'17.9" N 039

0
08'07.5" E 2050 S-SE MS Rolling SS (e-w) P-PN1 Unknown Weshald-

Gedel 

04 10 04 

KS03 08
0
00'20.0" N 039

0
08'48.9" E 2110 L-LL LS Gently 

undulating 

GS (n-s) Grassland 

MF 

Unknown Hurufa-Silingo 04 10 10 

KS04 07
0
59'33.1" N 039

0
09'58.8" E 2345 L-LL CR Almost flat VGS(n-s) 

GS (e-w) 

Grassland 

MF 

Unknown Tulu-Guticha 04 10 24 

KS05 08
0
00'52.5" N 039

0
08'15.9" E 2050 L-LL LS Undulating GS (n-s) 

S (nw-se) 

Grassland 

MF 

IP-IP1 Qiltu-

Hadamati 

04 10 25 

KS06 08
0
01'20.9" N 039

0
09'19.0" E 2110 L-LL MS Undulating S (n-s) P-PN1 IP-IP1 KARC-Co. 05 02 29 

KS07 08
0
00'38.4" N 039

0
09'36.5" E 2150 L-LL LS Undulating GS (e-w) P-PN1 IP-IP1 A.M.F-Co. 05 02 30 

KS08 08
0
01'44.5" N 039

0
08'55.3" E 2080 L-LL LS Gently 

undulating 

GS (e-w) AA4 IP-IP1 Hurufa-Begejo 05 03 22 

KS09 08
0
01'13.1" N 039

0
10'16.3" E 2190 L-LL LS Gently 

undulating 

GS (e-w) Grassland 

MF 

PY Gonde 05 04 05 

KS10 08
0
01'30.1" N 039

0
07'56.3" E 1950 S-SP LS Undulating GS (n-s) 

S (ne-sw) 

W-WS IP=IP1 Weshald-Meda 05 04 09 

KS11 08
0
01'13.2" N 039

0
07'54.4" E 1980 S-SE UP Hilly SS (e-w) 

MT (n-s) 

P-PN1 IP-Pumice Weshald-

Gedel 

05 04 13 

KS12 07
0
59'14.5" N 039

0
10'09.1" E 2345 L-LD LS Gently 

undulating 

GS 

(ne-sw) 

Grassland 

MF 

Unknown Lechie-Watera 06 05 01 

KS13 07
0
59'42.7" N 039

0
12'00.9" E 2470 L-LL LS Undulating GS (n-s) 

S (e-w) 

Grassland 

MF 

Andesite Gerie-Watera 06 05 04 

KS14 08
0
00'04.3" N 039

0
11'31.3" E 2340 S-SP MS Undulating to 

rolling 

SS (e-w) 

GS (n-s) 

AA4 Unknown Oda 06 05 15 

*
 The date of description is written in the order of Year, Month and Date according to Ethiopian Calendar based on the FAO (2006a) Guidelines for Soil Description. 
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Table 4.1. (Continued) 

Profile 

No. 

Location coordinates 
Site 

elevation 

in masl 

Major landform and landscape-topography 
Land-use 

and 

vegetation 

Parent 

material 

Site local 

name 

Date of 

descriptio

n in E.C
 

Latitude Longitude 
Major 

landform 

Site 

position 

Landscape-

topography 

Site slope 

in % 

KS15 07
0
58'00.7" N 039

0
10'57.8" E        2650 S-SH MS Rolling SS (nw-se) 

S (e-w) 

F-FS Unknown Achari 06 08 05 

KS16 07
0
57'37.7" N 039

0
12'40.0" E        2965 T-TM LS M T (n-s) 

MT (ne-sw) 

F-FS Colluvial Kotisa 06 05 24 

KS17 07
0
58'21.8" N 039

0
12'06.0" E        2790 S-SH LS Rolling SS (n-s) 

S (e-w) 

F-FS Unknown Awalen 06 05 25 

KS18 07
0
57'37.5" N 039

0
13'39.9" E        3100 T-TM LS M T (e-w) 

MT (n-s) 

Afro- 

alpine 

Colluvial Heticha 07 06 02 

KS19 07
0
54'54.3" N 039

0
15'16.1" E        3800 T-TM LS M T (e-w) 

MT (nw-se) 

Afro-

alpine 

Colluvial Cheleleka 07 06 16 

L-LD = Level land/depression; L-LL = Level land/plateau; S-SE = Sloping land, medium-gradient escarpment zone; S-SH = Sloping land, medium gradient hill; S-SP = Sloping 

land, dissected plain; CR = Crest (summit); LS = Lower slope (foot slope); MS = Middle slope (back slope); UP = Upper slope (shoulder);GS = Gently sloping; MT = Moderately 

steep; S = Sloping; SS = Strongly sloping; T = Steep;VGS = Very gently sloping; AA4 = Rain fed arable cultivation; MF = Mixed farming; P-PN1 = Nature protection, reserves; W-

WS = Woodland, semi-deciduous; IP = Pyroclastic; IP-IP1 = Pyroclastic rock (tuffs); PY = Pyroclastic rock (pumice); A.M.F.-Co. = Assela Malt-Factory compound; KARC-Co. = 

KARC compound; e-w = From east to west; ne-sw = From northeast to southwest; n-s = From north to south; nw-se = From northwest to southeast (aspect of pit location);  

T-TM = Steep land, high-gradient mountain (>30% slope); M = Mountainous (>30% slope and great range of elevation); F-FS = Natural forest, semi-deciduous. 
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Figure 4.1. Sequential landform and altitude relationship along the northwest-southeast altitudinal  

                    cross-section, northwest aspect 

 

N.B. The altitudinal data label values denote the lower boundary of the elevation range  

         within the respective landform type. 
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4.1.2. Soil Surface Characteristics and Macromorphological Profile Description  

The description of soil surface characteristics and profile macromorphology was performed 

according to the FAO (2006a) soil description guideline. The results are elucidated in Tables 4.2 

and 4.3 and Appendix Tables 1-8; the interpretations of which are presented as follows below.  

Soil color is among the most noticeable morphological features of a soil that enables to indirectly 

measure (estimate) other important  soil characteristics related to drainage, aeration, SOM content,  

parent material, mineralogy and climate (Gerrard, 2000; Coyne and Thompson, 2006); so that 

precedence was given to its profile related description. In general, it is a valuable aid to 

qualitatively recognize the soil-forming processes that are or have been operating in a soil and 

thereby to identify soil horizons and related materials within the soil profile without using visual 

aids in the field, since soil color is one of the macromorphologically perceptible features of a soil 

(Gerrard, 2000). Common coloring substances in soils include SOM, iron oxides and hydroxides, 

sulphur compounds (sulfides), manganese oxides, and carbonates (SSS, 1999).  Occurrence of the 

iron and manganese oxides (hydroxides) with different oxidation states within the soil profile, 

which are often manifested as mottles (mottling) are good indicators of the drainage conditions 

within the profile, so that imperfectly and poorly drained soils are nearly always mottled with 

various shades of gray, black, bluish black and yellowish colors (SSS, 1999; Gerrard, 2000; Coyne 

and Thompson, 2006).  

Generally, the upper horizons (Ah, Ap, AE, EA, A1, AC, A/E, BA) of most profiles were either 

black, dark brown or dark grey colored, which was an indicative of a considerable organic matter 

content of this horizons. According to Troeh and Thompson (1993), humus coats the soil so 

thoroughly that only about 5% SOM is required to give the soil a black or nearly black color, 

though SOM contents even less than this may impart black color of the soil in Vertisols. After the 

A1, A2 or BA horizons, the soil color generally increased by well drained profiles in value, 

chroma and sometimes also in hue (with the exception of hydromorphic profiles), becoming 

brighter (redder) with depth, with the brightest color record in the B horizon and its vertical 

subdivisions or transitional forms. This shows the diminishing impact of SOM and the increased 

coloring role of ferric oxides as a result of a braunification as a pedogenetic process in well 

drained profiles. Ashenafi et al. (2010), Mulugeta and Sheleme (2010) and Teshome (2013), 

reported similar observations. The brightest color record, namely 5YR4/4 (reddish brown, moist) 

was observed in the Bt1 and BC horizons of Pedon KS15 and in the Ck horizon of pedon KS09. 
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Such Munsell color notations indicate the presence of iron compounds such as hematite and 

ferrihydrite since in profiles where oxidizing conditions prevail (well drained profiles), the iron 

liberated through weathering has no chance of being concentrated into nodules or concretions but 

is uniformly distributed throughout the primary soil particles or on peds mainly as coatings 

(braunification) according to Birkeland (1999). On the other hand, soil color and internal drainage 

conditions of the soil profiles appeared to be strongly influenced by the slope gradient of the land 

surface in addition to SOM content, i.e. the higher the slope gradient, the more drained and the 

redder (higher chroma and hue) were the soil profiles; which might have been as a result of the 

residence time of moisture on the soil surface and within the profile to induce hydromorphism or 

the vice versa. According to Dengiz et al. (2011), depth related variations in soil color and 

structure may be also due to differences in parent materials. However, soil development stage, 

hydromorphism and OM incorporation (melanization) in relation to the slope gradient of the land 

surface were probably the most soil color determining soil-forming processes in the soils of the 

study area. Among the colors of the A horizon subdivisions, the A1 was generally darker than the 

Ah in most of the cases. This was in conflict with the trends of SOM content observed in relation 

to depth (decreased as depth increased). This might have been due to the fact that less decomposed 

OM is not typically black (for example raw peat is brown) since the degree of blackness increases 

with the intensity of OM decomposition (humification) and complexing with the mineral soil 

colloids, particularly with the 2:1 layer smectitic minerals which in turn increase with depth at 

least up to the end of the B horizon (SSS, 1999). The color notation of the light colored 

transitional E type horizons of profiles with some hydromorphic properties generally ranged from 

7.5YR3/1 (very dark grey) by the A/E of Pedon KS13 to 5YR4/2 (dark reddish gray) by the BEt of 

pedon KS15 for moist soil;  all the chroma values being 2.0 or less. Soil colors with chroma values 

below 2 denote reducing conditions due to loss of coloring ferric iron compounds as a result of 

their increased solubility (Birkeland, 1999), which holds true for the pedons in question. 

Moreover, clay minerals stabilized (aggregated) by ferric iron compounds may disperse and be 

eluviated if reducing conditions are created (besides ferrolysis that causes clay mineral 

destruction) in the upper layers of the profile creating relatively a clay depleted micro-site, and this 

is how the E horizons are formed under perched water table conditions (Buol et al., 2011).  

Occurrence of the mottle colors encompassed mainly the lighter horizon (transitional E horizon) 

itself and the horizons directly above and below it, though in pedons KS12 and KS17 also the Ah 
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horizon was mottled; whereas the occurrence of the concretions observed were generally limited 

to the E horizon and horizons beneath. The colors of the mottles in the Ah horizons were of 

2.5YR3/6 (dark red) and 10YR4/6 (dark yellowish brown) type, which denoted the existence of 

hydrated ferric oxide forms such as lepidocrocite (Birkeland, 1999). According to Van Breemen 

and Buurman (1998) and Birkeland (1999), lepidocrocite (γ-FeOOH) is formed from precipitates 

of ferrous hydroxides by the onset of oxidizing conditions and hence is restricted to hydromorphic 

soils such as gleys and pseudogleys. Intermittently saturated soils (soils with reducing and 

oxidizing phases) exhibit mottling due to changes in oxidation states of iron back and forth 

between ferrous (by saturation) and ferric (by aeration) forms. Under reducing conditions ferric 

forms are reduced to ferrous forms that have many times more solubility in soils. Hence, they 

move within the soil through leaching, diffusion or wicking and precipitate to ferric forms when 

they encounter oxygen thereby imparting the soil rusty mottles or form concretions; which holds 

good also for the different oxidation states of Mn (Fanning and Fanning 1989; Troeh and 

Thompson, 1993). Thus, the dark red and dark yellowish brown mottles observed in the Ah, A1 

and transitional E horizons were most likely the result of ferrous iron movement during the 

reducing phase in the wet season due to perched water above the less permeable B horizon, which 

might have been oxidized during the onset of the dry season as the water recedes. The concretions 

(nodules) observed were externally yellowish brown in the transitional E and upper B horizon and 

internally (when broken) had color notations such as 5Y2.5/2 (black), Gley1, 3/0N (very dark 

gray), Gley2, 2.5/1, 5PB (bluish black) and Gley2, 2.5/1, 10B (bluish black). The yellowish brown 

color at the external surface of the concretions seemed to be certain type of hydrated ferric oxide 

(most likely lepidocrocite) coatings, and the internally black to bluish black concretions (nodules) 

were estimated to be precipitates of manganese dioxide (Mn
4+

-oxides). Additionally, there were 

also coatings with similar color notations to Mn oxides on the ped faces (linings of interped pores) 

in the Btssg2 and B/Crg horizons of KS13, on a light olive brown and olive brown (2.5Y 5/3 and 

2.5Y 4/3, moist) background respectively. The colors of both features, namely those of the 

concretions and the cutans appeared to have manganese origin, the former ones being most 

probably solidified manganese oxide concretions (nodules) and the latter ones mangan coatings or 

mixed ferric and ferrous hydroxides (Fe3(OH)8 coatings. Since Mn remains soluble under certain 

reducing conditions where Fe may be oxidized, the bluish black and bluish dark-green coatings are 

most likely the Fe3(OH)8 cutans. 
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Table 4.2. Soil color, field texture classes and horizon boundaries  

Profile 

No 

Horizon 

designation 

Thickness 

(depth) 

in cm  

                                        Soil color identification 
Field texture 

class name 

Horizon boundary 

distinctness and topography 

              Munsell color notation                   Color name Distinctness Topography 

Dry soil Moist soil Dry soil Moist soil 

KS01 Ah  0 – 14 7.5YR   ⁄  7.5YR     ⁄  Very dark grey Black Sandy loam Clear Smooth (S) 

 A1 14 – 33 7.5YR     ⁄  7.5YR     ⁄  Black Black Clay Gradual Wavy 

 A2 33 – 58 7.5YR     ⁄  2.5YR     ⁄  Black Black Clay Gradual Wavy 

 BA 58 – 109 2.5Y     ⁄  2.5YR     ⁄  Black Black Clay Gradual Wavy 

 Bss1 109 – 157 2.5Y     ⁄  2.5YR     ⁄  Black Black Clay Gradual Wavy 

 Bkss2 157 – 193 - 2.5YR   ⁄  - Very dark grey Clay Gradual Wavy 

 BCkss 193 – 200
+
 - 2.5YR   ⁄  - Dark olive brown Clay Gradual Wavy 

KS 02 Ah 0 – 13 - 7.5YR     ⁄  - Very dark brown Clay loam Clear Smooth 

 A1 13 – 28 - 7.5YR     ⁄  - Very dark brown Sandy loam Clear Smooth 

 BAt 28 – 48 - 7.5YR   ⁄  - Dark brown Clay Gradual Wavy 

 Btk1 48 – 71 - 7.5YR   ⁄  - Dark brown Clay Gradual Wavy 

 Btk2 71 – 104 - 7.5YR     ⁄  - Very dark brown Clay Gradual Wavy 

 BCtk 104 – 137 - 7.5YR   ⁄  - Dark brown Clay Clear Smooth 

 Ck 137 – 200
+
 - 7.5YR   ⁄  - Brown Sandy clay Clear Smooth 

KS 03 Ah 0 – 13 7.5YR   ⁄  7.5YR     ⁄  Very dark grey black Clay loam Clear Smooth 

 A1 13 – 43 7.5YR   ⁄  5Y     ⁄  Very dark grey Black Clay Clear Smooth 

 A2 43 – 93 5Y     ⁄  2.5Y     ⁄  Black Black Clay Gradual Wavy 

 BAk 93 – 113 7.5YR     ⁄  7.5YR     ⁄  Black Black Clay Gradual Wavy 

 Bwk1 113 – 158 7.5YR     ⁄  7.5YR     ⁄  Very dark brown Very dark brown Clay Gradual Wavy 

 Bw2 158 – 200
+
 7.5YR   ⁄  7.5YR   ⁄  Dark brown Dark brown Clay Gradual Wavy 
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Table 4.2. (Continued)  

Profile 

No 

Horizon 

designation 

Thickness 

(depth) 

 in cm  

Soil color identification 
Field texture 

class name 

Horizon boundary 

distinctness and topography 

         Munsell color notation                Color name Distinctness Topography 

Dry soil Moist soil         Dry soil           Moist soil  

KS 04 Ah  0 – 22 10YR   ⁄  10YR   ⁄  Dark greyish brown Very dark greyish brown Loam Gradual Wavy 

 AE 22 – 40 10YR   ⁄  10YR   ⁄  Light brownish grey Dark greyish brown Clay Gradual Wavy 

 BAt 40 – 66 7.5YR   ⁄  7.5YR     ⁄  Very dark grey Black Clay Gradual Wavy 

 Btss1 66 – 99  7.5YR   ⁄  7.5R     ⁄  Very dark grey Black Clay Gradual Wavy 

 Btss2 99 – 146 7.5YR   ⁄  7.5YR   ⁄  Dark brown Dark brown Clay Gradual Wavy 

 BCr 146 – 200
+
 - 5YR   ⁄  - Olive Clay Gradual Wavy 

KS 05 Ah  0 – 22 5YR   ⁄  5YR     ⁄  Very dark grey Black Loam Gradual Wavy 

 A1 22 – 45 5YR     ⁄  2.5YR     ⁄  Black Reddish black Clay Gradual Wavy 

 Bt1 45 – 63 7.5YR     ⁄  5YR   ⁄  Very dark brown Dark reddish brown Clay Gradual Wavy 

 Bt2 63 – 109 2.5YR   ⁄  5YR     ⁄  Dusky red Dark reddish brown Clay Gradual Wavy 

 BCr 109 – 123
+
 10YR   ⁄  10YR     ⁄  Dusky red Very dusky red Clay Gradual Wavy 

KS 06 Ah  0 – 13 7.5YR   ⁄  7.5YR     ⁄  Brown Very dark brown Clay loam Gradual Wavy 

 A1 13 – 27  7.5YR   ⁄  5YR   ⁄  Dark brown Dark brown Clay Gradual Wavy 

 BAt 27 – 39 - 10YR   ⁄  - Very dark brown Clay Gradual Wavy 

 Bt1 39 – 66 - 7.5YR     ⁄  - Very dark brown Clay Gradual Wavy 

 Bt2 66 – 97 - 7.5YR   ⁄  - Dark brown Clay Gradual Wavy 

 BCtrk 97 – 126
+
 - 5YR   ⁄  - Dark reddish brown Clay Gradual Wavy 

KS 07 Ap 0 – 21 10YR   ⁄  10YR   ⁄  Dark greyish brown Very dark greyish brown Clay loam Clear Smooth 

 A1 21 – 39 7.5YR   ⁄  7.5YR   ⁄  Dark brown Very dark grey Clay Gradual Wavy 

 Bt 39 – 97 - 7.5YR     ⁄  - Very dark brown Clay Gradual Wavy 

 B/Ctk 97 138 - 7.5YR   ⁄  - Dark brown Clay Gradual Wavy 

 Cr 138 – 200
+
 - 10YR   ⁄  - Dark yellowish brown Loam Gradual Wavy 
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Table 4.2.  (Continued)  

Profile 

No 

Horizon 

designation 

Thickness 

(depth) in 

cm 

                                 Soil color identification 

Field  texture 

class name 

Horizon boundary 

distinctness and topography      Munsell color notation Color name 

   Dry soil    Moist soil         Dry soil          Moist soil Distinctness Topography 

KS 08 Ap   0 – 16 10YR   ⁄  10YR   ⁄  Brown Very dark brown Silty clay loam  Clear  Smooth 

 A1 16 – 30 - 10YR   ⁄  - Very dark brown Clay Gradual Wavy 

 BAt 30 – 47 - 7.5YR     ⁄  - Very dark brown Clay Clear Smooth 

 Bt1 47 – 73 - 5YR     ⁄  - Dark reddish brown Clay Clear Wavy 

 B2 73 – 94 - 5YR   ⁄  - Dark reddish brown Clay Gradual Wavy 

 BCk 94 – 119 - 5YR   ⁄  - Dark reddish brown Silty clay loam Gradual Irregular 

 Crk 119 – 172
+
 - 7.5YR   ⁄  - Strong brown Sandy loam Gradual Irregular 

KS09 Ah 0 – 18 10YR   ⁄  10YR   ⁄  Dark greyish brown Very dark brown Silt loam Clear Smooth 

 A1 18 – 37 10YR   ⁄  10YR   ⁄  Very dark brown Black Silty clay Gradual Wavy 

 BAt 37 – 58 - 10YR   ⁄  - Very dark brown Clay Gradual Wavy 

 Bt1 58 – 76 - 10YR   ⁄  - Very dark brown Clay Gradual Wavy 

 B2 76 – 106 - 5YR     ⁄  - Dark reddish brown Silty clay Gradual Wavy 

 BCk 106 – 146 - 5YR   ⁄  - Dark reddish brown Silty clay Gradual Irregular 

 Ck 146 – 200
+
 7.5YR   ⁄  5YR   ⁄  Strong brown Reddish brown Silt loam Gradual Wavy 

KS10 Ah 0 – 14 7.5YR   ⁄  7.5YR     ⁄  Dark brown Black Silt loam Clear Smooth 

 A1 14 – 38 10YR   ⁄  7.5YR     ⁄  Very dark brown Very dark brown Clay loam Clear Smooth 

 BAt 38 – 58 7.5YR     ⁄  7.5YR     ⁄  Very dark brown Very dark brown Clay Gradual Wavy 

 Bt1 58 – 85 7.5YR   ⁄  5YR     ⁄  Dark brown Dark reddish brown Clay Gradual Wavy 

 Bk2 85 – 112 - 5YR     ⁄  - Dark reddish brown Silty clay Clear Smooth 

 BCk 112 – 153 - 5YR     ⁄  - Dark reddish brown Clay loam Gradual Wavy 

 Crk 153 – 200
+
 7.5YR   ⁄  5YR   ⁄  Brown Reddish brown Sandy loam Gradual Wavy 
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Table 4.2. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Soil color identification 
Field texture  

class name 

Horizon boundary 

distinctness and 

topography 

     Munsell color notation                        Color name Distinctness Topography 

Dry soil Moist soil Dry soil Moist soil 

KS11 A 0 –18  10YR   ⁄  10YR   ⁄  Very dark greyish 

brown 

Black Sandy loam Gradual Wavy 

 AC 18 –33 7.5YR   ⁄  7.5YR     ⁄  Dark brown Very dark brown Loam Gradual Wavy 

 Cr  33 – 62 10YR   ⁄  7.5YR   ⁄  Brownish yellow Brown Sandy loam Gradual Wavy 

KS12 Ah  0 – 19 10YR   ⁄  7.5YR   ⁄  Dark grey Very dark grey Silt Clear Smooth 

 EA 19 – 46 10YR   ⁄  7.5YR   ⁄  Grey Dark grey Loam Gradual Wavy 

 BEt 46 – 71 7.5YR   ⁄  7.5YR   ⁄  Dark grey Very dark grey Clay  Gradual Wavy 

 Btss1 71 – 135 - 10YR   ⁄  - Black Clay Gradual Wavy 

 Btss2 135 – 200+ - 10YR   ⁄  - Very dark brown Silty clay  Gradual Wavy 

KS13 AH 0 – 14 10YR   ⁄  10YR   ⁄  Dark greyish brown Very dark brown Loam Clear Smooth 

 A/E 14 – 39  10YR   ⁄  7.5YR   ⁄  Grayish brown Very dark grey Clay loam Gradual Wavy 

 Btss1 39 – 87 - 7.5YR     ⁄  - Black Clay Gradual Wavy 

 Btssg2 87 - 153 - 2.5YR   ⁄  - Light olive brown Clay Gradual Wavy 

 B/Ctrg 153 – 181+ - 2.5YR   ⁄  - Olive brown Clay Gradual Wavy 

KS14 Ap 0 – 16 10YR   ⁄  10YR   ⁄  Brown Very dark greyish 

brown 

Loam Clear Smooth 

 A1 16 – 40 10YR   ⁄  7.5YR   ⁄  Dark brown Very dark grey Cay Clear Smooth 

 Bw1 40 – 69 - 5YR     ⁄  - Black Cay Gradual Wavy 

 Bw2 69 – 106 - 7.5YR   ⁄  - Dark brown Cay Gradual Wavy 

 BC 106 – 160 - 7.5YR   ⁄  - Dark brown Clay Gradual Wavy 

 C 160 – 200+ - 7.5YR   ⁄  - Brown Silt loam Gradual Wavy 
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Table 4.2. (Continued)  

Profile 

No 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Soil color identification 
Field texture 

class name 

Horizon boundary 

distinctness and 

topography 

      Munsell color notation                                  Color name Distinctness Topography 

Dry soil Moist soil Dry soil Moist soil 

 KS15 Ah    0 – 11 7.5YR   ⁄  5YR     ⁄  Brown Dark reddish brown Sandy loam Gradual  Wavy  

 A1  11 – 34 7.5YR   ⁄  5YR   ⁄  Brown Dark reddish brown Clay loam Clear Smooth 

 BEt 34 – 50  7.5YR   ⁄  5YR   ⁄  Reddish grey Dark reddish grey Clay Gradual  Wavy  

 Bt1 50 – 100 7.5YR   ⁄  5YR   ⁄  Dark brown Reddish brown Clay Gradual  Wavy  

 Bt2 100 –157 7.5YR   ⁄  5YR   ⁄  Brown Dark reddish brown Clay loam Gradual  Wavy  

 BC 157 – 200 7.5YR   ⁄  5YR   ⁄  Light yellowish brown Reddish brown Silt loam Gradual  Wavy  

KS16 Ah 0 – 15 10YR   ⁄  10YR   ⁄  Very dark greyish brown Black Silt Clear Smooth 

 A1 15 – 52 10YR   ⁄  10YR   ⁄  Dark greyish brown Black Silt loam Gradual  Wavy  

 A/Ctr 52 – 83 - 7.5YR   ⁄  - Dark yellowish brown Loam Gradual  Wavy  

KS17 Ah  0 –19  7.5YR   ⁄  5YR   ⁄  Brown Dark reddish brown Loam Gradual  Wavy  

 A1 19 – 39 7.5YR   ⁄  7.5YR   ⁄  Brown Dark brown Loam Gradual  Wavy  

 BEt 39 – 66 10YR   ⁄  7.5YR   ⁄  Greyish brown Brown Sandy loam Gradual  Wavy  

 Bt1 66- 102 - 7.5YR   ⁄  - Brown Clay Gradual  Wavy  

 B2 102- 200+ - 7.5YR   ⁄  - Strong brown Sandy clay 

loam 

Gradual  Wavy  

KS18 Ah 0 -19 10YR   ⁄  10YR   ⁄  Very dark grey Black Silt Clear Smooth 

 A1 19- 47 7.5YR   ⁄  7.5YR 2.5/1 Dark grey Black Loam Gradual  Wavy  

 Bt1 47 –94 - 7.5YR   ⁄  - Dark brown Silt loam Gradual  Wavy  

 B/Ctr 94-113 - 7.5YR   ⁄  - Brown Sandy loam Gradual  Wavy  

KS19 Ah 0 – 16 - 7.5YR 2.5/1 - Black Loam Gradual  Wavy  

 A1 16 -32 - 10YR   ⁄  - Very dark greyish brown Sandy loam Gradual  Wavy  

 ACr 32- 55 - 10YR   ⁄  - Dark yellowish brown Sandy loam Gradual  Wavy  
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Table 4.3. Mottling phenomenon and the presence of carbonate forms and reactions  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

                                                Description of  horizons‟ mottling Presence of carbonates 

                    Color description of mottles  Color  

contrast 
Abundance 

in % 

Size 

in mm 

Mottle 

boundary 

Forms of 

carbonates 

Reactions of 

carbonates 
Munsell color notation        Color name 

Dry soil Moist soil Dry soil Moist soil 

KS 01 Ah 0 - 14         - - 

 A1 14 –33         - - 

 A2 33 –58         - - 

 BA 58 –109 No  mottles observed  throughout   DL NC 

 Bss1 109-157         HC MC 

 Bkss2 157-193         HC STC 

 BCkss 193-200+         HC STC 

KS 02 Ah 0 –13         - - 

 A1 13 –28         - - 

 BAt 28 –48         HC SLC 

 Btk1 48 – 71 No  mottles observed  throughout   HC STC 

 Btk2 71 –104         HC STC 

 BCtk 104-137         HC EXC 

 Ck 137-200+         HC EXC 

KS 03 Ah  0 –13         - - 

 A1 13 – 43         - - 

 A2 43 – 93         - - 

 BAk 93 –113 No  mottles observed  throughout   HC MC 

 Bwk1 113 –158         HC MC 

 Bw2 158- 200+         DL NC 

KS 04 Ah 0 –22 - -       - - 

 AE 22- 40  2.5YR   ⁄  2.5YR   ⁄  Red Dark red Faint Few VF Sharp - - 

 BAt 40 - 66 2.5YR   ⁄  2.5YR   ⁄  Red Dark red Faint Few F toVF Sharp - - 

 Btss1 66 –99 - G.1, 3/0,N - Black  Few F toVF Sharp - - 

 Btss2 99 –146 - G.1, 3/0,N - Black  Few F toVF Sharp - - 

 BCr 146-200+ - - - -  - - - - - 
DL = Dispersed lime; EXC = Extremely calcareous; F = Fine (2-6 mm); MC = Moderately calcareous; HC = Hard concretions; NC = Non-calcareous; SLC = Slightly calcareous 

STC = Strongly calcareous; VF = Very fine (<2 mm). 
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Table 4.3. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth)    

  in cm 

Description of horizons‟ mottling Presence of carbonates 

Color description of mottles 

Color 

contrast 

Abundance 

in % 

Size 

in mm 

Mottle 

boundary 

Forms of 

carbonates 

Carbonate 

reaction  

Munsell color notation Color name 

Dry soil Moist 

soil 

Dry 

soil 

Moist 

soil 

KS 05 Ah 0 – 22         - - 

 A1 22 – 45         - - 

 Bt1 45 – 63    No mottles  observed  throughout   - - 

 Bt2 63 – 109         - - 

 BCr 109 – 123+         HCL MC to 

STC 

KS 06 Ah 0 – 13         - - 

 A1 13 – 27         - - 

 BAt 27 – 39         - - 

 Bt1 39 – 66    No mottles  observed  throughout   - - 

 Bt2 66 – 97         - - 

 BCtrk 97 – 126         HC to HCL STC 

KS 07 Ap 0 – 21         - - 

 A1 21 – 39         - - 

 Bt 39 – 97    No mottles  observed  throughout   HC SLC 

 B/Ctk 97 – 138         HC STC 

 Cr 138 – 200+         - - 

KS 08 Ap 0 – 16         - - 

 A1 16 – 30         - - 

 BAt 30 – 47         - - 

 Bt1 47 – 73    No mottles  observed  throughout   HC SLC 

 B2 73 – 94         HC MC 

 BCk 94 – 119         HC STC 

 Ck 119 - 172         HC to HCL EXC 
HCL = Hard solidified carbonate layer above a hard rock. 
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Table 4.3. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Description of horizons‟ mottling Presence of carbonates 

Color description of mottles 
Color 

contrast 

Abundance 

in % 

Size 

in mm 

Mottle 

boundary 

Forms of 

carbonates 

Reactions 

of 

carbonates 

     Munsell color notation                Color name 

Dry soil Moist soil Dry soil Moist soil 

KS 09 Ah – B2 0 – 106 No mottles and carbonates were observed throughout - - - 

 BCk 106 -146 - - - - - - - - SC SLC 

 Ck 146 –

200+ 

- - - - - - - - SC to HC MC to STC 

KS 10 Ah – Bt1 0 – 85 No mottles and  carbonates were observed throughout  - - 

 Bk2 85 –112 - - - - - - - - HC MC 

 BCk 112 –153 - - - - - - - - HC EXC 

 Crk 153-200+ - - - - - - - - HC EXC 

KS 11 Ah - Cr 0 - 62 No mottles and  carbonates were observed throughout - - - 

KS 12 Ah 0 – 19 2.5YR4/8 2.5YR,3/6,m Red Dark red Distinct Common Fine Sharp - - 

 EA 19 – 46 7.5YR4/3 

5Y 2.5/2, 

n 

7.5YR4/4,m 

G.1,3/0,N,n 

R. brown 

black 

R. brown 

V. dark grey 

Distinct Many Medium Clear - - 

 B/Et 46 – 71 7.5YR5/6 

______ 

10YR4/4,m 

5Y2.5/2, n 

G.1,3/0,N, n 

St. 

brown 

 

Dark y. 

brown 

Black 

V. dark grey 

 

Distinct Many Medium to 

fine 

Clear - - 

 Btss1 71 –135 ______ 5Y 2.5/2, n 

G.1,3/0,N, n 

_______ Black 

V. dark grey 

Faint Few Very fine Sharp - - 

 Btss2 135 -200+ ______ 5Y 2.5/2, n 

G.1,3/0,N, n 

_______ Black 

V. dark grey 

Faint Very few Very fine Sharp - - 

KS 13 A/E 14 –39 ______ 2.5Y 4/4, m 

G.2,2.5/1,5PB,n 

_______ Olive brown 

Bluish black 

Distinct Many Fine Clear - - 

 Btss1 39 –87 ______ 2.5Y4/4, m 

G.2,2.5/1,5PB,n 

_______ Olive brown 

Bluish black 

Distinct Few Fine Clear - - 

 Btssg2 87- 153 ______ G.2,2.5/1,5PB,m 

G.2,3/1,5PB,m 

 

_______ Bluish black 

Dark bluish 

grey 

Distinct Abundant Medium to 

fine 

Clear - - 

 B/Ctrg 153-181+ _______ G.2,2.5/1,5PB,m _______ Bluish black 

 

Distinct Abundant Medium to 

fine 

Clear - - 
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Table 4.3. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

 in cm 

Description of horizons‟ mottling Presence of carbonates 

Color description of mottles 
Color 

contrast 

Abundance 

in % 

Size in 

mm 

Mottle 

boundary 

Forms of 

carbonates 

Reactions 

of 

carbonates 

    Munsell color notation  Color name 

Dry soil Moist soil Dry soil Moist soil 

KS 14 Ap - C 0 -200+    No mottles and carbonates were observed - - - - 

KS 15 Ah 0 –11 - - - - -  - - - - 

 A1 11 –34 - 10YR 4/6 - Dark y. 

brown 

Distinct Very few Fine Clear - - 

 BEt 34 –50 - G.2,2.5/1, 

5PB,n 

- Bluish black Faint Few Very 

fine 

Diffuse - - 

 Bt1 50 –100 - G.2,2.5/1, 

5PB,n 

- Bluish black Faint Few Very 

fine 

Diffuse - - 

 Bt2 100-157 - G.2,2.5/1, 

5PB,n 

- Bluish black Distinct Common Fine Clear - - 

 BC 157-200+ - G.2,2.5/1, 

5PB,n 

- Bluish black Distinct Many Fine Clear - - 

KS 16 Ah - A/Ctr 0 – 83+    No mottles and carbonates were observed - - - - 

KS 17 Ah 0 –19 2.5YR,m 10YR4/6,m Red Dark y. 

brown 

Faint Very few Very 

fine 

Diffuse - - 

 A1 19 –39 G.2,2.5/1,5PB, 

n 

G.2,2.5/1,10B, 

n 

Bluish 

black 

Bluish black Distinct Few Fine Clear - - 

 BEt 39 –66 G.2,2.5/1,5PB, 

n 

G.2,2.5/1,10B, 

n 

Bluish 

black 

Bluish black Distinct Common Fine Diffuse - - 

 Bt1 66-102 - G.2,2.5/1,5PB 

G.2,2.5/1,10B 

- 

- 

Bl. black,n 

Bl. black,n 

Prominent Common Medium Sharp - - 

 B2 102-200+ - G.2,2.5/1,10B - Bl. black,n Prominent Many Medium Sharp - - 

KS 18 Ah-B/Ctr 0 –113+    No mottles and carbonates were observed - - - - 

KS 19 Ah-ACr 0 –55    No mottles and carbonates were observed - - - - 

G.1 = Gley1; G.2 = Gley2, page of Munsell Color Chart; m = Color of mottles; n = Color of nodules (concretions); y = Yellowish; R. = Reddish; St. = Strong;  

V. = Very; Bl. = Bluish. 
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According to Troeh and Thompson (1993) and Buol et al. (2011), manganese behaves similar to 

iron, but remains reduced even in more oxidizing conditions (relatively higher redox potentials) at 

the same pH than iron. This explains the deeper occurrence of manganese than ferrous iron in the 

deeper B and C horizons of soils that have redox potential gradients, that is in soils that become 

oxidizing with depth under a mildly reducing conditions induced by short term saturation by 

perched water in the upper layers of the profile. Dissolved manganese remains in reduced form 

also at higher pH and moves to wetter and more alkaline positions where it precipitates in form of 

small dark colored hardened bodies (concretions, nodules) or in form of mangan coatings (cutans) 

on ped faces or pore linings; and this is why manganese concentrations occur in the lower 

horizons of some poorly drained or imperfectly to moderately well-drained soils of semi-arid to 

semi-humid regions while the pH is higher where normal ferric oxide colors predominate 

(Birkeland, 1999; Buol et al., 2011). However, manganese and iron redox-concentrations 

(concretions and cutans) and also of redox-depletions (Fe and Mn oxides of higher oxidation state 

depleted areas within profile, i.e. surfaces with chroma ≤2 and value ≥4), were observed only in 

the pedons of above 2300 masl starting at the Upper-Woina-Dega agro-climatic belt under udic 

soil moisture regime and “upper isothermic” temperature regime in hydromorphic locations. This 

may be linked to the altitudewise increasing rainfall amount. 

Effective soil depth is the total depth of the soil that is favorable for root development; which is 

denoted by maximum depth of the profile to which plant roots can penetrate, often being 

determined by the presence of limiting layer (horizon) or a hard rock that inhibits the downwards 

root penetration (Young, 1976). According to FAO (2006a), regarding the effective soil depth of 

the sampled pedons, about 84% of them were deep to very deep (100-200
+ 

cm) and only about 

16% were moderately deep (50-100 cm); whereby the depth of the profiles seemed generally to be 

related mainly to the slope of the land surface of the pit location; so that the higher the slope 

gradient, the shallower were the soil profiles. In the same manner the presence of rock outcrops 

and surface coarse fragments were observed primarily in locations with relatively higher slope 

gradients (Tables 3.2, 4.1 and Appendix Tables 1, 4, 5). This might have been most likely due to 

the non-cumulative nature of such sites since removal of weathered soil materials is stronger and 

the residence time of water for chemical weathering is less in comparison to the sites with lower 

slope gradients. Dengiz and Info (2010) attributed such observations to greater translocation of 

finer surface materials down slope through surface erosion and movement of soil materials. 
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According to Mitiku (1987), Birkland (1999) and Lark (1999), rapid runoff of such topographic 

positions limit water infiltration and residence time in the profile and additionally causes a rapid 

removal of weathered materials; so that soil development is limited. Probably for the same reason, 

the intensity of horizonation or horizon differentiation (especially the number of horizons in each 

profile) seemed also to be linked to the slope gradient of the land surface in the majority of the 

cases, though the role of parent material and amount of precipitation is also not to be neglected. 

This may be due to the fact that horizon differentiation reflects the intensity and duration of the 

soil-forming processes of all kinds (physical, chemical and biological). In addition to its relation to 

slope gradient, horizonation was found to be more in the lower altitude or relatively lower rainfall 

areas than in the higher altitude or higher rainfall areas; or it was more in the Woina-Dega and 

Lower-Dega than in the Proper-Dega, Higher-Dega and Wurch agro-climatic areas. Even though 

this phenomenon could not be well explained pedogenetically and no similar findings could be 

found in literature tentatively, it might have been due to differential solubility and dispersion 

(mobility) of soil constituents. Materials with varied mobility might have got the opportunity not 

to be removed out of the profile or to be deposited in the deeper soil layers as is the case under 

more humid conditions, and hence settled within the profile depending upon the depth of the 

percolating water and their respective mobility under these less humid environments. 

Nevertheless, solum thickness seemed to be strongly linked to rainfall amount and slope gradient 

of the land surface; whereby profiles with extremely thick B horizons or very deep profiles that 

exceeded the 200 cm depth of the soil were encountered on the relatively flatter land surfaces 

around lower slope position and in areas with higher rainfall amounts (for example KS03, KS04, 

KS12, KS15, KS17). This might have been as the result of the cumulative nature of such locations 

and the therefrom emanating intensive chemical weathering. Surface cracks were observed mainly 

on Vertisol land surfaces or in pedons with certain vertic properties in the areas below 2550 masl 

on relatively flatter topographic positions (Appendix Table 2); which might have been due to the 

presence of smectitic clay minerals, though there was generally no pronounced intensity of 

cracking in all the cases. The clay mineralogy assessment results were in conformity with this 

observation (Table 4.11). 

 Almost all pedons, the profiles of which directly rested on a hard solid rock or similar materials 

(KS04, KS05, KS06, KS11, KS13, KS16, KS18, KS19) were found to have either transitional B, 

very weakly expressed C or no C horizon since the B horizon directly overlies a hard rock with 
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very limited surficial weathering; whereas profiles developed on deposited unconsolidated or 

partially consolidated materials were generally characterized by thicker C horizons (KS07, KS08, 

KS09, KS10). According to Troeh and Thompson (1993), soils forming from a hard rock often 

lack distinct C horizons, since the rate of disintegration of the hard rock and the production of 

residuum, when the residuum material stays at the site, is so slow that soil formation acts as 

rapidly as disintegration thereby producing a soil without C horizon that the B or the A horizon 

may rest directly on the bedrock. These authors continue that, as soil formation from a hard rock is 

a slow process, residual soils (soils from residuum) are generally shallower than those formed on 

deposited unconsolidated materials since the initial stages of soil formation on unconsolidated 

deposits is much more rapid than in residuum while disintegration is not required and, the 

unconsolidated deposited material already qualifies for a C horizon.     

Regarding soil aggregation, the macromorphological descriptions of the soil profiles indicated 

that nearly all the observed pedons had granular to granular crumb type (shape) of aggregates 

(peds) in their surface horizons and the subsurface layers of the majority of the pedons were 

characterized by angular blocky, prismatic and subangular blocky structure types with the 

exception of the typical C horizons encountered (Appendix Table 6). The granular structure of the 

surface horizons was most likely due the aggregating role of SOM, since about 90% of the profiles 

described were located on virgin land areas and hence had generally higher SOM contents in their 

upper layers, which holds good also for the crop land soils. Teshome (2013) also observed 

granular to blocky aggregates, in the surface horizons and angular blocky to prismatic soil 

aggregates in the subsurface horizons and attributed the former to the role of SOM and microbial 

exudates that form and stabilize granular aggregates. However, the blocky and prismatic structural 

units were almost nonexistent in the subsurface horizons of the pedons of higher altitude areas 

above 2900 masl. Even if the profile was deep enough and there existed also discernible clay 

accumulation in the subsoil and hence could have been identified as a Bt horizon and other forms 

of the B horizon, the morphological features typical of the B horizons were lacking (for example 

presence of rock fragments, absence of clay skins and angular blocky or similar structures in the 

“Bt1” and “B/Ctr” of KS18 and the A/Ctr of KS16). Though no satisfactory explanation could be 

found for this unique morphological condition, the most probable cause seemed to be the faunal-

pedoturbation and intensive rooting that favored profile homogenization and formation of granular 

structural units. On the other hand, probably owing to the existence of intensive leaching as a 
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result of high rainfall and lower evapotranspiration due to lower temperatures of these high 

elevation areas, the soil pH, the ECEC and the CECclay of the soils implicated the existence of 

appreciable amounts of low-activity clay minerals in the clay fraction of these soils. Clays such as 

kaolinite were anticipated to exist; since the typical clay mineral synthesis under conditions of 

intensive leaching is predominantly of kaolinite and gibbsite (Young, 1976). According to Van 

Breemen and Buurman (1998), kaolinitic clays do not form birefringent cutans and marked 

angular blocky or prismatic soil structures in the B horizons. Additionally, pronounced 

earthworms and mole-rats activity was also observed in these higher altitude areas. Thus, these 

may serve as some of the explanations for the unique phenomenon observed by the acidic soils of 

the high elevation areas. However, had there been access to micromorphological examination, a 

more sound explanation could have been given.  

The occurrence of cutans (coatings, clay films, pressure faces) and other concentrations also 

appeared to be linked with the strong profile differentiation and the blocky to prismatic structure 

types in the subsurface horizons of soils on land surfaces with relatively lower slope gradients. 

This seems most probably due to the dominance of high-activity clays which are more mobile and 

induce moisture dependent volume changes (expanding and shrinking that facilitate 

macrostructure formation) within the soil materials in such profiles. The nature of the cutans 

observed was mainly clay coatings, slickensides and mangans, though these were satisfactorily 

observed only in some pedons mainly in the subsurface horizons (Appendix Table 6). Mineral 

concentrations in form of carbonate nodules were generally observed in pedons of comparatively 

lower altitude areas below 2300 masl mainly in the Lower-Woina-Dega and Proper-Woina-Dega 

traditional agro-climatic belts with mainly ustic soil moisture regime (Table 4.3 and Appendix 

Table 7). Especially, the carbonate nodules were more preponderant in the subsoil layers of soils 

of lower altitude areas (Lower- Woina-Dega agro-climate) within and around the “rift valley” 

areas of the KSW under ustic soil moisture and isothermic soil temperature regimes. Moreover, 

the depth of occurrence of the free carbonates (secondary carbonates) appeared to be linked to 

rainfall amount or altitude, whereby the depth of their occurrence increased with altitude to the 

extent that their total obliteration from the soil profile was observed in areas above 2550 masl 

(Tables 4.3, 4.5a and 4.6a). Iron and manganese nodules to the contrary dominated in pedons of 

higher altitudes above 2300 masl and below 2900 masl in the Dega agro-climatic belt under udic 

and aquic soil moisture regimes; although their occurrence above 2900 masl is also not exclusive. 
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These phenomena seemed to be related mainly to rainfall amount and internal drainage condition 

and thereby to the weathering intensity and type of the weathering environment, since the 

occurrence of iron and manganese nodules was particularly linked to hydromorphic conditions 

within the profile. Mottling was observed exclusively only in pedons above 2300 masl generally 

starting within the Upper Woina-Dega agro-climate in pedons with strongly clayey subsurface 

layers under aquic soil moisture regime and “upper isothermic” to isomesic soil temperature 

regimes. This might have been related most likely to the rainfall amount and occurrence of profile 

saturation in some part of the year mainly due to the low permeability of the clayey subsurface 

horizons that created perched water in the upper layers of the profiles (Tables 4.2 and 4.3). In 

addition to mottling, relatively lighter (grayish) colored horizons (albic or quasi albic horizons) 

have been identified in all of them either directly below the Ah or below Ah and A1 in form of 

transition horizons formed either between the A and E or between the B and E. On the other hand, 

in all of these profiles a B horizon with marked relative accumulation of clay was also identified 

below these light colored transitional horizons, so that their occurrence above the clayey B horizon 

implies the existence of seasonal saturation due to perched water formation most likely as a result 

of the lower permeability of the clayey B horizon below. Both the field identification and the soil 

texture analysis results testified to this inference that all the B horizons under the lighter (albic) 

horizons were argillic type B horizons with higher clay contents than the overlying horizons, 

though some of them had additionally pronounced vertic properties.  

The total porosity estimation results and the values of moisture retention at the field capacity also 

indicated that the argillic B horizons of all these pedons were almost without drainable (effective) 

porosity. The higher proportion of the moisture content at the PWP relative to the FC also 

indicated a strong clayey nature dominated by micropores that hold the water so tightly that much 

of the moisture retained at field capacity may not be available to plants (Table 4.4). However, this 

type of water retention was also observed by the well-drained profiles of pedons with argic and 

other strongly clayey subsurface horizons in the lower altitude areas without any symptom of 

perched water formation, which might have been due to the aggregating effect of calcium 

carbonates or due to absence of excess moisture for percolation. According to Brady and Weil 

(2014), fine-textured soils may have a preponderance of micropores, thus allowing slow gas and 

water movement, despite their relatively large volume of total pore space. The movement of clay 

particles into the subsoil, where the translocated clays accumulate as linings of pores, can reduce 
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porosity and increase bulk density thereby causing the pore space in the fine-textured soil to be 

dominated by intraped micropores and ultramicropores that induce unavailable water storage 

(Coyne and Thompson, 2006; Brady and Weil, 2014). 

Strong root proliferation was observed in the majority of the sampled pedons, probably since 

they were located in the virgin land areas with grasses, bushes, herbaceous plants and trees. 

Pedons in crop lands were found even to have similar root abundance (Appendix Table 8). Strong 

faunal activity was observed only in forest soils and in some grass land pedons, whereby 

pronounced earth worm activity was prevalent particularly in the virgin soils above 2900 masl 

under afro-alpine and subafro-alpine vegetation of Mt. Chillallo. There was a conspicuous earth 

worm activity regarding the size and number of the earth worms, whereby many extremely large 

earth worms were encountered particularly in the Ah and A1 horizons of pedon KS19, though 

there were also remarkable number of similar earth worms in the KS16 and KS18. The size and 

type of the earth worms was so unique that they were observed nowhere else until then. The mole-

rat activity was also more prevalent in the areas with elevation above 2900 masl. Mole hills were 

common on the ground surface and 2-4 mole-holes were encountered in each profile especially in 

the Ah and A1 horizons of pedons KS16 and KS18. Though no earth worms could be seen, 

probably due to the dryness of the upper layers, there were some mole-hills on the ground surface 

and about 1-2 mole-holes within the profiles of pedons KS15 and KS17 in the altitude areas above 

2600 masl; what could not be observed by the pedons of the lower altitude areas. Even though this 

unique observation within the study area could not be supported by other similar research findings 

in literature, these phenomena seemed to be related to higher rainfall amounts and lower 

temperature that favor moist profile conditions for long time within a year and availability of plant 

residue upon which these fauna feed. According to SSS (1999), in areas with humid temperate 

climates and udic soil moisture and mesic soil temperature regimes, earthworms can become 

abundant. Nevertheless, the author would like to propose an area targeted further research in the 

same area and similar very high mountainous areas of the country, especially in relation to soil 

genesis and fertility under wider ecological aspects of the unique diversity of the Ethiopian 

highlands.  

The major diagnostic soil profile characteristics (Appendix 2), namely diagnostic horizons, 

properties and materials that may serve further interpretation in soil genesis and classification, 

have been also identified from the observed morphological characteristics and the laboratory 
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analysis results. Accordingly, three types of surface diagnostic horizons (chernic, mollic and 

umbric), five types of subsurface horizons (argic, calcic, cambic, protovertic and vertic), six types 

of diagnostic properties (abrupt textural difference, albeluvic glossae, gleyic properties, 

protocalcic properties, retic properties and stagnic properties) and four types of diagnostic 

materials (albic, calcaric, colluvic and mineral materials), were distinguished; the occurrence of 

which was also found to be linked to the physiographic and climatic diversity within the study 

area. Thus, the occurrence of the diagnostic epipedons appeared to be more related to altitude 

(rainfall, temperature), whereby the mollic (chernic) epipedons were encountered in the areas with 

elevation range of 1800 to about 3000 masl under ustic, udic and aquic soil moisture and 

isothermic and isomesic soil temperature regimes leaving the way for umbric epipedons in areas 

above 3000 masl; though the impact of soil parent materials also may not be totally excluded. The 

diagnostic properties identified were observed to be related more to rainfall amount and slope 

gradient of the land surface. Except the abrupt textural difference and protocalcic properties, all 

were found under aquic soil moisture regime and isothermic and isomesic soil temperature 

regimes on depression type and other flat topographic positions. The abrupt textural diference 

itself was identified mostly at relatively flat landscape positions, though the soil moisture regime 

was not aquic in some of the cases. Albic materials and related subsurface horizons were 

encountered also at similar topographic positions under aquic soil moisture and isothermic to 

isomesic soil temperature regimes in the Upper-Woina-Dega, Lower-Dega and Proper-Dega agro-

climatic belts, though their occurrence in the other agro-climatic belts is not exclusive. In all the 

cases but one (KS01), the vertic horizons and related properties encountered were also in profiles 

at similar topographic positions; however in a wide range of agro-climatic condition excluding the 

Wurch and High-Wurch agro-climatic belts and isofrigid soil temperature regime. Argic (argillic) 

subsurface horizons were also encountered in most agro-climatic belts and land surface slope 

conditions except the steep slope (30-60%); whereas the occurrence of the calcic subsurface 

horizon was limited only to the Lower-Woina-Dega agro-climate and ustic soil moisture and 

isothermic soil temperature regimes. It is worthnoting that under otherwise similar topographic 

and agro-climatic conditions, more woody areas appeared to be predominated by soils with argic 

(argillic) subsurface horizons; and grass dominated areas were occupied mainly by soils with 

vertic or cambic subsoil horizons. Similarly, albic materials (horizons) were observed more on 

grass dominated land surfaces in pedons with certain hydromorphic properties. The occurrence of 
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secondary carbonates was generally limited to areas below 2550 masl (Lower-Dega), whereas 

their concretion or nodule forms were found only in pedons below 2300 masl under mainly ustic 

soil moisture and isothermic soil temperature regimes in the Proper-Woina-Dega and Lower-

Woina-Dega agroclimatic belts (Table 4.3 and Appendix Table 7). Calcaric materials were also 

encountered mainly in the lower elevation areas below the Lower-Dega agro-climatic belt, 

primarily in ustic soil moisture and isothermic soil temperature regimes. Colluvial materials on the 

other hand, were found at the upper foot slope (pediment) of steep slopes in mountainous 

landscape-topography.  

4.1.3. Physical Soil Characteristics  

The parameters of the physical characteristics of the soils which were determined through 

laboratory analysis and those computed from the laboratory results are elucidated for each pedon 

separately inTable 4.4 and the trends observed are presented as follows. Due to budget constraint, 

only the most common soil physical parameters could be included in the laboratory soil analysis. 

4.1.3.1. Particle-size distribution   

The particle-size distribution (soil texture) is one of the most important soil characteristics that 

have a profound influence on many soil properties. It gives a broad indication of the physical, 

chemical and biological properties of soils and hence affects the suitability of soils for most uses, 

so that knowledge on the texture or the relative proportions of the primary soil particles or soil 

separates (sand, silt and clay) is crucial as it allows to make inferences about important soil 

characteristics (Coyne and Thompson, 2006; Brady and Weil, 2014). Particle-size analysis results 

showed that the majority of the soils of the study area have higher clay contents throughout their 

profile that generally increased with depth first up to the B horizon and decreased again towards 

the C horizon or the R-layer, whichever comes next to the B horizon. Except in the Ah and C 

horizons, most of the soil profiles (about 90% of them) had clayey texture throughout their depth 

with the highest value of clay content in the B horizon, whereby the peak (82%) was recorded in 

the Bt horizon of pedon KS06 (Luvisol). The lowest clay content was observed in the C horizon 

followed by the Ah horizon and the highest sand content was also observed in these horizons. The 

relatively highest amount of sand in these horizons may be due to different causes, whereby the 

accumulation in the Ah horizon is most likely due to clay eluviation and selective removal of clay 

by water erosion (elutriation) and deposition of coarser materials on the soil surface; and that in 
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the C horizon may be due to the original composition of the parent material not yet exposed to 

intensive weathering (Buol et al., 2011; Brady and Weil, 2014). Teshome (2013) had also reported 

on increasing clay content with depth and significant negative correlation between sand and clay 

and attributed it to selective surface removal and eluviation of clay.  

On the other hand, the silt:clay ratio may be used to explain these phenomena, since it can be used 

as an index to indicate the weathering stage of soils which can be observed also in profile 

differentiation, whereby lower silt:clay ratios generally indicate an advanced stage of weathering 

(Young, 1976; Abayneh, 2005). According to Young (1976), soils with silt:clay ratios of below 

0.15 are regarded as strongly weathered. The silt:clay ratios computed from the texture analysis 

results of the soils of the study area also showed that, where there is strong differentiation of the 

profile in terms of the soil separates (sand, silt, clay), the silt:clay ratios are lower than 0.15 

particularly in the subsoil horizons with relative accumulation of clay. However, this trend could 

not conform to that of the degree of leaching and annual rainfall amount since no discernible trend 

could be seen in relation to altitude, though this could not be supported through earlier research 

findings. Relatively, profiles with lowest mean of clay contents were encountered in areas with 

highest slope gradients on Mt. Chillallo and the “rift-valley escarpment” areas. This might have 

been primarily due to rapid surface flow of water by higher slope gradients, which limits the soil 

development through continuous removal of weathered soil materials (particularly selective clay 

removal) and reduction of water residence time within the soil that in turn reduces the rate of 

chemical weathering and facilitates also lateral clay translocation (Lark, 1999; Buol et al., 2011).                             

4.1.3.2. Bulk density and total porosity  

Soil bulk density and porosity are inversely related parameters, and hence conventionally the 

determination of bulk density enables indirectly to estimate the porosity of soil samples.  

Moreover, bulk density is related to several other soil properties such as air and water movement 

within soil, rooting condition, water holding capacity etc., so that it is commonly used in many 

soil investigations (Coyne and Thompson, 2006). According to Brady and Weil (2014), if the 

actual particle density of a soil is not known, a particle density of 2.65 g/cm
3
 may be assumed for 

general calculations of porosity of mineral soils; and as to Miller and Gardiner (2001), 2.65 g/cm
3
 

can be used as a standard particle density to calculate the porosity of mineral soils in general. This 
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presumption was generally used for the estimation of total porosity of the soils sampled within the 

study area using 2.65 g/cm
3
 as a standard particle density. 

The bulk density determination results of the study revealed that the bulk density of the soils was 

in concurrence with the general trend observed in the particle-size distribution results of the clay 

fraction, namely it increased with depth up to the B horizon (where the B horizon existed) and 

decreased again towards the C horizon or up to the R-layer. An opposite trend was observed by the 

estimated total porosity results, so that increases in bulk density were accompanied by decreases in 

total porosity in general and hence bulk density increased and porosity decreased with depth at 

least up to the B horizon, though there were also some profiles with continuous increase of bulk 

density with depth without decrease towards the C horizon or the R-layer. Abayneh (2005) 

reported on similar finding and explained it through distribution of SOM that decreased with 

increase in depth and natural compaction due to the load of surface layers; and Teshome (2013) 

observed significant negative correlation (r = -0.92 at p < 0.001) between bulk density and total 

porosity. This phenomenon can be attributed to several factors including organic matter content, 

root proliferation and activity of other organisms, accumulation of translocated clay from the 

upper horizons and overburden pressure (weight of the overlying layers). However, this general 

tendency is not fully observed in some profiles of soils under cultivation (KS07, KS08) and also 

some others (KS06, KS09) since they had relatively higher bulk densities in their surface horizons 

(Ap and A1). Mojiri et al. (2012) reported on soil bulk density increases due to deforestation and 

subsequent cultivation; and Tesome (2013) also observed similar phenomon on cultivated land 

and attributed it to compaction caused by cultivation practices. The observed bulk density values 

ranged from 0.85-1.64 g/cm
3
 and those of the total porosity values ranged from 38- 68%, with the 

lowest bulk density value of 0.85 g/cm
3
 and the highest porosity value of 68% in the Ah horizon 

of KS18 at an altitude of 3100 masl under subafro-alpine vegetation within the Upper-Dega agro-

climatic belt where the highest SOM content (22.31%) was recorded. The highest bulk density 

value (1.64 g/cm
3
) and lowest porosity (38.11%) was observed in a Vertisol profile (KS13) in the 

Btssg2 horizon at an elevation of 2470 masl in the Lower-Dega agro-climatic belt. According to 

Yerima (1993), bulk density values of Ethiopian soils vary between 0.82 and 1.70 g/cm
3
, and 

according to Brady and Weil (2014), forest and grassland soils often have bulk densities that range 

from 0.8-1.2 g/cm
3
, and cultivated clay and silt loam soils with similar horizons may have bulk 
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Table 4.4. Physical soil characteristics of the sampled pedons  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Particle-size 

distribution in %  

of fine earth Silt : Clay 

ratio 

Texture 

class 

name 

Bulk 

density 

in g/cm
3
 

Porosity 

estimate 

in 

volume 

% 

Volumetric 

water content in 

% at: 

Available water 

holding capacity 

In % 

volume  

As %  

of FC 
Clay Silt Sand 

 

FC 

 

PWP 

KS01 Ah 0 -14 34 13 53 0.38 SCL 1.05 60.4 41.0 20.0 21.0   51 

 A1 14- 33 56 13 31 0.23 C 1.17 56.0 55.5 28.6 26.9   49 

 A2 33-58 74 9 17 0.12 C 1.34 49.4 70.5 41.6 28.9   41 

 BA 58-109 74 3 23 0.04 C 1.23 53.6 70.7 43.0 27.7   39 

 Bss1 109-157 76 7 17 0.09 C 1.32 59.2 74.8 52.3 22.5  30 

 Bkss2 157-193 68 11 21 0.16 C 1.40 47.2 65.8 40.0 25.8   39 

 BCkss 193-200
+
 64 9 27 0.14 C 1.33 50.0 70.3 34.2 36.1   51 

KS02 Ah  0-13  46  21  33  0.46 C 1.28 51.7   51.3  20.5 30.8   60 

 A1 13- 28 40 9 51 0.23 SC 1.32 50.2 52.7 22.7 30.0  57 

 BAt 28- 48  70 7 23 0.10 C 1.27 52.1 59.5 27.5 32.0   54 

 Btk1 48-71 74 11 15 0.15 C 1.30 50.9 64.4 35.5 28.9 45 

 Btk2 71-104 74 7 19 0.10 C 1.40 47.2 82.0 42.8 39.2   48 

 B/Ctk 104-137  58 10 32 0.17 C 1.45 45.3 83.5 37.1 46.4   56 

 Ck 137-200
+
 40 11 49 0.28 SC 1.22 54.0 58.3 23.6 34.7   60 

KS03 Ah  0 -13 42 17  41  0.41 C 1.10 58.5  47.7  24.4 23.3   49 

 A1 13-43 62 13 25 0.21 C 1.23 53.6 60.7 34.2 26.5 44 

 A2 43-93 68 13 19 0.19 C 1.35 49.1 78.4 45.8 32.6  42 

 BAk 93-113 66 11 23 0.17 C 1.28 51.7 77.7 43.0 34.7  45 

 Bwk1 113-158 70 15 15 0.21 C 1.28 51.7 70.4 40.1 30.3   43 

 Bw2 158-200
+
 72 15 13 0.21 C 1.27 52.1 73.0 39.5 33.5  46 

KS04 Ah 0-22 32 32 36 1.00 CL 1.23 53.6 38.9 18.4 20.5 53 

 AE 22-40 50 26 23 0.52 C 1.32 50.2 49.0 25.1 23.9 49 

 BAt 40-66 72 16 12 0.22 C 1.44 45.7 69.5 46.5 23.0 33 

 Btss1 66-99 73 16 11 0.22 C 1.53 42.3 - - - - 

 Btss2 99-146 67 23 9 0.34 C 1.31 50.6 - - - - 

 BCr 146-200+ 53 28 19 0.53 C 1.20 54.7 - - - - 
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Table 4.4. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Particle-size 

distribution in % 

 of fine earth 
Silt : Clay 

ratio 

Texture 

class 

name 

Bulk 

density 

in g/cm
3
 

Porosity 

estimate 

in 

volume 

% 

Volumetric  water 

content in % at: 

Available water 

holding capacity 

Clay Silt Sand FC PWP 
In % 

volume 

As % of 

FC 

KS05 Ah 0-22 38 21 41  0.55  CL 1.13  57.4  38.6  17.5  21.1  55 

 A1 22-45 61 16 23 0.26 C 1.29 51.3 51.3 23.8 27.5  54 

 Bt1 45-63 76 19 5 0.25 C 1.42 46.4 60.0 30.7 29.3 49 

 Bt2 63-109 74 18 8 0.24 C 1.55 41.5 - - - - 

 BCr 109-123
+
 50 34 16 0.68 C 1.38 47.9 - - - - 

KS06 Ah  0 -13 51 34 15 0.67 C 1.15  56.6  36.3 17.1  19.2   53 

 A1 13- 27 56 31 13 0.55 C 1.27 52.1 60.1 27.5 32.6    54 

 BAt 27- 39 68 22 10 0.32 C 1.34 49.4 65.2 37.9 27.3  42 

 Bt1 39 -66 82 8 10 0.10 C 1.49 43.8 75.0 43.9 31.1  42 

 Bt2 66- 97 68 24 8 0.35 C 1.38 47.9 - - - - 

 BCtrk 97-126 62 28 10 0.45 C 1.47 44.5 - - - - 

KS07 Ah 0- 21 41 33 26 0.81 C 1.40 47.2 52.0 23.7 28.3  54 

 A1 21-39 50 30 20 0.60 C 1.47 44.5 64.6 34.7 29.9  46 

 Bt 39-97 69 16 15 0.23 C 1.46 44.9 74.9 43.0 31.9   43 

 B/Ctk 97-138 56 32 12 0.57 C 1.41 46.8 - - - - 

 C 138-200
+
 29 41 30 1.41 CL 1.23 53.6 - - - - 

KS08 Ah 0 -16 35 46 19 1.31 ZCL 1.36 48.7 53.5 26.6 26.9   50 

 A1 16 -30 48 37 15 0.77 C 1.51 43.0 67.0 41.3 25.7   38 

 BAt 30- 47 60 23 17 0.38 C 1.58 40.4 69.2 46.6 22.6  33 

 Bt1 47-73 65 21 14 0.32 C 1.55 41.5 62.9 48.5 14.4  23 

 B2 73-94 49 33 18 0.67 C 1.56 41.1 - - - - 

 BCk 94-119  42 42 16 1.00 ZC 1.49 43.8 - - - - 

 Crk 119-200
+
 15 44 41 2.93 L 1.20 54.7 - - - - 

C = Clay; CL = Clay loam; L = Loam; SCL = Sand clay loam; SC = Sandy clay; SL = Sandy loam; ZC = Silty clay; ZCL = Silty clay loam. 
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Table 4.4. (Continued)  

Profile 

No. 

Horizon 

designation 

 

Thickness 

(depth) 

in cm 

Particle-sized 

distribution in %  

of fine earth 
Silt:Clay 

ratio 

Texture 

class 

name 

Bulk 

density in 

g/cm
3
 

Porosity 

estimate 

in 

volume 

% 

Volumetric 

water content 

in % at: 

Available water holding 

capacity  

Clay Silt Sand FC PWP 
In% 

volume  

As % of 

FC 

KS09 Ah 0-18 25 34 41 1.36 L 1.28 51.7 32.5 17.2 15.3  47 

 A1 18-37 57 28 15 0.49 C 1.39 47.6 49.8 27.6 22.2  45 

 BAt 37-58 63 16 21 0.25 C 1.58 40.4 54.9 35.5 19.4   35 

 Bt1 58-76 73 18 9 0.25 C 1.51 43.0 - - - - 

 B2 76-106 48 36 16 0.75 C 1.50 43.4 - - - - 

 BCk 106-146 42 36 22 0.86 C 1.56 41.1 - - - - 

 Ck 146-200
+
 18 38 44 2.11 L 1.42 46.4 - - - - 

KS10 Ah 0-14 32 45 23 1.41 CL 1.23 53.6 43.9 22.6 21.3  49 

 A1 14-38  46 31 23 0.67 C 1.32 50.2 49.8 29.8 20.0  40 

 BAt 38-58 57 24 19 0.42 C 1.51 43.0 61.1 43.7 17.4   29 

 Bt1 58-85 61 23 16 0.38 C 1.45 45.3 - - - - 

 Bk2 85-112 44 39 17 0.89 C 1.48 44.2 - - - - 

 BCk 112-153 40 35 25 0.89 CL 1.40 47.5 - - - - 

 Crk 153-200
+
  13 34 53 2.62 SL 1.29 51.3 - - - - 

KS11 Ah 0-18 21 31 48 1.48 SL 1.21 54.3 27.5 14.1 13.4  49 

 AC 18-33 33 24 43 0.73 CL 1.29 51.3 33.6 20.1 13.5  40 

 Cr 33-62 21 36 43 1.71 L - - - - - - 

KS12 Ah 0-19 18 37 45 2.06 L 1.20 54.7 35.4 15.6 19.8  56 

 EA 19-46 37 43 20 1.16 CL 1.35 49.1 43.7 23.4 20.3   47 

 B/Et 46-71 58 33 9 0.57 C 1.47 44.5 51.2 30.0 21.2   41 

 Btss1 71-135 76 17 7 0.22 C 1.50 43.4 - - - - 

 Btss2 135-200
+
 66 25 9 0.38 C 1.53 42.3 - - - - 

KS13 Ah 0-14 30 46 24 1.53 CL 1.24 53.2 39.0 21.3 17.7  45 

 A/E 14-39 44 35 21 0.80 C 1.37 48.3 45.2 27.1 18.1  40 

 Btss1 39-87 73 23 4 0.32 C 1.54 41.9 60.5 43.6 16.9 28 

 Btssg2 87-153 78 16 6 0.21 C 1.64 38.1 - - - - 

 B/Ctrg 153-181
+
 61 29 10 0.48 C 1.49 43.8 - - - - 
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Table 4.4. (Continued)  

Profile 

No. 

Horizon 

designation 

 

Thickness 

(depth) 

in cm 

Particle-size distribution in 

% of fine earth 

Silt:Clay 

ratio 

Texture 

class 

name 
Bulk 

density 

in g/cm
3
 

Porosity 

estimate 

in volume 

% 

Volumetric 

water content 

in % at: 

Available water 

holding capacity  

Clay Silt Sand FC PWP 

In % 

volume 

 

As % of 

FC 

KS14 Ap 0-16 37 43 20 1.16 ZCL 1.23 53.6 48.5 19.7 28.8   59 

 A1 16-40 65 29 6 0.45 C 1.43 46.0 60.0 33.8 26.2  44 

 Bw1 40-69 66 28 6 0.42 C 1.54 41.9 66.3 39.2 27.1  41 

 Bw2 69-106 68 23 9 0.34 C 1.60 39.6 - - - - 

 BC 106-160 57 28 15 0.49 C 1.55 41.5 - - - - 

 C 160-200
+
 36 47 17 1.31 ZCL 1.28 51.7 - - - - 

KS15 Ah 0-11 22 37 41 1.68 L 1.13 57.4 41.7 20.5 21.2  51 

 A1 11-34 39 28 33 0.72 CL 1.28 51.7 46.9 24.9 22.0 47 

 BEt 34-50 55 24 21 0.44 C 1.36 48.7 47.0 29.6 17.4   37 

 Bt1 50-100 69 24 7 0.35 C 1.52 42.6 58.9 37.7 21.2  36 

 Bt2 100-157 53 30 17 0.57 C 1.50 43.4 45.1 27.3 17.8   40 

 BC 157-200
+
 49 32 19 0.65 C 1.34 49.4 40.2 20.7 19.5   49 

KS16 Ah 0-15 19 32 49 1.68 L 0.96 63.8 42.3 13.5 28.8  68 

 A1 15-52 39 34 27 0.83 CL 1.24 53.2 56.0 24.0 32.0   57 

 A/Ctr 52-83 54 32 14 0.59 C 1.31 50.6 57.3 28.2 29.1  51 

KS17 Ah 0-19 26 26 48 1.00 SCL 1.12 57.7 42.6 19.6 23.0   54 

 A1 19-39 49 28 23 0.57 C 1.29 51.3 45.2 25.2 20.0  44 

 BEt 39-66 58 34 8 0.59 C 1.35 49.1 43.5 24.4 19.1  44 

 Bt1 66-102 71 24 5 0.34 C 1.47 44.5 53.7 34.5 19.2   36 

 B2 102-200
+
 51 34 15 0.67 C 1.35 49.1 44.6 27.7 16.9  38 

KS18 Ah 0-19 23 43 34 1.87 L 0.85 67.9 30.0 13.6 16.4   55 

 A1 19-47 42 25 33 0.60 C 1.01 61.9 36.5 16.6 19.9  55 

 Bt1 47-94 52 42 6 0.81 ZC 1.34 49.4 44.1 24.9 19.2   44 

 B/Ctr 94-113  51 35 14 0.69 C 1.31 50.7 38.7 23.8 14.9   39 

KS19 Ah 0-16 23 34 43 1.48 L 1.03 61.1 39.3 15.2 24.1   61 

 A1 16-32 37 26 37 0.70 CL 1.22 54.0 49.3 21.9 27.4  56 

 ACr 32-55 38 35 27 0.92 CL 1.25 52.8 51.4 21.6 29.8   58 
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densities from 0.90 – 1.5 g/cm
3
; whereas cultivated sands and sandy loams can have bulk densities 

up to 1.80 g/cm
3
.This is in general concurrence with the findings of this study. Typical ranges of 

total porosity are 30 to 60% for most mineral soils, though values such as 25% in compacted 

subsoils and more than 60% in well aggregated high-organic matter surface soils may be 

encountered (Coyne and Thompson, 2006; Brady and Weil, 2014). Regarding the agricultural 

significance of bulk density, Troeh and Thompson (1993) and Brady and Weil (2014) state that 

root growth and water penetration are likely to be slowed significantly by soils with bulk densities 

of 1.4 g/cm
3
 for soils high in clay contents and by 1.8 g/cm

3
 for soils low in clay content; and root 

growth is normally inhibited by soil layers with bulk densities of 1.5-1.9 g/cm
3
, depending on their 

clay content. It can be inferred from the bulk density values of the soils of the study area that there 

was no significant compaction to the extent of restricting the root growth. This is more discernible 

especially in the main rooting zone of field crops (50 cm from the soil surface) even in areas under 

cultivation at present (pedons KS08 and KS14); though the values in both profiles appeared to be 

somewhat critical especially in the subsurface horizons, but by the KS08 also in the surface 

horizons (A1=1.51g/cm
3
, A2=1.58g/cm

3
) which may be seen as a plow-pan. Even though the 

highest bulk density (1.64 g/cm
3
) was recorded in the Btssg2 of KS13, the values in the surface 

horizons of this pedon were not so critical.  

4.1.3.3. Soil water retention  

It was attempted to assess the water retention characteristics of the soils through their water 

contents at field capacity (10-33 kPa) and permanent wilting point (permanent wilting percentage 

at 1500 kPa) since these two parameters are the most important ones from the stand point of soil 

moisture management in plant production. The results indicated that the trends of all the handled 

parameters of soil water retention were linked to the texture, bulk density and porosity of the soils. 

The clay content of the soil seemed to have great influence on the water held at FC and PWP 

moisture contents, so that both increased with increasing clay content of the soils; whereas the 

plant available water holding capacity was found to have the opposite trend (decreased with 

increasing clay content). Mitiku (1987) also found out that FC and PWP generally increase with 

the amount of clay; whereas soils with high organic matter and lower clay contents had 

proportionally higher available water capacities than those with higher clay contents. According to 

Coyne and Thompson (2006), fine textured soils such as clays generally have less plant available 

water than medium-textured soils due to decreases in pore size and thereby the increase of soil 
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matric forces in fine textured soils. The proportion of intraped pores or residual micropores (< 2 

µm) or pores within soil aggregates in general is the highest in clay soils, the result of which is 

that more of the water is held so tightly in these very fine pores that plants cannot use it (Rowell, 

1994; Brady and Weil, 2014). 

On the other hand, drainable porosity (effective porosity, macroporosity, transmission pore 

volume) which was estimated from the total porosity by subtracting the value of volumetric water 

content at FC from total porosity value according to Carter and Gregorich (2008) was also found 

to decrease with increases in clay content to the extent that its value was zero or negative in the 

subsoil horizons. This indicates that the water held at FC moisture content was mainly or totally 

held in the micropores (pores with less than 50 µm diameter that include storage pores and 

residual micropores) that the respective soil was without macropores (pores with greater than 50 

µm) through which water drains by gravitational potential and the air movement takes place 

(Deeks et al., 2004). According to Carter and Gregorich (2008), effective porosity should be at 

least 10% of the soil volume to maintain optimal soil aeration. However, total absence of the 

drainable porosity (effective porosity) was encountered mainly in the strongly clayey subsoil 

layers. Since the total porosity was estimated taking 2.65 g/cm
3
 particle density for all pedons and 

their horizons as their actual particle density data were not available, over or under estimations 

were inevitable; so that the observed absence of drainable (effective) porosity may not reflect the 

natural condition of the soil, particularly in soils with well drained profiles. According to 

Mutscher (1987), strongly clayey soils with dominantly fine clay (< 0.2 µm) in their clay fraction 

may not have drainable porosity particularly in their illuvial horizons, so that such soils are often 

water logged due to their impervious subsoil layers that induce perched water (saturation) in their 

surface layers during the wet season. Thus, in the pedons with profiles “without effective 

porosity” water logging problem may encounter during the wet seasons with excessive moisture, 

that is, such soils have potentially waterlogging constraints, though most of them had well-drained 

profiles as observed during the profile description, most likely due to the aggregating effect of Ca-

ions that dominated the exchange complex or due lack of excess moisture for percolation. The 

proportion of AWC to the FC ranged from 23-68% of the FC moisture content and generally 

increased towards the soil surface and seemed to be linked to the OM content of the soil. The PWP 

moisture content to the contrary decreased towards the surface and increased with clay content 

with its general range of values of 32-77% of the moisture content at FC. The FC moisture content 
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on the other hand ranged from 28-83% by volume with its lowest value in the Ah horizon and 

highest value in the BC horizon. According to Miller and Gardiner (2001), with the exception of 

organic soils and soils with extreme texture, PWP is about 40-50% of the FC value and AWC is 

about 50-60% of the FC moisture content. 

 The variations observed by the soils of the study area might have been due to the strong clayey 

nature on the one side and sandy behaviour accompanied by high organic matter content of some 

soils on the other; for example KS16 and KS11. If storage pore volume (AWC) is below 15% of 

the soil volume, water availability to plants is most likely to be restricted (Rowell, 1994). Results 

of AWC below 15% have been encountered in very few pedons (Bt1 of KS08, Ah and AC of 

KS11), either due to strongly clayey behavior of the respective horizon (KS08) or due to strong 

sandiness (KS11). However, the strongly clayey nature of most soils of the study area seemed to 

have been the main cause for the lower proportions of the AWC of the soils of the study area in 

general.   

4.1.4. Chemical Soil Characteristics  

The chemical characteristics of the soils determined in the laboratory and those estimated 

(computed) based on their results are presented in detail in Tables 4.5a-4.5b and 4.6a-4.6c 

separately for each pedon and their respective description is given in the sections ahead. In order 

to ease their interpretation, the main parameters are categorized into two groups depending on the 

natural relationships they have. 

4.1.4.1. Soil pH, EC, CEC, SEB, PBS, CaCO3, ESP, Ca-saturation and cationic ratios 

Soil pH, which indicates the acidity or alkalinity of a soil, is probably the single most important 

chemical characteristic (master variable) of a soil that affects a wide range of chemical, physical 

and biological soil properties (Bloom et al., 2005). Hence, knowledge of pH in soils helps to 

understand important chemical, biological and physical processes, such as ion mobility, rate of 

dissolution and precipitation, biological activity (microbial and root activity), soil physical 

conditions like structure, nutrient availability to plants, toxicity of trace elements, response of 

plant species to pH changes in soil, etc (Bloom et al., 2005). The results of the laboratory analysis 

revealed that the soils of the study area can be divided generally into two groups in terms of this 

parameter. Pedons of the lower altitude areas (1810-2550 masl), the pH of which according to 
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Tekalign (1991) ranged from slightly acidic to neutral in the surface horizons to strongly alkaline 

in the subsurface horizons as the 1
st
 group; and the pedons in the higher elevation areas (2550-

4000 masl) as the 2
nd

 group, which were mainly with strongly to moderately acidic pH ranges in 

the surface horizons and to some extent throughout their profile as well (Benton, 2003).  Pedons 

from KS01 up to KS14 belong to the first group and pedons from KS15 to KS19 belong to the 

second group. This variation seems to be caused mainly by the difference in rainfall amount that 

increases with altitude and variation of temperature that decreases with increasing altitude within 

the study area (ABRDP, 2004); so that leaching of bases and OM addition and decomposition 

processes that strongly influence the soil pH, are linked to this relationship. 

According to Young (1976), orographic effects often cause an increase in rainfall with altitude 

which is greatly magnified where the rise in height faces rain-bearing winds; and such orographic                                                                                                       

influences on rainfall are sufficiently large enough to have substantial effect on soil distribution 

along altitudinal transects. Crompton (1967) stated that for the upland Britain (England) the higher 

rainfall leached the soils more strongly due to the lower temperatures that resulted in lower 

evapotranspiration increasing the amount of percolating water eventually leading to acidity of 

soils. In the first group soils, the pH increased generally with depth. On the other hand, there was a 

discernible tendency of decreasing in subsoil pH with increasing slope under similar agro-climatic 

condition, most likely due to the difference in intensity of water movement within and above the 

soil for removal of soluble soil constituents. The increment of the pH with depth was most likely 

due to the translocation of soluble carbonates, bicarbonates and various  mobile basic cations 

through leaching, which was testified also by the trends in the carbonate content, CEC (CEC7), 

PBS and EC (increase with depth) of the soils. For example the CEC7 of the first group soils 

ranged from 22.23 to 65.22 cmolc/kg, which can be rated as moderate to very high value (Hazelton 

and Murphy, 2007), that generally increased with depth and clay content. The highest average 

CEC7 value was observed in the subsoil of a Chernozem (KS03) profile followed by the Vertisols 

(KS01 and KS13); whereas the highest SEB record was encountered in the subsoil of Vertisol 

profile (KS01) followed by Chernozem (KS03) and Kastenozem (KS02), probably due to certain 

differences in mineralogical and SOM composition. The value of CEC7 for the second group soils 

was in the range of 14.62- 47.88 cmolc/kg and can be rated as low to very high according to 

London (1991). Even within the first group soils, there was a tendency to decrease with increasing 

altitude almost for all these parameters (pH, CEC7, PBS, and EC) and secondary carbonates+ 
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content, which can also be attributed to the rainfall amount. Moreover, it is worth mentioning that 

the depth related trend in CEC7, SEB and related parameters of the second group soils is somewhat 

different (if not opposite) that there was a decreasing tendency with depth with the highest value 

record in the Ah horizon. On the other hand, soil pH, content of free carbonates and SEB of the 

pedons decreased with increasing elevation to the extent that no free carbonates could be observed 

in areas above 2550 masl altitude in the second group soils. Mohammed (2003) reported also that 

CaCO3, exchangeable Ca and Mg and soil pH values decreased with a rise in altitude in the Jelo 

Catchment of Chercher highlands. Additionally, secondary carbonates in form of nodules were 

encountered only in areas below 2300 masl in the Proper-Woina-Dega (2100-2250 masl) and the 

Lower-Woina-Dega (1800-2100) agro-climatic belts in an ustic soil moisture and isothermic soil 

temperature regimes; whereby the depth of their occurrence increased with a rise in altitude until 

they totally disappeared out of the profile in areas above 2300 masl.  

For the first group soils, CEC7, EC, SEB, PBS, ESP, %CaCO3, Ca-saturation and cationic ratio 

values increased generally with depth regularly at least up to the B horizon, whereby PBS values 

of 100% and above were more observed in the B and C horizons and their subdivisions (Table 

4.5a). The depth related values appeared to be linked to the trends observed by the clay fraction of 

the soils (Section 4.1.3.1); probably due to the intensity of weathering and water percolation that 

causes the translocation of soluble materials from the upper to the deeper horizons (Coyne and 

Thompson, 2006). PBS values above 100% are most likely to be attributed to the dissolution of 

pedogenic carbonates at pH7 by the AAc analysis method (Yerima, 1993; Rowell, 1994; Kitchen, 

2008). The EC values of the soils indicated that all the soils can be considered non-saline, since 4 

dS/m is taken as an accepted threshold value for analysis results on saturation paste extracts of soil 

samples (Brady and Weil, 2014).  However, according to Sumner (1993), the ESP value of pedons 

KS02, KS08 and KS10 in their subsoil layers may give a clue for a potential sodicity if not 

properly managed especially by irrigation. Sodium ions are already effective in some soils by ESP 

values of about 5% or even less to cause physical deteriorations (dispersion); whereas these 

pedons had already ESP value of 5% or more within the subsoils of their profiles (Table 4.5a).  

Regarding the exchangeable nutrient cations (Ca, Mg, K), values of Ca
2+

 and Mg
2+

 indicated 

that almost all the soils sampled were in the range of medium to very high fertility status, and the 

same holds generally true for K
+
 status of most soils (FAO, 2006b). Nevertheless, pedons KS01, 

KS04, KS15, KS16, KS17, KS18 and KS19 were in the range of low to high K fertility status, 
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whereby in subsurface and even in some surface horizons of these soils values that can be rated as 

low to very low were encountered. Thus, K deficiencies may occur especially if there exists an 

imbalance in its relative proportion to Ca
2+

 and Mg
2+

 ions. According to London (1991), 

exchangeable potassium percentage or potassium saturation percent relative to the CEC7 of 2% is 

the minimum relative level to avoid K-deficiency of most crops, and values below this minimum 

level were already observed in the whole profile of pedon KS19 and except in the Ah horizon in 

pedons KS01, KS04, and KS17; and in some surface and subsurface horizons of pedons KS15, 

KS16, and KS18, especially in horizons below the Ah or below Ah and A1. Except KS01 and 

KS04 all these pedons belong to the second group (acidic) soils. The case in the KS01 and KS04 

seemed to be different from that of the second group soils. The Ca
2+

 + Mg
2+

 : K
+
- ratio of these 

pedons was found to be very high in the subsoil horizons (60-130) when compared to that of both 

the other first and second group soils, though similar trend is discernible also in the subsoil of 

KS17. This peculiar condition in the KS01 and KS04 seemed to be related to the parent material 

of the soils as the KS04 which was found at the upland part in the proximity to KS01 location, had 

plagioclase feldspar dominated andesitic rock as a parent rock. The deposition of the weathering 

products of the KS04 area might have impacted the development of the KS01, or both might have 

the same parent material since both were located on Guticha hill (the KS04 at the summit and the 

KS01 at the back slope in close proximity to each other). According to Tarbuck et al. (2012), 

calcium-rich plagioclase feldspars are the major component of the mineralogical composition of 

andesitic igneous rocks which was also discernible in the higher Ca-saturation values of these 

profiles. On the other hand, potassium ions on the exchange sites may be replaced by the more 

abundant and more strongly held Ca and Mg ions due to complementary ion effect and/or due to 

preferential adsorption. The replaced K may enter the soil solution and be taken up by plants or 

may be leached to the deeper layers or out of the soil profile and hence in the long run K-

deficiency may occur, and this may be the most likely cause for the observed values of 

exchangeable K in the KS01 and KS04. It can be inferred from these results that if these soils are 

used without K supplement for many cropping cycles, K-deficiency may encounter and this may 

be already a fact by soils of this and similar areas which were under cropping for many years 

without using K supplementing mechanisms. However, the values of exchangeable K 

measurements are only of limited value for predicting crop responses since they give no direct 

indication on the capacity of the soil to release K over a period of time (Mengel and Bush, 1982), 
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so that further investigations are inevitable to arrive at a more reliable conclusion. Except for 

pedons KS16, KS18 and KS19, the PBS of the soils can be rated on average as moderate to very 

high (50-100%) which implicates that these soils were weakly to very weakly leached, especially 

that of the lower altitude area soils within the “rift valley” and around its border (Hazelton and 

Murphy, 2007). According to this author, the KS16, KS18 and KS19 pedons which belong to the 

main body of Mt. Chillallo with 13% to about 50% ranges of PBS, can be rated as moderately to 

very strongly leached. Additionally, PBS trends within the profile seemed to be linked to the soil 

pH as both increased with increasing depth. According to Young (1976), the PBS of soils is 

strongly related to pH, whereby base saturation (BS) ranges of 25-75% correspond to pH values of 

5-6; and pH7 or more indicates a base saturation of about 100%. This holds good for the results of 

this study. Among the exchangeable cations, calcium appeared to be the most dominant cation, 

followed by magnesium, whereby the absolute amounts of calcium in cmol/kg soil were to be 

rated as medium to very high (12 to over 49 cmol/kg), except for pedons KS19 and KS18 where 

mainly very low to medium values were recorded, and this holds generally good also for the 

magnesium results (FAO, 2006b). Naturally, calcium is the most dominant cation in most soils 

and occupies more of the cation exchange sites, except that it may be exceeded by aluminium in 

strongly acidic soils since it occurs in soils in a wide variety of minerals and hence found in large 

amounts in soil solutions and on the exchange complex (Miller and Gardiner, 2001). Accordingly, 

Ca-saturations of 60-90% are typical for neutral to moderately acid soils except in soils formed on 

serpentine rocks where Mg dominates, since Ca is more tightly held than the other basic cations so 

that it is not easily leached (Brady and Weil, 2014). This trend in exchangeable Ca and Mg was 

also generally observable by K, though there was a very low value (0.12 cmol/kg) of exchangeable 

K in the ACr horizon of KS19 according to FAO (2006b). In general, the numerical values of the 

exchangeable basic cations were in the order of Ca>Mg>K>Na, which was in concurrence with 

preferential adsorption sequence (Lyotropic Series) on the cation-exchange sites of soil colloids.   

Another important aspect of exchangeable cations is their relative proportions in soils, since an 

imbalance in their relative proportions may cause severe plant nutrition problems due to the 

antagonistic effects between different cationic nutrients during their uptake by plants and due to 

complementary ion effects on the exchange sites in soils (Brady and Weil, 2014). Particularly, the 

ratio between the two dominant nutrient cations, namely Ca
2+

 and Mg
2+

 is of paramount 

importance since imbalances may negatively impact optimum plant growth and soil tilth 
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conditions (Brady and Weil, 2014). According to London (1991), the Ca:Mg ratios of 3-5:1 are 

rated as normal ranges for most crops, and ratios above 5:1 are rated as unfavorable since they are 

bond with possible Mg uptake inhibition by plants and also may cause reduction of P availability 

by higher pH ranges and hence the 1:1 ratio is generally considered as the lowest acceptable limit 

and ratios below this are said to strongly reduce Ca availability. On the other hand, Brady and 

Weil (2014) claim that for optimum plant growth and soil tilth, ratios of near 6:1 are required; but 

stated again based on results of numerous research studies that ratios of 1:1 to 15:1 enabled the 

plants to grow well and meet their Ca and Mg needs in soils without any significant adverse 

effects. All the soils sampled within the study area meet both of the above preconditions. Similar 

to potassium, exchangeable magnesium is the main source of available Mg in soils, and next to Ca 

it is the most dominant cation on the exchange complex (Brady and Weil, 2014). However, Mg 

ions are less strongly adsorbed than Ca-ions and hence more easily leached especially where 

vermiculitic minerals that hold hydrated Mg in their interlayers are absent; so that Mg deficiency 

may encounter in strongly leached soils (Troeh and Thompson, 1993). These authors continued 

that Mg in excess in soils is indicated when exchangeable Mg saturation is more than 40-60% of 

the CEC7 and its deficiency is indicated by less than 8% saturation. Accordingly, the values of 

below 8% saturation encountered in the A1 of KS18 (less than 8%) and ACr and A1 of KS19 (all 

less than 7%) may implicate the likelihood of Mg deficiency in the acidic soils of the high 

elevation areas of the KSW. This might have been due to intensive leaching and the strong felsic 

nature of the colluvial parent material observed at the bottom of these pedons. On the other hand, 

the Ca: Mg ratio is also an indicator of relative weathering and degree of development, whereby in 

humid and sub-humid regions exchangeable magnesium increases with respect to exchangeable 

calcium with increasing soil age and degree of development (Buol et al., 2011). This general trend 

could be observed in the profiles of the second group soils that have relatively more intensive 

leaching, lower base saturation, lower Ca:Mg ratio and lower pH. These soils had generally 

Ca:Mg ratios of 2 and less throughout their profiles except in the Ah of KS15, KS16 and KS18.  

4.1.4.2. Soil OM, TN, C:N ratio, ECEC, exchangeable acidity and variable negative charge 

The laboratory analysis results of these soil parameters are shown on (Tables 4.5b, 4.6a, 4.6b and 

4.6c) in detail. Organic matter content of the topsoil (Ah +A1) of the sampled soils ranged on 

average from 1.7 to 17.0% which can be rated as medium to very high except in very few pedons 
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according to Landon (1991), with its highest value (22.31%) at the altitude of 3100 masl in the Ah 

horizon of KS18. However, none of them could be classified as organic soils according to 

FAO/IUSS-WRB (2015) despite such a high OM content, as the minimum requirement for an 

organic soil is 20% OC. Since the soil sampling was conducted mainly on the virgin land areas of 

grass or forest lands, such high results appear to be normal. The general trend observed in the OM 

content is, that it increased with altitude and decreased with increasing soil depth. According to 

Coyne and Thompson (2006), surface horizons of most well drained mineral soils contain 1-6% 

SOM depending on climate and their management history; whereby it decreases generally with 

increasing soil depth since its incorporation into the soil takes place mainly at the soil surface and 

most plants‟ roots‟ proliferation dominates the upper parts of the soil decreasing with depth, so 

that OM concentrates naturally in the upper soil layers. 

 Altitude bears a fairly direct relation to temperature, which is particularly important with respect 

to organic matter accumulation in soils, since orographic effects cause an increase in rainfall and 

decrease in temperature and thereby a decrease in OM decomposition (Young, 1976). The values 

of %TN showed also similar relationships to altitude and depth, since almost all nitrogen in soils 

comes from SOM (Troeh and Thompson, 1993). Teshome (2013) reported on a significant 

positive correlation (r = 0.92 at p < 0.001) between SOM and %TN. Altitudinally, topsoil OM 

increases with a fall in temperature and increase in rainfall, since the former slows the rate of OM 

decomposition and the latter increases the OM supply from plants (Young, 1976). Mohammed 

(2003) had also observed a general increase of OM and total nitrogen content of the soils with 

increasing altitude. The percentage values of total nitrogen were in the range of 0.08% to 0.69% 

on average in the topsoil (Ah+A1), with its highest value (0.88%) at an altitude of 3800 masl on 

Chillallo mountain in the Ah horizon of KS19 (Tables 4.5b and 4.6b). Tekalign (1991) rates 

values of total nitrogen below 0.05% as very low and that above 0.25% as very high, so that most 

soils of the study area were characterized by medium to very high total nitrogen content. 

The trends of the relationships observed between the altitude of the land surface and several soil 

chemical characteristics mentioned in the foregoing and the present discussion were statistically 

analysed using the simple linear regression and correlation as statistical tools (Tables 4.7a, 4.7b 

and 4.7c). Accordingly, linear regression equations that would enable to predict the functional 

relationships supposed to exist between the observed values of altitude as a predictor 

(independent) variable (X) and other chemical soil characteristics in question as response 
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(dependent) variables (Y), were developed. To assess the strength (degree) of the relationships, 

simple linear correlation analysis was conducted and the coefficient of determination (r
2
), 

correlation coefficient (r) and the standard error (Se) were determined. Moreover, the t-test was 

used to see wether a true relationship exists between the predictor and response variables; that is 

the presence of a slope in the population linear regression line which was either positive or 

negative depending on the type of the response variable. Thus, the existence of a slope was 

confirmed by the t-test at 99% confidence level that can be observed as the coefficient (b) of the 

predictor variable (x) in the linear regression equations (Table 4.7b and Figure 4.2A-4.2E).  

The results of the computations done for the simple linear regression and correlation have shown 

that there existed a true correlation that indicated that the variation in the response variables was 

explainable by the variation in altitude within the study area by all the parameters assessed. As it 

can be inferred from the slope (b-values or the coefficients of x) of the linear regression equations, 

the relationship between the altitude and topsoil %SOM, %TN, Olsen-P in mg/kg and subsoil 

variable negative charge (V.N.C1 and V.N.C2, in cmolc/kg and as percent of CEC7 respectively) 

was a type of positive correlation and it was the reverse by subsoil pH, CEC7, SEB, PBS and 

%CaCO3. However, it can be observed in the slope‟s standard error (Se) and the correlation 

coefficient (r) values that there existed a strong variation among the parameters assessed regarding 

their relationship to altitude. It is noteworthy that some of these relationships may not indicate a 

causal relation with altitude since the response variables in question may have a strong 

relationship to a third variable. For instance, the relationship observed between altitude and total 

nitrogen and Olsen-P might have been due to the causal relationship between SOM and altitude 

rather than between them and an increase in altitude.  

Though the trend observed in the C:N ratio in relation to altitude is not so clear, there was a 

general tendency that it decreased with depth and the lowest value (4.83) is observed in the BC 

horizon of KS14 in cropland soil at the depth of 106-160 cm below the soil surface. Yerima 

(1993) reported also a decrease in C:N ratio with soil depth for most Ethiopian soils; and Heluf 

and Wakene (2006) reported on consistent decrease in C:N ratio with increasing soil depth. On the 

other hand, on average, its highest values are observed by soils in higher altitude areas. This may 

be due to the fact that the C:N ratio is an indication of the degree of decomposition for the OM in 

soils as it narrows with increasing decomposition (Buol, et al., 1998; Birkeland, 1999).  
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Due to lower temperatures of the higher altitude areas and continuous supply of fresh organic 

materials to the soils (higher rainfall and comparatively undisturbed natural vegetation), the 

decomposition rate would inevitably be lower in comparison to lower altitude areas with higher 

temperature. During the decomposition of OM in soils, there is a loss of C as CO2 and 

reincorporation of nitrogen into microbial biomass that eventually be incorporated into humus, so 

that the general trend is loss of C and sequestering of N which results in the narrowing of the C: N 

ratio (Foth, 1990). Thus, the C:N ratio partly reflects the amount of N sequestered both into 

microbial biomass and into the recalcitrant humus substances in the soil (Birkeland, 1999). High 

precipitation by lower temperature results in more OM in soils as compared to high precipitation 

and higher temperatures and hence forests of cooler areas are characterized by C:N ratios of 

around 15-20 because of continuous litter fall and lower decomposition rates (McDaniel and 

Munn, 1985; Birkeland, 1999). According to Buol et al. (2011), calcium rich environments 

produce humus with low C:N ratios, and this may be one of the reasons for the relatively lower 

C:N ratios observed by the majority of the pedons of the lower altitude areas with relatively lower 

leaching intensity, though there were also some odd results in some pedons.  

  Effective cation exchange capacity (ECEC) of soils is determined at the natural pH of the soil 

without using soil pH buffering mechanisms allowing the exchange to take place at the actual pH 

of the soil (Rowell, 1994; Brady and Weil, 2014). In acidic soils, in addition to the basic cations 

(Ca
2+

, Mg
2+

, K
+
, Na

+
), the acidic cations (Al

3+
 and H

+
) may occupy the exchange sites. Hence, the 

value of the total exchangeable cations includes Al
3+

 and H
+
 in acidic soils; whereas the total 

exchangeable cations of soils with neutral to alkaline pH is predominantly composed of the basic 

cations that the sum of the exchangeable basic cations approximates the CEC determined using 

buffer solution, namely ammonium acetate that raises the pH of the soil to 7, thereby neutralizing 

the H
+
 ions and precipitating the Al

3+
 ions as Al(OH)3 (Rowell, 1994). Additionally, the CEC of 

the soils increases with the rise in pH, which may be large enough by soils with considerable 

variable charge colloids content, so that the CEC so obtained indicates the potential exchange 

capacity of the soil up to the buffered pH value rather than the natural or actual one (Brady and 

Weil, 2014). Therefore, to avoid the discrepancy that may encounter, the ECEC and the 

exchangeable Al
3+

 and H
+
 or exchangeable acidity should have been determined to know the 

actual total amount of exchangeable cations being held by the soil at its natural pH, and this was 

the main impetus to include the ECEC and exchangeable acidity determination for the second 
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group soils which were relatively acidic soils of higher elevation (higher rainfall) areas within 

KSW. For the analysis, an unbuffered neutral salt solution, namely the 1M KCl is usually used to 

displace the exchangeable basic cations and the exchangeable acidity (Al
3+

), whereby the ECEC is 

determined from the sum of the exchangeable bases and exchangeable Al
3+

 so determined (Buol et 

al., 2011). However, in practice, it is found out that hydrous oxide coatings of Al and Fe in the 

interlayer spaces of the 2:1 layer clays may block a part of the permanent negative charge by 

countering it with positive charges if the exchange is done without buffering; so that to minimize 

the discrepancy that may encounter, the basic cations displaced by the ammonium acetate 

saturation are added to the KCl-extractable A
3+

 (Buol et al., 2011). According to FAO-WRB 

(2006), ECEC of a soil is defined as the sum of exchangeable bases plus exchangeable acidity 

(Al
3+

 and H
+
), the basic cations being determined by the AAc extraction method at pH7. The 

determination of the ECEC of the soils of the study area was performed on the grounds of this 

general presumption by the addition of the sum of exchangeable basic cations determined by AAc 

method at pH7 and exchangeable acidity values determined by 1M KCl unbuffered neutral salt 

solution. Accordingly, the results of the ECEC, exchangeable acidity, aluminium saturation and 

the variable negative charge values estimated from the difference between the CEC7 and the 

ECEC gained by addition of the sum of exchangeable bases of the AAc analysis and the sum of 

exchangeable acidic cations (exchangeable acidity), are elucidated in Tables 4.6a and 4.6c. Similar 

to the trend observed in the CEC7, the ECEC of the second group soils (soils in areas above 2550 

masl) decreased with depth. The sum of basic cations, the proportion of which predominates in the 

ECEC also decreased with depth with its highest value in the Ah horizon almost by all pedons 

(except in the B horizon of pedon KS17). This general tendency was in conformity with the trend 

observed in the OM content of the soils. Except for pedon KS17, the soil pH also decreased 

generally with depth. Abayneh (2005) also observed the effect of nutrient recycling from the 

deeper layers to the surface soil through plants that led to higher nutrient cations‟ content and CEC 

of the surface soil with udic moisture regime than the subsurface soil in the soils of “Sidamo 

Region” as part of the southeastern Ethiopian highlands. According to Young (1976), in the humid 

tropics, the topsoil is generally less acidic than the B horizon, owing to exchangeable calcium 

brought up from the depth by vegetation and deposited on the surface as plant litter.   
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Table 4.5a. Soil pH, CEC, EB, PBS, Ca-saturation, CaCO3- content, EC, ESP and cationic ratios of pedons  

Profile 

No. 

Horizon 

designation 

pH- 

 H2O 

(1:2.5) 

CEC7 

cmolc/kg 

Exchangeable bases in cmol/kg  

PBS 

% 

Ca
2+

  

% 

CaCO3 

EC 

dS/m ESP 

Ca:Mg 

ratio 

Mg:K 

ratio 

Ca+Mg:K 

ratio 
Ca

2+
 Mg

2+
 Na

+
 K

+
 Sum 

KS01 Ah 6.22 45.22 30.10 7.98 0.28 1.74 40.10 88.7 66.6 1.72 0.11 0.62 3.77 4.59 21.89 

 A1 7.20 49.57 35.56 8.96 0.48 0.88 45.88 92.6 71.7 2.03 0.05 0.97 3.97 10.18 50.59 

 A2 6.65 54.78 40.74 10.92 0.61 0.87 53.14 97.0 74.4 2.30 0.08 1.11 3.73 12.55 59.38 

 BA 7.53 65.22 46.48 11.48 0.67 0.83 59.46 91.2 71.3 3.88 0.09 1.03 4.05 13.83 69.83 

 Bss1 7.27 58.48 46.42 11.34 0.67 0.54 58.97 100.8 79.4 4.26 0.19 1.15 4.09 21.00 106.96 

 Bkss2 7.95 56.96 48.72 9.94 0.59 0.45 59.70 104.8 85.5 5.13 0.15 1.04 4.90 22.09 130.36 

 BCkss 7.82 50.00 47.18 9.66 0.54 0.45 57.83 115.7 94.4 3.38 0.21 1.08 4.88 21.47 126.31 

KS02 Ah 6.65 40.87 28.14 7.56 0.39 1.82 37.91 92.8 68.9 1.10 0.06 0.95 3.72 4.15 19.62 

 A1 7.30 41.74 28.56 7.84 1.07 1.21 38.68 92.7 68.4 1.76 0.04 2.56 3.64 6.48 30.08 

 BAt 7.15 44.35 30.10 10.08 1.59 1.36 43.13 97.3 67.9 2.60 0.04 3.59 2.99 7.41 29.54 

 Btk1 7.92 52.17 36.26 16.52 2.09 1.70 56.57 108.4 69.5 3.99 0.09 4.01 2.19 9.72 31.05 

 Btk2 8.20 59.57 41.44 11.34 2.39 1.91 57.08 95.8 69.6 4.40 0.19 4.01 3.65 5.94 27.63 

 BCtk 8.40 51.09 46.76 13.44 2.54 1.87 64.61 126.5 91.7 5.98 0.27 4.97 3.48 7.19 32.19 

 Ck 8.60 47.28 41.58 11.76 2.24 1.42 57.00 120.6 87.9 3.19 0.18 4.74 3.54 8.28 37.56 

KS03 Ah 6.05 59.13 34.58 11.62 0.39 2.56 49.15 83.1 58.5 1.59 0.16 0.66 2.98 4.54 18.05 

 A1 6.67 64.78 43.54 9.94 0.67 1.65 55.80 86.1 67.2 2.41 0.08 1.03 4.38 6.02 32.41 

 A2 7.05 63.04 51.10 12.32 1.13 1.39 65.94 104.6 81.1 2.40 0.08 1.79 4.15 8.86 45.63 

 BAk 7.92 63.91 47.74 11.06 1.35 1.51 61.66 96.5 74.7 4.57 0.13 2.11 4.32 7.32 38.94 

 Bwk1 7.85 53.04 44.38 10.36 1.37 1.33 57.44 108.3 83.7 4.66 0.07 2.58 4.28 7.79 41.16 

 Bw2 7.95 56.96 43.40 8.68 1.35 1.30 54.73 96.1 76.2 3.53 0.07 2.37 5.00 6.68 38.58 

KS04 Ah 5.97 28.26 14.20 5.51 0.13 0.94 20.78 73.5 50.3 0.93 0.05 0.46 2.58 5.86 20.97 

 AE 6.20 26.63 13.30 5.26 0.25 0.50 19.31 72.5 49.9 0.64 0.04 0.94 2.53 10.52 37.12 

 BAt 6.97 44.02 23.80 8.82 1.13 0.62 34.37 78.1 54.1 1.67 0.08 2.57 2.70 14.23 52.61 

 Btss1 7.87 51.09 28.60 11.90 1.48 0.60 42.58 83.3 56.0 1.56 0.11 2.90 2.40 19.83 67.50 

 Bss2 7.65 44.57 25.00 8.82 1.43 0.40 35.65 80.0 56.1 1.88 0.07 3.21 2.83 22.05 84.55 

 BCr 7.05 41.74 23.20 5.94 0.30 0.38 29.82 71.4 55.6 1.05 0.05 0.72 3.91 19.80 76.68 
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Table 4.5b. Soil pH, OC, SOM, TN, Olsen-P, available cationic micronutrients (Fe, Mn, Cu, Zn) and variable negative  

                     charge of pedons  

 

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

pH- 

H2O 

(1:2.5) 

% 

OC 

% 

SOM 
% TN 

C:N 

ratio 

P 

mg/kg 

Cationic micronutrients (mg/kg) 

 

Variable negative 

charge*  

In  

cmolc /kg 

As %  

of CEC7 

Mn Fe Cu Zn 

KS01 Ah 0-14 6.22 4.99 8.60 0.37 13.49 3.20 10.88 139.12 1.57 1.27 5.12 11.3 

 A1 14-33 7.20 1.63 2.81 0.15 10.87 1.08 28.60 64.94 1.49 0.64 3.69 7.4 

 A2 33-58 6.65 1.17 2.02 0.12 9.75 0.76 21.26 32.37 1.29 Trace 1.64 3.0 

 BA 58-109 7.53 0.70 1.20 0.06 11.67 0.26 11.68 12.32 1.30 0.35 5.76 8.8 

 Bss1 109-157 7.27 0.54 0.93 0.06 9.00 0.32 1.00 4.64 1.22 1.01 - - 

 Bkss2 157-193 7.95 0.48 0.83 0.04 12.00 0.38 1.24 6.06 0.90 0.60 - - 

 BCkss 193-200
+
 7.82 0.42 0.72 0.05 8.40 0.42 2.60 6.94 0.87 0.35 - - 

KS02 Ah 0-13 6.65 3.09 5.33 0.24 12.88 2.28 36.18 27.82 1.09 1.67 2.96 7.2 

 A1 13-28 7.30 1.52 2.62 0.16 9.50 0.80 38.88 28.46 0.93 0.66 3.06 7.3 

 BAt 28-48 7.15 1.18 2.03 0.13 9.08 0.32 10.60 13.50 0.77 0.80 1.22 2.8 

 Btk1 48-71 7.92 0.94 1.62 0.14 6.71 0.42 8.68 10.82 0.91 0.42 - - 

 Btk2 71-104 8.20 0.91 1.57 0.11 8.27 0.20 4.64 6.56 0.92 0.51 - - 

 BCtk 104-137  8.40 0.38 0.66 0.06 6.33 0.98 2.20 4.70 0.96 0.33 - - 

 Ck 137-200
+
 8.60 0.12 0.21 0.02 6.00 0.98 0.84 3.16 0.53 0.52 - - 

KS03 Ah 0-13 6.05 5.91 10.19 0.44 13.43 6.14 74.00 130.10 2.52 2.41 9.98 16.9 

 A1 13-43 6.67 1.92 3.31 0.18 10.67 1.52 32.92 58.14 1.84 2.38 8.98 13.9 

 A2 43-93 7.05 1.33 2.29 0.14 9.50 0.86 10.16 19.70 1.24 0.37 - - 

 BAk 93-113 7.92 0.83 1.43 0.08 10.38 0.32 3.22 6.12 1.18 0.37 2.25 3.5 

 Bwk1 113-158 7.85 0.49 0.85 0.08 6.13 0.16 2.94 6.90 1.31 0.56 - - 

 Bw2 158-200
+
 7.95 0.44 0.76 0.06 7.33 0.54 15.04 11.60 1.83 0.49 2.23 3.9 

KS04 Ah 0-22 5.97 1.24 2.14 0.11 11.27 2.38 38.72 140.27 1.20 2.19 7.48 26.5 

 AE 22-40 6.20 0.73 1.26 0.05 14.60 0.86 17.28 79.30 0.35 0.80 7.32 27.5 

 BAt 40-66 6.97 0.76 1.31 0.04 19.00 0.56 24.45 17.34 0.33 0.33 9.65 21.9 

 Btss1 66-99 7.87 0.48 0.83 0.02 24.00 1.30 24.36 15.79 0.80 0.62 8.51 16.7 

 Btss2 99-146 7.65 0.21 0.36 0.03 7.00 2.42 11.37 25.96 0.62 1.02 8.92 20.0 

 BCr 146-200
+
  7.05 0.12 0.21 0.02 6.00 1.08 22.20 15.43 0.84 0.84 11.92 28.6 

        * Estimated from the difference between the CEC7 and the sum of exchangeable bases (SEB) according to Table 4.5a; ND = Non-detectable. 
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Table 4.5a. (Continued)  

Profile 

No. 

Horizon 

designation 

pH-

H2O 

(1:2.5) 

CEC7 

cmolc /kg 

Exchangeable bases in cmol/kg  

PBS 
% 

Ca
2+

 

% 

CaCO3 

EC 

dS/m 
ESP 

Ca:Mg 

ratio 

Mg:K 

ratio 

Ca+Mg:K 

ratio Ca
2+

 Mg
2+

 Na
+
 K

+
 Sum 

KS05 Ah 6.26 44.57 19.10 6.48 0.15 1.85 27.58 61.9 42.9 1.73 0.08 0.34 2.95 3.50 13.83 

 A1 6.56 45.11 22.00 6.30 0.24 2.12 30.66 68.0 48.8 1.31 0.03 0.53 3.49 2.97 13.35 

 Bt1 6.59 49.46 24.10 6.30 0.33 2.32 33.05 66.8 48.7 1.90 0.04 0.67 3.83 2.72 13.10 

 Bt2 7.55 43.48 27.70 6.66 0.41 2.73 37.50 86.3 63.7 1.59 0.06 0.94 4.16 2.44 12.59 

 BCr 7.80 56.52 31.00 8.46 0.50 3.01 42.97 76.0 54.9 2.04 0.08 0.88 3.66 2.81 13.11 

KS06 Ah 6.25 44.03 21.38 6.54 0.24 2.32 30.48 69.2 48.6 1.37 0.06 0.55 3.27 2.82 12.03 

 A1 6.20 45.31 22.61 5.03 0.32 1.84 29.80 65.8 49.9 1.56 0.04 0.71 4.50 2.73 15.02 

 BAt 6.33 45.88 26.24 5.36 0.42 1.84 33.86 73.8 57.2 1.57 0.05 0.92 4.90 2.91 17.17 

 Bt1 6.88 47.52 30.15 8.66 0.60 1.91 41.32 87.0 63.5 2.25 0.04 1.26 3.48 4.53 20.32 

 Bt2 7.95 51.35 33.31 8.72 0.66 2.03 44.72 87.1 64.9 2.85 0.09 1.28 3.82 4.30 20.70 

 BCtrk 8.28 50.59 34.49 8.35 0.70 1.94 45.48 89.9 68.2 3.09 0.02 1.38 4.13 4.30 22.08 

KS07 Ap 6.37 33.00 17.09 5.73 0.27 1.16 24.25 73.5 51.8 2.91 0.03 0.82 2.98 4.94 19.67 

 A1 6.77 42.29 21.27 8.70 0.48 1.23 31.68 74.9 50.3 2.37 0.03 1.14 2.44 7.07 24.37 

 Bt 7.46 48.36 29.43 9.02 0.93 1.74 41.12 85.0 60.9 3.56 0.05 2.03 3.26 5.18 22.10 

 B/Ctk 8.17 46.98 33.60 5.84 1.01 1.60 42.05 89.5 71.5 4.57 0.08 2.15 5.75 3.65 24.65 

 Cr 8.20 49.47 20.92 6.23 1.06 1.53 29.74 60.1 42.3 2.25 0.05 2.14 3.36 4.07 17.75 

KS08 Ap 6.65 31.20 18.62 6.40 0.40 2.00 27.42 87.9 59.7 1.66 0.04 1.28 2.91 3.20 12.51 

 A1 7.01 33.60 17.97 6.52 0.90 1.60 26.99 80.3 53.5 1.21 0.04 2.68 2.76 4.08 15.31 

 BAt 7.08 43.00 20.78 6.38 1.20 1.80 30.16 70.1 48.3 1.01 0.05 2.79 3.26 3.54 15.09 

 Bt1 7.95 43.00 27.01 8.13 2.10 2.30 39.54 92.0 62.8 2.90 0.08 4.88 3.32 3.53 15.28 

 B2 8.54 55.30 31.81 10.31 2.50 2.50 47.12 85.2 57.5 2.27 0.12 4.52 3.09 4.12 16.85 

 BCk 8.77 49.30 35.52 10.88 2.50 2.00 50.90 103.2 72.1 6.03 0.21 5.07 3.26 5.44 23.20 

 Crk 8.82 43.80 34.37 7.79 2.70 1.50 46.36 105.8 78.5 13.69 0.17 6.16 4.41 5.19 28.11 

KS09 Ah 6.70 39.90 16.77 5.06 0.20 2.60 24.63 61.7 42.0 0.66 0.05 0.50 3.31 1.95 8.40 

 A1 6.85 50.80 23.39 7.24 0.70 2.90 34.23 67.4 46.0 1.25 0.03 1.38 3.23 2.50 10.56 

 BAt 7.12 50.40 26.09 6.52 1.10 2.70 36.41 72.2 51.8 1.83 0.04 2.18 4.00 2.41 12.08 

 Bt1 7.56 56.80 26.97 7.87 1.30 2.20 38.34 67.5 47.5 1.23 0.06 2.29 3.43 3.58 15.84 

 B2 8.32 47.40 31.16 7.73 1.80 2.50 43.19 91.1 65.7 2.38 0.08 3.80 4.03 3.09 15.56 

 BCk 8.54 43.90 31.23 7.93 1.80 2.20 43.16 98.3 71.1 4.61 0.10 4.10 3.94 3.60 17.80 

 Ck 8.68 42.60 33.70 6.66 1.60 1.40 43.36 101.8 79.1 3.48 0.14 3.76 5.06 4.76 28.83 
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Table 4.5b. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

pH- 

H2O 

(1:2.5) 

% OC 
% 

SOM 

% 

TN 

C:N 

ratio 

P 

mg/kg 

Cationic micronutrients 

(mg/kg) 

 

Variable negative 

charge* 

 

In  

cmolc /kg 

As  % of 

CEC7 

Mn Fe Cu Zn 

KS05 Ah 0-22 6.26 2.88 4.97 0.24 12.00 2.88 53.42 57.69 1.51 1.25 16.99 38.1 

 A1 22- 45 6.56 1.44 2.48 0.13 11.08 1.76 24.16 30.91 1.32 0.48 14.45 32.0 

 Bt1 45-63 6.59 1.15 1.98 0.08 14.38 1.26 19.59 21.81 1.15 0.29 16.41 33.2 

 Bt2 63-109 7.55 0.70 1.20 0.05 14.00 1.48 20.38 9.94 1.20 0.52 5.98 13.8 

 BCr 109-123
+
 7.80 0.46 0.79 0.03 15.33 0.46 8.72 9.23 0.45 0.66 13.55 24.0 

KS06 Ah 0-13  6.25 3.30 5.69 0.26 12.69 1.51 65.40 52.62 2.48 1.82 13.55 30.8 

 A1 13-27 6.20 1.25 2.16 0.17 7.35 0.73 54.96 46.83 1.09 0.63 15.51 34.2 

 BAt 27-39 6.33 1.16 2.00 0.12 9.67 0.25 40.63 35.89 2.03 0.91 12.02 26.2 

 Bt1 39-66 6.88 1.13 1.95 0.10 11.30 0.99 28.97 26.12 1.91 0.79 6.20 13.1 

 Bt2 66-97 7.95 0.71 1.22 0.08 8.88 0.46 2.47 5.50 1.17 0.54 6.63 12.9 

 BCtrk 97-126+ 8.28 0.56 0.97 0.07 8.00 ND 1.91 3.37 0.79 0.35 5.11 10.1 

KS07 Ap 0-21 6.37 1.67 2.88 0.20 8.35 4.12 64.99 69.96 2.26 0.87 8.75 26.5 

 A1 21-39 6.77 1.36 2.34 0.12 11.33 1.88 39.21 43.16 2.55 2.85 10.61 25.1 

 Bt 39-97 7.46 0.77 1.33 0.08 9.63 0.26 22.26 17.18 1.52 0.86 7.24 15.0 

 B/Ctk 97-138 8.17 0.38 0.66 0.05 7.60 0.19 1.91 4.67 0.57 1.00 4.93 10.5 

 Cr 138-200
+
 8.20 0.26 0.45 0.04 6.50 ND 0.71 0.51 0.39 0.94 19.73 39.9 

KS08 Ap 0-16 6.65 2.93 5.05 0.20 14.65 11.58 70.30 43.86 2.56 1.83 3.78 12.1 

 A1 16-30 7.01 2.67 4.60 0.20 13.35 0.92 106.50 108.92 1.89 0.96 6.61 19.7 

 BAt 30-47 7.08 1.89 3.26 0.16 11.81 0.93 71.84 108.92 1.82 1.15 12.84 27.9 

 Bt1 47-73 7.95 1.23 2.12 0.10 12.30 0.12 47.40 66.50 1.79 0.76 3.46 8.1 

 B2 73-94 8.54 0.96 1.66 0.09 10.67 ND 24.28 31.08 1.53 0.56 8.18 14.8 

 BCk 94-119 8.77 0.67 1.16 0.07 9.57 1.35 61.88 65.68 1.55 0.85 - - 

 Crk 119-172
+
 8.82 0.31 0.53 0.04 7.75 2.07 80.39 121.19 0.43 1.10 - - 

KS09 Ah 0-18 6.70 4.48 7.72 0.32 14.00 3.05 69.36 83.60 2.03 2.63 15.27 38.3 

 A1 18-37 6.85 2.62 4.52 0.21 12.48 0.26 69.64 86.08 1.77 0.64 16.57 32.6 

 BAt 37-58 7.12 2.01 3.47 0.15 13.40 ND 76.24 70.32 1.21 0.38 13.99 27.8 

 Bt1 58-76 7.56 1.27 2.19 0.11 11.55 ND 20.72 15.08 1.83 0.74 18.46 32.5 

 B2 76-106 8.32 1.02 1.76 0.09 11.33 ND 25.96 21.76 1.67 0.71 4.21 8.9 

 BCk 106-146 8.54 0.84 1.45 0.08 10.50 0.07 70.69 67.68 1.45 0.76 0.74 1.7 

 Ck 146-200
+
 8.68 0.38 0.66 0.06 6.33 0.07 21.88 38.56 0.77 0.70 - - 
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Table 4.5a. (Continued)  

Profile 

No. 

Horizon 

designation 

pH-H2O 

(1:2.5)  
CEC7 

cmolc/kg 

Exchangeable bases in cmol/kg  
PBS 

% 

Ca
2+

 

% 

CaCO3 

EC 

dS/m 
ESP 

Ca:Mg 

ratio 

Mg:K 

ratio 

Ca+Mg:K 

ratio Ca
2+

 Mg
2+

 Na
+
 K

+
 Sum 

KS10 Ah 7.06 36.70 15.93 5.82 0.50 2.20 24.45 66.6 43.4 1.70 0.08 1.36 2.74 2.65 9.89 

 A1 7.17 53.70 19.46 9.60 2.50 2.20 33.76 62.9 36.2 1.60 0.05 4.66 2.03 4.36 13.21 

 BAt 7.51 46.00 20.76 9.61 3.20 2.50 36.07 78.4 45.1 1.72 0.07 6.96 2.16 3.84 12.15 

 Bt1 8.76 56.70 29.01 12.99 4.90 2.90 49.80 87.8 51.2 2.48 0.17 8.64 2.23 4.48 14.48 

 Bk2 8.86 54.50 29.42 12.05 4.90 2.60 49.97 89.9 54.0 3.28 0.26 8.99 2.44 4.63 15.95 

 BCk 9.04 52.90 28.41 14.58 3.80 2.20 48.99 92.6 53.7 20.92 0.26 7.18 1.95 6.63 19.54 

 Crk 9.05 47.40 23.86 12.05 3.80 1.50 41.21 86.9 50.3 5.87 0.20 8.02 1.98 8.03 23.94 

KS11 Ah 6.91 32.90 17.41 3.13 0.20 1.90 22.64 68.8 52.9 0.62 0.06 0.61 5.56 1.65 10.81 

 AC 7.10 36.40 17.52 5.16 0.40 2.30 25.38 69.7 48.1 1.50 0.07 1.10 3.40 2.24 9.86 

 Cr 7.01 22.50 13.61 4.81 0.60 1.80 20.82 92.5 60.5 0.84 0.05 2.67 2.83 2.67 10.23 

KS12 Ah 5.90 42.87 15.17 5.11 0.30 2.50 23.08 53.8 35.4 1.05 0.10 0.70 2.97 2.04 8.11 

 EA 6.53 22.23 11.78 2.42 0.50 0.70 15.40 69.3 53.0 1.41 0.03 2.25 4.87 3.46 20.29 

 B/Et 6.96 30.42 18.96 4.31 0.90 0.90 25.07 82.4 62.3 1.53 0.04 2.96 4.40 4.79 25.86 

 Btss1 7.87 58.06 38.11 9.45 1.40 1.50 50.46 86.1 65.6 2.95 0.05 2.41 4.03 6.30 31.71 

 Btss2 7.73 36.31 29.14 7.96 1.00 1.00 39.10 107.7 80.3 2.97 0.04 2.75 3.66 7.96 37.10 

KS13 Ah 5.98 40.13 14.15 4.63 0.30 1.50 20.58 51.3 35.3 0.55 0.06 0.75 3.06 3.09 12.52 

 A/E 6.37 34.95 17.75 5.61 0.40 1.70 25.46 72.9 50.8 1.23 0.03 1.14 3.16 3.30 13.74 

 Btss1 7.54 52.78 35.49 10.93 1.00 1.80 40.22 76.2 67.2 2.87 0.06 1.89 3.25 6.07 25.79 

 Btssg2 7.51 63.00 43.02 12.17 1.40 1.40 59.99 92.1 68.3 3.29 0.11 2.22 3.53 8.69 39.42 

 B/Ctrg 7.06 42.40 32.29 10.54 1.30 1.10 45.33 106.9 76.4 3.00 0.09 3.07 3.07 9.58 39.03 

KS14 Ap 6.08       24.61 13.96 4.23 0.10 1.80 20.09 81.6 56.7 1.86 0.08 0.41 3.30 2.35 10.11 

 A1 6.99 41.16 20.77 6.35 0.30 2.90 30.32 73.7 50.5 1.74 0.04 0.73 3.27 2.19 9.35 

 Bw1 7.42 33.22 21.65 7.00 0.30 3.50 32.45 97.7 65.2 1.15 0.04 0.90 3.09 2.00 8.19 

 Bw2 7.50 33.08 21.92 6.81 0.30 3.20 32.23 97.4 66.3 1.49 0.04 0.91 3.22 2.13 8.98 

 BC 7.36 31.13 20.11 5.85 0.30 2.30 28.56 91.7 64.6 1.41 0.05 0.96 3.44 2.54 11.29 

 C 7.14 34.46 24.67 7.06 0.40 2.40 34.53 100.2 71.6 1.75 0.04 1.16 3.49 2.94 13.22 
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Table 4.5b. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

pH-

H2O 

(1:2.5) 

% 

OC 

% 

SOM 
% TN 

C:N 

ratio 

P 

mg/kg 

Cationic micronutrients 

in mg /kg 

Variable negative 

charge* 

 

In  

cmolc /kg 

As % of 

CEC7 

Mn Fe Cu Zn 

KS10 Ah 0-14 7.06 5.77 9.95 0.35 16.49 2.83 44.62 35.99 1.11 1.51 12.25 33.4 

 A1 14-38 7.17 2.64 4.55 0.19 13.89 ND 59.67 36.14 1.41 0.60 19.94 37.1 

 BAt 38-58 7.51 1.76 3.03 0.14 12.57 ND 43.25 77.88 1.39 0.81 9.93 21.6 

 Bt1 58-85 8.76 1.38 2.38 0.12 11.50 ND 9.24 9.60 1.37 0.71 6.90 12.2 

 Bk2 85-112 8.86 1.23 2.12 0.09 13.67 ND 12.13 15.71 1.23 0.43 5.53 10.2 

 BCk 112-153 9.04 0.92 1.59 0.07 13.14 ND 6.10 8.69 1.17 0.62 3.91 7.4 

 Crk 153-200
+
 9.05 0.23 0.40 0.04 5.75 ND 7.62 14.49 0.66 0.59 6.19 13.1 

KS11 Ah 0-18 6.91 5.28 9.10 0.36 14.67 1.25 135.30 171.85 0.38 2.76 10.26 31.2 

 AC 18-33 7.10 2.22 3.83 0.17 13.06 ND 122.38 117.37 0.19 1.05 11.02 30.3 

 Cr 33-62 7.01 1.18 2.03 0.11 10.73 ND 120.90 138.28 0.16 2.77 1.68 7.5 

KS12 Ah 0-19 5.90 6.92 11.93 0.64 10.81 4.29 48.00 188.90 2.04 3.56 19.79 46.2 

 EA 19-46 6.53 0.80 1.38 0.13 6.15 0.09 34.48 88.44 1.39 0.88 6.83 30.7 

 B/Et 46-71 6.96 1.22 2.10 0.12 10.17 ND 18.22 80.39 1.64 1.33 5.35 17.6 

 Btss1 71-135 7.87 0.90 1.55 0.09 10.00 ND 6.08 17.76 1.10 0.50 7.60 13.1 

 Btss2 135-200
+
 7.73 0.40 0.69 0.05 8.00 ND 13.11 25.88 1.15 0.48 - - 

KS13 Ah 0-14 5.98 5.00 8.62 0.47 10.64 2.32 47.44 178.90 1.93 1.92 19.55 48.7 

 A/E 14-39  6.37 2.30 3.97 0.22 10.45 0.02 29.28 72.32 0.95 0.82 9.49 27.2 

 Btss1 39-87 7.54 0.79 1.36 0.10 7.90 ND 5.84 25.44 0.17 0.94 12.56 23.8 

 Btssg2 87-153 7.51 0.28 0.48 0.05 5.60 ND 6.84 14.45 0.71 0.74 3.01 4.8 

 B/Ctrg 153-181
+
 7.06 0.12 0.21 Trace  ND ND 43.12 43.44 0.47 0.48 - - 

KS14 Ap 0-16 6.08 3.16 5.45 0.27 11.70 22.01 64.08 83.48 1.34 1.55 4.52 18.4 

 A1 16-40  6.99 1.57 2.71 0.23 6.83 0.75 61.36 110.18 1.66 1.04 10.84 26.3 

 Bw1 40-69 7.42 1.31 2.26 0.16 8.19 0.85 41.40 62.77 1.14 0.94 0.77 2.3 

 Bw2 69-106 7.50 1.00 1.72 0.16 6.25 0.27 26.27 23.42 0.83 0.52 0.85 2.6 

 BC 106-160 7.36 0.29 0.50 0.06 4.83 ND 52.34 68.22 0.36 0.44 2.57 8.3 

 C 160-200
+
 7.14 0.27 0.47 0.05 5.40 0.44 73.98 76.13 0.41 1.83 - - 

  * Estimated from the difference between the CEC7 and the sum of exchangeable bases (SEB) according to Table 4.5a; ND = Non-detectable. 
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Table 4.6a. Soil pH, CEC7, EB, PBS (of CEC7 and ECEC), exchangeable acidity, ECEC and Al-saturation of pedons  

 

 

  

Profile 

No. 

Horizon 

designation 

pH-H2O 

(1:2.5) 

CEC7 

cmolc/kg 

Exchangeable bases in cmol/kg 

PBS 

of 

CEC7 

Exchangeable acidity 

in cmol/kg 

E
C

E
C

 

cm
o

l/
k

g
 

%
 A

l3
+
  

(E
C

E
C

) 

P
B

S
 (

E
C

E
C

) 

Ca
2+

 Mg
2+

 Na
+
 K

+
 Sum 

H+ Al
3+

 Sum 

KS15 Ah 6.14 45.08 21.61 6.90 0.14 1.98 30.63 68.0 0.10 ND 0.10 30.73 0.00 99.7 

 A1 5.15 29.87 9.31 5.59 0.19 0.55 15.64 52.4 0.29 0.09 0.38 16.02 0.56 97.6 

 BEt 5.70 29.84 7.13 5.74 0.16 0.36 13.39 44.9 0.61 1.02 1.63 15.02 6.79 89.2 

 Bt1 5.73 26.85 8.54 7.59 0.14 0.56 16.83 62.7 0.75 0.75 1.50 18.33 4.09 91.8 

 Bt2 5.94 17.23 8.67 5.17 0.14 0.49 14.47 84.0 0.39 ND 0.39 14.86 0.00 97.4 

 BC 6.29 14.62 8.50 5.27 0.11 0.30 14.18 97.00 0.06 ND 0.06 14.24 0.00 99.6 

KS16 Ah 6.01 42.68 19.98 6.12 0.10 1.38 27.58 64.6 0.14 ND 0.14 27.72 0.00 99.5 

 A1 5.90 30.74 8.49 5.89 0.10 0.62 15.10 49.1 0.25 ND 0.25 15.35 0.00 98.4 

 A/Ctr 5.34 24.59 5.97 5.43 0.16 0.24 11.80 47.4 2.46 1.69 4.15 15.95 10.60 74.0 

KS17 Ah 5.37 41.79 16.51 9.78 0.22 1.04 27.55 65.9 0.20 ND 0.20 27.75 - 99.3 

 A1 6.22 31.05 11.31 5.34 0.17 0.50 17.32 55.8 0.16 ND 0.16 17.48 - 99.1 

 BEt 6.34 29.96 10.32 6.77 0.18 0.31 17.58 58.7 0.15 ND 0.15 17.73 - 99.2 

 Bt1 6.05 37.85 18.47 10.60 0.32 0.41 29.80 78.7 0.32 ND 0.32 30.12 - 98.9 

 B2 6.04 31.83 15.46 9.34 0.23 0.57 25.60 80.4 0.26 ND 0.26 25.86 - 99.0 

KS18 Ah 5.79 47.88 13.40 4.82 0.12 1.25 19.59 41.0 0.11 ND 0.11 19.70 - 99.4 

 A1 5.76 41.22 3.77 3.20 0.06 1.62 8.65 21.0 2.64 1.70 4.34 12.99 13.09 66.6 

 Bt1 5.59 22.78 4.48 3.79 0.08 0.21 8.56 37.6 2.18 1.52 3.70 12.26 12.40 69.8 

 B/Ctr 5.68 18.50 4.09 3.92 0.10 0.20 8.31 44.9 2.37 1.60 3.97 12.28 13.03 67.7 

KS19 Ah 5.60 43.19 6.33 4.09 0.11 0.78 11.31 26.2 0.09 ND 0.09 11.40 - 99.2 

 A1 5.57 38.91 4.44 2.44 0.06 0.22 7.16 18.4 1.05 0.50 1.55 8.71 - 82.2 

 ACr 5.42 22.81 1.38 1.38 0.08 0.12 2.96 13.0 0.56 0.11 0.67 3.63 3.03 81.5 
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Table 4.6b. Soil pH, EC, OC, SOM, TN, C:N-ratio, Olsen-P, Ca-saturation, ESP, and cationic ratios of pedons  

 

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

pH-

H2O 

(1:2.5) 

EC 

dS/m 
% OC 

% 

SOM 

% 

TN 

C:N 

ratio 

P 

mg/kg 
% Ca

+
 ESP 

Ca:Mg 

ratio 

Mg:K 

ratio 

Ca+Mg:K 

ratio 

KS15 Ah 0-11 6.14 0.09 8.56 14.76 0.62 13.81 8.27 47.9 0.31 6.13 3.49 14.40 

 A1 11-34 5.15 0.05 3.16 5.45 0.25 12.64 1.33 31.2 0.64 1.67 10.16 27.09 

 BEt 34-50 5.70 0.02 1.69 2.91 0.12 14.08 0.45 23.9 0.54 1.24 15.94 37.75 

 Bt1 50-100 5.73 0.02 0.97 1.67 0.08 12.13 0.66 31.8 0.52 1.13 13.55 28.80 

 Bt2 100-157 5.94 0.02 0.83 1.43 0.07 11.86 2.33 50.3 0.81 1.68 10.55 28.24 

 BC 157-200
+
 6.29 0.02 0.24 0.41 0.03 8.00 2.78 58.1 0.66 1.61 17.57 45.90 

KS16 Ah 0-15 6.01 0.06 11.07 19.09 0.77 14.38 6.52 46.8 0.23 3.27 4.44 18.91 

 A1 15-52 5.90 0.02 5.42 9.34 0.37 14.65 3.61 27.6 0.33 1.44 9.50 23.19 

 A/Ctr 52-83 5.34 0.01 0.71 1.22 0.06 11.83 2.54 24.3 0.65 1.10 22.63 47.50 

KS17 Ah 0-19 5.37 0.08 9.73 16.78 0.70 13.90 3.36 39.5 0.53 1.69 9.40 25.28 

 A1 19-39 6.22 0.01 2.96 5.10 0.21 14.10 1.30 36.4 0.55 2.12 10.68 33.30 

 BEt 39- 66 6.34 0.01 1.04 1.79 0.09 11.56 0.70 34.5 0.60 1.52 21.84 26.10 

 Bt1 66-102 6.05 0.02 0.43 0.74 0.05 8.60 0.52 48.8 0.85 1.74 25.85 70.90 

 B2 102-200 6.04 0.02 0.24 0.41 0.04 6.00 1.41 48.6 0.72 1.66 16.39 43.51 

KS18 Ah 0-19 5.79 0.08 12.94 22.31 0.83 15.59 4.88 28.0 0.19 2.78 3.86 14.58 

 A1 19-47 5.76 0.02 6.75 11.64 0.42 16.07 3.87 9.2 0.15 1.18 1.98 4.30 

 Bt1 47-94 5.59 0.01 1.56 2.69 0.12 13.00 1.92 19.7 0.35 1.18 18.05 39.38 

 B/Ctr 94-113 5.68 0.01 0.72 1.24 0.08 9.00 1.77 22.1 0.54 1.04 19.60 40.05 

KS19 Ah 0-16 5.60 0.03 10.42 17.96 0.88 11.84 3.28 14.7 0.25 1.55 5.24 13.36 

 A1 16-32 5.57 0.03 7.14 12.31 0.49 14.57 4.84 11.4 0.15 1.82 11.09 31.27 

 ACr 32-55 5.42 0.01 2.35 4.05 0.24 9.79 7.17 6.1 0.35 1.00 11.50 23.00 
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Table 4.6c. Soil pH, SOM, available cationic micronutrients, CEC7, ECEC and variable negative charge of pedons  

 

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

pH-H2O 

(1:2.5) 

% 

SOM 

Cationic micronutrients in mg/kg 
CEC7 in 

cmolc /kg 

ECEC in 

cmolc /kg 

V.N.C. 

Mn Fe Cu Zn 
In 

cmolc /kg 

In % of 

CEC7 

KS15 Ah 0-11 6.14 14.76 96.76 207.16 2.52 3.71 45.08 30.73 14.35 31.8 

 A1 11-34  5.15 5.45 31.31 93.61 1.73 0.99 29.87 16.02 13.85 46.4 

 BEt 34-50 5.70 2.91 12.27 61.68 1.47 0.57 29.84 15.02 14.82 49.7 

 Bt1 50-100 5.73 1.67 11.36 25.14 1.29 0.59 26.85 18.33 8.52 31.7 

 Bt2 100-157 5.94 1.43 19.18 18.13 0.99 0.80 17.23 14.86 2.37 13.8 

 BC 157-200+ 6.29 0.41 104.09 23.36 0.65 1.04 14.62 14.24 0.38 2.6 

KS16 Ah 0-15 6.01 19.08 30.18 138.83 1.06 1.62 42.68 27.72 14.96 35.1 

 A1 15-52 5.90 9.34 3.11 70.76 0.38 0.72 30.74 15.35 15.39 50.1 

 A/Ctr 52-83 5.34 1.22 3.08 14.01 0.23 0.60 24.59 15.95 8.64 35.1 

KS17 Ah 0-19 5.37 16.78 51.87 220.05 1.86 1.91 41.79 27.75 14.07 33.6 

 A1 19-39 6.22 5.10 33.36 132.77 1.12 0.95 31.05 17.48 13.57 43.7 

 BEt 39- 66 6.34 1.79 28.79 59.35 0.74 0.44 29.96 17.73 12.23 40.8 

 Bt1 66-102 6.05 0.74 31.09 32.65 0.40 0.81 37.85 30.12 7.73 20.4 

 B2 102-200+ 6.04 0.41 26.35 40.99 0.45 0.53 31.83 25.86 5.97 18.8 

KS18 Ah 0-19 5.79 22.31 4.67 128.24 0.87 2.20 47.88 19.70 28.18 58.9 

 A1 19-47 5.76 11.64 1.68 47.33 0.48 0.71 41.22 12.99 28.23 68.5 

 Bt1 47-94 5.59 2.69 1.06 31.79 0.36 0.60 22.78 12.26 10.52 46.2 

 B/Ctr 94-113+ 5.68 1.24 1.88 26.67 0.54 0.80 18.50 12.28 6.22 33.6 

KS19 Ah 0-16 5.60 17.96 3.41 42.93 0.54 1.90 43.19 11.40 31.79 73.6 

 A1 16-32 5.57 12.31 0.07 48.20 0.18 0.99 38.91 8.71 30,20 77.6 

 ACr 32-55 5.42 4.05 0.27 19.61 0.15 0.46 22.81 3.63 19.18 84.1 

          V.N.C. = Variable negative charge estimated from the difference between CEC7 and ECEC. 
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Table 4.7a. Altitudinal trends of some chemical soil characteristics (observed values) 

 

Profile 

No. 

Altitude in 

masl 

(X) 

pH- 

H2O* 

(1:2.5) 

(Y) 

% 

SOM 

** 

(Y) 

% 

TN 

** 

(Y) 

Olsen-P 

** 

mg/kg 

(Y) 

CEC7* 

cmolc/kg 

(Y) 

SEB* 

cmol/kg 

(Y) 

PBS* 

(Y) 

% 

CaCO3 

* 

(Y) 

Variable negative charge 

 (V.N.C.)-Y 

V.N.C1* 

cmolc/kg 

V.N.C2* 

% of CEC7 

KS10 1950 8.64 7.25 0.27 1.42 51.50 45.01 87.1 6.65 6.49 12.9 

KS11 1980 7.01 6.47 0.27 0.63 22.50 20.82 92.5 0.84 1.68 7.5 

KS02 2050 8.05 3.98 0.20 1.13 50.89 55.68 ------- 4.03 0.24 0.6 

KS05 2050 7.31 3.73 0.19 2.32 49.82 37.84 76.4 1.84 ------ ------ 

KS08 2080 8.23 4.83 0.20 ------ 46.88 42.82 91.3 5.18 4.90 10.5 

KS03 2110 7.91 5.26 0.25 2.84 57.97 57.94 100.0 4.25 1.49 2.5 

KS06 2110 7.36 3.93 0.22 1.12 48.84 41.35 84.4 2.44 7.49 15.6 

KS07 2150 7.94 2.61 0.16 ------ 48.27 37.64 78.2 3.46 -------- ------ 

KS09 2190 8.04 6.12 0.27 1.66 48.22 40.89 86.2 2.71 7.48 14.2 

KS01 2290 7.64 4.48 0.21 1.68 57.67 58.99. ------ 4.16 1.44 2.2 

KS14 2340 7.36 4.08 0.25 ------ 32.97 31.94 96.8 1.45 1.05 3.3 

KS04 2345 7.39 1.70 0.08 1.62 45.36 35.61 78.2 1.54 9.75 21.8 

KS12 2345 7.52 7.02 0.39 2.19 41.60 38.21 92.1 2.48 4.32 10.2 

KS13 2470 7.37 6.30 0.35 1.17 52.73 48.51 91.7 3.05 5.19 9.5 

KS15 2650 5.91 10.11 0.44 4.80 22.14 14.71 72.1 0.00 6.52 24.4 

KS17 2790 6.14 10.94 0.46 2.33 33.21 24.33 72.6 0.00 8.64 26.7 

KS16 2965 5.34 14.21 0.57 5.07 24.59 11.80 47.4 0.00 8.64 35.1 

KS18 3100 5.64 17.00 0.63 4.40 20.64 8.44 41.3 0.00 8.37 39.9 

KS19 3800 5.42 15.14 0.67 4.06 22.81 2.96 13.00 0.00 19.18 84.1 

S.No. 19 19 19 19 16 19 19 17 19 17 17 

Sum 45765 136.22 135.16 6.08 38.44 778.61 655.49 1301.3 44.28 102.87 320.9 

Mean 2408.68 7.17 7.11 0.32 2.40 40.98 34.50 75.5 2.33 6.05 18.9 
      * Subsoil mean; ** Topsoil mean; X = Predictor variable; Y = Response variable; S. No. = Sample number; V.N.C. = Variable negative charge. 
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Table 4.7b. Simple linear regression and correlation analysis results of the relationship between altitude and some chemical soil 

                    characteristics  
 

 

 

  

Types of related 

variables 
S. 

No. 

 

Derived regression 

equation 

(Y = a bx) 

St. 

error 

(Se) 

St. 

error 

estimate 

(Sb) 

Strength of 

relationship 

Two tailed t-test results 

Con. 

level 

Table 

t-value 

 

Computed 

t-value 

(b/Sb) 

Interval of estimate 

(b- t/2.Sb < B < b+ t/2.Sb) 
Predictor 

variable 

Response 

variable r2 r 

Altitude Soil pH 19 Y=11.55-0.00182x 0.53 1.32x10-7 
0.742 0.86 99% 2.898 -13767.02 -0.001823<B< -0.001817 

“ %SOM 19 Y=-11.58+0.00776x 2.45 61x10-6 
0.703 0.84 99% 2.898 1272.13 0.00744< B < 0.00778 

“ %TN 19 Y=-0.43+0.00031x 0.10 2.5x10-8 
0.79 0.89 99% 2.898 12400.00 30.993x10-5<B<31.0073x10-5 

“ CEC7 19 Y=85.11-0.01832x 10.01 0.005 0.442 0.67 99% 2.898 -3.664 -0.033 < B< -0.0038 

“ SEB 19 Y=98.83-0.02671x 11.15 0.0056 0.58 0.76 99% 2.898 -4.77 -0.043 <B < -0.0105 

“ %CaCO3 19 Y=9.22-0.00286x 1.51 7.54x10-4 
0.46 0.68 99% 2.898 -3.793 -0.0051 <B < -0.0007 

“ PBS 17 Y=178.698-0.041922x 10.24 0.00522 0.81 0.90 99% 2.947 -8.031 -0.0573 <B < -0.0265 

“ Olsen-P 16 Y=-2.69+0.00208x 1.00 5.13x10-4 0.54 0.74 99% 2.977 4.055 0.000553<B<0.00361 

“ V.N.C1 17    Y=-11.9245+0.007352x 2.94 0.00151 0.613 0.78 99% 2.947 4.869 0.0029 <B< 0.012 

“ V.N.C2 17 Y=-74.831+0.03833x 8.35 0.00429 0.842 0.92 99% 2.947 8.938 0.026<B<0.051 

  St. = Standard; B = Slope of the probable population; Con. = Confidence; Y = Prediction value; a = The Y-intercept; b = Slope of the regression line; x = Predictor variable; Sb = Standard error estimate ; 
   Se = Standard error; r2 = Coefficient of determination; r = Correlation coefficient.    
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Table 4.7c. Altitudinal trends of some chemical soil characteristics (predicted values) 

 

 

 

Profile 

No. 

Altitude in 

masl 

(X) 

pH- 

H2O* 

(1:2.5) 

(Ye) 

% 

SOM 

** 

(Ye) 

% 

TN 

** 

(Ye) 

Olsen-P 

** 

mg/kg 

(Ye) 

CEC7* 

cmolc/kg 

(Ye) 

 

SEB* 

cmol/kg 

(Ye) 

PBS* 

(Ye) 

% 

CaCO3 

* 

(Ye) 

Variable negative charge 

 (V.N.C.)-Ye 

V.N.C1* 

cmolc/kg 

V.N.C2* 

% of CEC7 

KS10 1950 8.00 3.55 0.18 1.36 49.38 46.75 97.0 3.64 2.41 -0.1 

KS11 1980 7.95 3.79 0.19 1.43 48.83 45.95 95.7 3.56 2.63 1.1 

KS02 2050 7.82 4.33 0.21 1.57 47.55 44.08 ---------- 3.36 3.15 3.7 

KS05 2050 7.82 4.33 0.21 1.57 47.55 44.08 92.8 3.36 ----------- ----------- 

KS08 2080 7.77 4.56 0.22 -------- 47.00 43.28 91.5 3.27 3.37 4.9 

KS03 2110 7.71 4.79 0.23 1.70 46.45 42.48 90.2 3.18 3.59 6.0 

KS06 2110 7.71 4.79 0.23 1.70 46.45 42.48 90.2 3.18 3.59 6.0 

KS07 2150 7.64 5.11 0.24 ------- 45.72 41.41 88.6 3.07 ----------- ------------ 

KS09 2190 7.57 5.42 0.25 1.86 44.99 40.34 86.9 2.96 4.18 9.1 

KS01 2290 7.38 6.19 0.28 2.07 43.15 37.67 --------- 2.67 4.91 12.9 

KS14 2340 7.29 6.58 0.30 -------- 42.24 36.33 80.6 2.53 5.28 14.8 

KS04 2345 7.29 6.62 0.30 2.18 42.15 36.20 80.4 2.51 5.32 15.0 

KS12 2345 7.29 6.62 0.30 2.18 42.15 36.20 80.4 2.51 5.32 15.1 

KS13 2470 7.06 7.59 0.34 2.44 39.86 32.86 75.2 2.16 6.23 19.8 

KS15 2650 6.73 8.99 0.39 2.82 36.56 28.05 67.6 1.64 7.56 26.7 

KS17 2790 6.47 10.07 0.44 3.11 33.99 24.32 61.7 1.24 8.59 32.1 

KS16 2965 6.16 11.43 0.49 3.47 30.79 19.64 54.4 0.74 9.87 38.8 

KS18 3100 5.91 12.48 0.53 3.75 28.31 16.03 48.7 0.35 10.87 44.0 

KS19 3800 4.64 17.91 0.75 5.21 15.49 -2.66 19.4 -1.65 16.01 70.8 

S. No. 19 19 19 19 16 19 19 17 19 17 17 

Sum 45765 136.21 135.15 6.08 38.42 778.61 655.49 1301.3 44.28 102.87 320.9 

Mean 2408.68 7.17 7.11 0.32 2.40 40.98 34.50 76.5 2.33 6.05 18.9 
Ye = Predicted (estimated) value of  the response variable 



112 
 

 

y = -0.0018x + 11.547 

r² = 0.7396 

0

2

4

6

8

10

0 2000 4000

p
H

 S
ca

le
 

Altitude in masl 

Soil pH

Linear (Soil

pH)

y = 0.0078x - 11.592 

r² = 0.703 

0

5

10

15

20

0 2000 4000

%
 S

O
M

 

Altitude in masl 

Soil OM

Linear (Soil

OM)

y = -0.0183x + 85.101 

r² = 0.4415 

0
10
20
30
40
50
60
70

0 2000 4000

C
E

C
7
 i

n
 c

m
o

l c
/k

g
 

Altitude in masl 

CEC7

Linear (CEC7)

y = -0.0419x + 178.7 

r² = 0.8115 

0

20

40

60

80

100

120

0 2000 4000

%
 B

S
 

Altitude in masl 

PBS

Linear (PBS)

y = 0.0383x - 74.827 

r² = 0.842 

-20

0

20

40

60

80

100

0 1000 2000 3000 4000

V
.N

.C
. 

in
 %

  
o

f 
C

E
C

7
 

Altitude in masl 

V.N.C in % of CEC7

Linear (V.N.C in % of

CEC7)

A) Altitude and pH relationship B) Altitude and % SOM relationship 

C) Altitude and CEC7 relationship D) Altitude and % BS relationship 

E) Altitude and V.N.C. (variable negative charge) as % of CEC7 

Figure 4.2. Altitudinal trends of some chemical soil characteristics 
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 According to Yerima (1993), for most acidic soils of Ethiopia, the sum of exchangeable basic 

cations and exchangeable acidity nearly equals the CEC7; and for neutral to alkaline soils, the sum 

of exchangeable basic cations approximates the CEC7. However, the results obtained by the soils 

of the study area were not in agreement with the findings of Yerima (1993) both for the acidic 

(second group) and non-acidic (first group) soils especially in the upper horizons of the non-acidic 

soils and throughout the whole profile of acidic soils, that is, CEC7 is greater than the ECEC in 

acidic soils and also greater than the SEB in non-acidic soils. Yerima (1993) attributes such 

observations to inadequate washing of the excess ammonium ions and to a probable dominance of 

vermiculitic clay minerals that can fix the NH4
+
 ions into their interlayer spaces. Though the 

influence of vermiculitic colloids may not be totally excluded, these explanations appear to be 

unjustified particularly for the acidic soils, since the differences between the two parameters 

values (CEC7 and ECEC or CEC7 and SEB) got narrower with increasing depth in most of the 

cases until they became either almost equal or even the SEB alone became higher in horizons 

around the bottom of some non-acidic soil profiles. The higher values of SEB than CEC7 might 

have been most likely due to dissolution of pedogenic carbonates; so that the main reason seemed 

to be the increase of the CEC of the soil colloids, mainly that of humus and probably also of other 

inorganic colloids with pronounced variable charges due to the pH-buffering or salt effect. 

However, the trend observed in the lower horizons of some non-acidic soils might have been due 

to vermiculitic minerals, or due to salt-charge effect since the charge on the mineral colloids with 

variable charge changes depending both on pH and soil solution concentration that the CEC7 

becomes greater than the ECEC or SEB even if there is no increase in soil pH or the pH is in the 

neutral or alkaline range (Rowell, 1994). This latter case was in conformity especially with those 

profiles that had pyroclastic materials at their bottom; for example the KS07 and KS10 and also 

with others with some amount of low- or medium-activity clays in their clay mixture as for 

example the KS04, KS05 and KS06 profiles. In search of the most probable explanation for this 

phenomenon, it was attempted to calculate the pH-buffering or due to salt-charge-effect induced 

increase of the CEC (pH-dependent charge, variable negative charge). The latter may be due to the 

increase in the ionic concentration of ammonium acetate solution or due to the probable adsorption 

of acetate (ethanoate) onto the sesquioxide surfaces. With special focus to the acidic soils (second 

group soils) the ECEC value was subtracted from that of the CEC7 or the SEB value from the 

CEC7 for non-acidic soils to estimate the magnitude of the variable negative charge, the 
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explanation of which is given as follows. Accordingly, the numerical values in cmolc/kg of the 

estimated variable negative charge also seemed mainly to be linked to the OM, CEC7 and ECEC, 

since its values showed similar trend to that of these parameters. However, the relative proportion 

of the variable negative charge as percent of the CEC7 appeared depthwise rather to have 

somewhat a different trend, since its highest value (84% of CEC7) was observed either in the 

horizons below the Ah or in the lowest (deepest) horizon (ACr of KS19) despite the fact that the 

Ah horizon had the highest SOM content, though there was a general tendency to decrease with 

depth (Tables 4.5b and 4.6c). This indicates that the source of the variable (pH-dependent) 

negative charge was not only the SOM, but also other inorganic colloidal constituents of the soil; 

or it might have been due to the increase in the colloidal property of the SOM per se, since SOM 

with stronger colloidal property (more decomposed OM) is more prevalent in the layers below the 

Ah horizon. The tendency to decrease (except by KS19) with depth indicates the diminishing role 

of organic matter on the magnitude of the increment of the variable negative charge up to pH7 or 

more, mainly due to OM decrease with depth in all the profiles. According to Miller and Gardiner 

(2001), in most mineral soils, about 10-40% of the CEC7 may be from pH-dependent cation 

exchange sites and this holds true for the first group (non-acidic)soils; whereas more than 73% of 

the CEC7 was recorded throughout the most leached profile of KS19 and generally above 40% 

proportion of the variable negative charge was encountered in the acidic high altitude area soils 

(second group soils) mainly in the horizons below the Ah excluding the horizons around the 

bottom (Tables 4.5b and 4.6c). This might have been due to high SOM contents of these soils in 

general and the more colloidal nature of the SOM of the respective horizons in particular. 

However, the case in KS19 may not be satisfactorily justified by this explanation since the highest 

record was in the bottom layer; so that more sound explanation may be sought in the clay mineral 

composition. The data of the estimated dominant clay mineral types (Table 4.11) have indicated 

the existence of clay mineral mixture with considerable proportions of low-activity clay minerals 

in these acidic soils of high altitude areas. The lowest value of the ECEC of the KS19 profile in 

general and that of its ACr horizon in particular, was in concurrence with the clay mineralogy 

estimation data and the variable negative charge proportions observed.     

The CEC7, ECEC and the variable negative charge values of the second group soils indicated the 

existence of variable charge minerals in addition to SOM, whereas the results of the CEC of 

mineral clay fraction (CECclay) computed from CEC7 implied the likelihood of the presence of clay 
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mineral mixture dominated by high-activity clays and substantial proportion of low-activity clays 

as well (Section 4.1.6, Table 4.11). The pH of the pedons above 2900 masl altitude (KS16, KS18, 

KS19) decreased relatively with depth similar to the SOM content and the numerical values of 

variable negative charge, so that it can be inferred from such a relationship that the main source of 

the estimated variable negative charges was the SOM, the pH-dependent development of the 

negative charge of which decreased with decreasing pH similar to other soil colloids with pH-

dependent charges (Rowell, 1994; Brady and Weil, 2014).  

The base saturation expressed relative to CEC7 was generally less than the BS calculated relative 

to ECEC, though their difference narrowed towards the bottom of the profile.  According to 

Rowell (1994), soils dominated by variable charge constituents have lower BS calculated relative 

to CEC7 than that calculated relative to the ECEC, whereby the BS expressed relative to ECEC 

indicated generally very high saturation (Table 4.6a). Rowell (1994) attributes such a phenomenon 

to the pH-charge effect that changes the pH-dependent negative charge sites. In strongly acidic 

soils the “apparent” value of  BS is an artificial value reduced by the over estimate of the true 

value of the CEC as conventionally determined using buffered solutions, and hence the so 

determined base saturation is called “apparent base saturation” by Young (1976). In general, it can 

be inferred from the above observation that the negative charge increment of the acidic soils might 

have been both due to pH-charge effect and salt-charge effect; whereas that of the non-acidic soils 

with neutral or alkaline pH in their subsoils only as a result of salt-charge effect. According to 

Evangelou and Phillips (2005), any increase in ionic concentration (ionic strength) in soils is 

followed by a change in variable charge; and McBride (1994) states that addition of neutral salts 

increases the activities of both the acid and the base, so that more positive surface charges are 

formed at lower pH (acidic) and more negative surface charges at higher pH. Generally, changes 

in pH and salt content of a soil alter the exchange properties of the soil colloids (Byju, 2008).   

In most acidic soils, aluminium may be the dominant cation of the exchange complex which is but 

toxic to plants. Hence, from the view point of plant production, determining the aluminium 

saturation percentage is of paramount importance to indicate the general status of soil fertility. 

Since aluminium is the predominant toxic element in acidic soils, its concentration in solution 

governs its effect on plants, which is rather difficult to measure as solution aluminium is buffered 

by the exchangeable aluminium, so that percentage aluminium saturation is considered as the best 

index of aluminium toxicity that can be routinely measured (Rowell, 1994). This was the 
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fundamental reason for the determination of exchangeable acidity and exchangeable aluminium 

for the comparatively acidic soils of the study area.  

The results of exchangeable acidity determination and thereby values of aluminium saturation 

indicated that the sampled soils in question cannot be considered as problem soils in terms of the 

toxic element (aluminium) saturation, since aluminium saturation percent relative to both the 

CEC7 and ECEC is too low to be rated as soils with toxic exchangeable aluminium levels. The 

aluminium saturation percentage values relative to ECEC of the soils ranged from 0-13%, with its 

maximum value observed in KS18 pedon (Alisol) at an altitude of 3100 masl throughout the 

whole profile beneath the Ah horizon. Relatively, the highest values were observed in the 

subsurface horizons with lower pH values below 6.00, and no value was recorded in the Ah 

horizon of all pedons and at and above pH6 of all horizons in any of the profiles. The absence of 

Al
3+

 in the Ah horizon might have been due to the stronger chelating effect of the SOM in the 

highly humic surficial horizon; whereas its absence at and above the pH6 testifies to the fact that 

Al
3+

 starts to precipitate at pH6 in form of Al(OH)3
0
 and hence cannot exist in solution and on the 

exchange sites as well (Brady and Weil, 2014). According to Rowell (1994), most crops can 

tolerate up to 40% aluminium saturation relative to ECEC; and if exchangeable aluminium 

occupies approximately more than 60% of the ECEC, toxic levels of aluminium in soil solution 

may result, though aluminium generally starts to be an integral part of soil acidity already by BS 

(by AAc method) below 60% (Nye et al., 1961). Humus binds aluminium so strongly through its 

carboxylic and phenolic groups and reduces the percentage aluminium saturation in soils with 

appreciable amounts of SOM, and the aluminium so bound is not exchangeable with 1M KCl 

extracting solution (Rowell, 1994); Brady and Weil, 2014). Sullivan et al. (2006), found an ECEC 

value of about 30 cmolc/kg soil in the O horizons compared to only about 8 cmolc/kg in the B 

horizons of more than 150 pedons and in 144 watersheds; whereby the O horizons exhibited 

extreme acidity but relatively low acid saturation with mainly H
+
 as acidic cation; and the B 

horizon with moderate pH on the other hand had 88% acid saturation dominated by aluminium.    

On the other hand, exchangeable aluminium is less common at pH values above 5.5, but becomes 

a dominant cation on the exchange complex in more acidic soils, whereas small amounts of 

exchangeable hydrogen may persist at pH levels of 6-7, especially if the soil is dominated by 2:1 

layer clay minerals (Troeh and Thompson, 1993; Buol et al., 2011).This generally holds good for 

the soils of the high altitude and high rainfall areas of the study area. In inference, despite the 
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declining trend of soil pH with increasing altitude, the average topsoil pH, the absence of 

exchangeable aluminium problem and the dominance of Ca-ions on the exchange complex 

indicated that nearly all the soils sampled for the study can be considered as suitable for the 

production of most crops under their present condition, since pH range of 5.5-7.00 is generally 

taken as most conducive to promote the availability of plant nutrients (Brady and Weil, 2014). 

However, exchangeable aluminium may become critical in the future under crop production 

practices that may not sustain the OM content at a level similar to what is observed in this study; 

or it might have been already critical in such high rainfall areas under crop production for many 

decades without soil management measures that replenish or maintain the SOM at judiciously 

higher levels; so that site specific investigations are of paramount importance to sustain the 

productivity of such environments. 

4.1.4.3. Available phosphorus (Olsen-P)  

Second to nitrogen in its impact on the productivity and health, phosphorus (P) is one of the 

macronutrients for both plants and animals. Phosphorus is an essential part of nucleoprotein 

molecules that carry the genetic code of all living organisms and the energy storage and transfer 

organic compounds, namely the adenosine triphosphate and adenosine diphsphate and hence 

sometimes called the “key to life” (Troeh and Thompson, 1993; Brady and Weil, 2014).The 

distinctive characteristic of soil phosphorus in relation to soil fertility is its very low solubility and 

mobility. The very low solubility of phosphate minerals in soils and the strong binding of fertilizer 

phosphates on soil particle surfaces leads to very small soil solution concentrations of phosphates, 

so that phosphorus deficiency of crops is a common phenomenon both in acidic and alkaline soils, 

since phosphates are strongly adsorbed (fixed) on to Al and Fe compounds in acidic soils and on 

Ca compounds in alkaline soils (Prasad and Power, 1997; Brady and Weil, 2014). This behavior of 

P in soils makes knowledge on its availability status a necessity in any soil fertility related 

evaluation of agricultural soils and this was the basic premise for the available P analysis made. 

The results of the available P analysis according to Olsen et al. (1954) were generally in the range 

of non-detectability to 22 mg/kg soil, whereby its value generally decreased with depth probably 

due to decreasing SOM content, the highest value being observed in the Ap horizon of a crop land 

soil (KS14) already under cropping for more than 30 years (Tables 4.5b and 4.6b). Teshome 

(2013) observed also available P contents declining with increasing soil depth and significant 
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positive correlation (r = 0.71 at p <0.01) between SOM and available P. Landon (1991) rates 

values below 5 ppm (5 mg/kg) as very low, 5 – 15 ppm as low, 15 – 25 ppm as medium and above 

25 ppm soil as high levels of available P in soils by Olsen-extraction method; whereas Benton 

(2003) rates values above 20 mg/kg as very high. Accordingly, except for pedon KS14 which has 

been cultivated for several decades up to present, the values observed by the soils of the study area 

can be rated as very low to low status of available P. The second highest value (11.58 mg/kg) was 

also recorded in a soil of crop land, namely by pedon KS08, which was also under cropping for 

several decades. Unless by the crop land soils (KS07, KS08 and KS14), the results appeared to be 

related to the OM content of the soils generally decreasing with depth and increasing with altitude. 

Simple linear regression and correlation analysis results made for average topsoil values have 

shown that, there existed a true relationship with positive slope of the regression line through two-

tailed t-test at 99% confidence level between altitude and Olsen-P (Tables 4.7a, 4.7b and 4.7c). 

This may not indicate a causal relationship between altitude and Olsen-P, but rather the causal 

relationship between SOM and soil phosphorus content in general. In soils, both inorganic and 

organic forms of P occur, whereby the relative amounts of the two forms vary greatly from soil to 

soil mainly depending on climate and parent materials. However, the organic fraction constitutes 

generally 20-80% of the total P in the surface soil horizons, and the deeper horizons may hold 

large amounts of inorganic P, especially in soils of arid regions (Brady and Weil, 2014). On the 

other hand, the fixation reactions of P in soils may allow only a small fraction of fertilizer P to be 

taken up by plants (mostly only 10-15% of applied P) in the year of applications, so that repeated 

applications may cause relative P accumulation (residual effect) that may be also observed in 

available P forms (Brady and Weil, 2014).  

The relative increments of available P in the humic surface horizons of relatively acidic higher 

altitude area soils (second group soils) might have been due to the blocking effect of organic 

radicals on the exposed hydroxyls of the Al and Fe oxide surfaces, and additionally due to their 

strong chelating effect on Al and Fe cations in the soil thereby leading to decreased P fixation 

capacity (Fox and Kamprath, 1970; Moshi, et al., 1974). These authors consider this as one of the 

reasons why topsoils of some Oxisols and Andepts (Andosols) with similar clay mineralogy 

throughout their profile fix less P than their subsoil layers.  
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4.1.4.4. Available cationic micronutrients (Fe, Mn, Cu, Zn)  

Micronutrients are essential chemical elements required in extremely small amounts (<50 mg/kg 

plant dry matter); their concentration in plant tissue being one or more orders of magnitude lower 

than for the macronutrient elements (Brady and Weil, 2014). The term micronutrient does not 

indicate the degree of essentiality and their concentrations in soils, but only their concentrations in 

plant tissue. According to Miller and Gardiner (2001), Sparks (2003) and Brady and Weil (2014), 

the source of micronutrients in soils includes primary minerals (silicates), secondary minerals, 

SOM, liming and other fertilizer materials, irrigation water and other human activities such as 

mining, waste disposal, pest control chemicals, metal-smelting, coal combustion, etc. Their major 

occurrence forms include: inclusions in primary minerals, solid solution, chemisorptions and 

adsorptions on different soil colloids and as solutes in soil solution (Sposito, 2008).  

According to Pagel (1981), relatively young soils (soils with lower intensity of weathering and 

leaching) formed on parent materials from basic rocks have generally higher contents than similar 

soils from felsic (acidic) parent materials; and their relative amounts in soils is in a  sequence of  

Fe >Mn >Zn >Cu. Both deficiency and toxicity of these nutrients to plants results from complex 

factors that vary with specific environments; however, soil genesis and related soil properties have 

been found as the main factors controlling their deficiency and toxicity, whereby the most frequent 

deficiencies are related to acidity or alkalinity of soils with improper water regimes for plant 

growth (Kabata-Pendias, 2001). Similar to the macronutrient elements, micronutrients also may be 

exchangeable, insoluble and soluble in soils and also be leached out of the root zone besides their 

uptake by plants, mainly being influenced by soil pH and oxidation-reduction conditions to the 

extent that their deficiency may occur (Sposito, 2008). Hence, investigations on their availability 

status is indispensable for an efficient use of resources in plant production and this was the main 

motive at least for the determination of the cationic available micronutrients (Fe, Mn, Zn, Cu) in 

this study. 

A number of extraction methods are used to estimate availability of micronutrients, among which 

the extraction by the chelating agents such as EDTA and DTPA is believed to extract the 

potentially mobile portions of these elements (Kabata-Pendias, 2001). The use of DTPA, which 

was a standard method in Jije Analytical Testing Service Laboratory for the extraction of the 

cationic micronutrients in the soils of the study area, was based on this presumption. The 

laboratory analysis results have indicated that the sequence of their relative amounts in soils stated 
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by Pagel (1981) was observed generally also by the soils of the study area. Though there was 

variation among the micronutrient elements, their content generally decreased with increasing 

depth, the highest values being observed in the Ah horizon for all of them, and this trend was the 

same both in the first and second group soils generallyconforming to the trend in SOM content 

(Tables 4.5b and 4.6c). This phenomenon seemed to be linked to the OM content of the soils that 

indicated the redistributive effect of plants and the chelating role of SOM as observed also by the 

Olsen-P content of the soils (Section 4.1.4.3). Teshome (2013) had also reported on decreasing 

contents of available micronutrients with increasing soil depth. 

The recorded values of available iron (Fe) were in the range of 13.5 to 220.1 ppm in the surface 

soil up to 50 cm depth, which was to be rated as high according to the interpretative values 

reported by Benton (2003), so that Fe-deficiency may not easily occur in these soils. According to 

Kabata-Pendias (2001), Fe being one of the abundant elements in the earth‟s crust comprises about 

5% of the lithosphere, being concentrated mainly in the basic (mafic) series of magmatic rocks, 

though its content in the intermediate and felsic magmatic and pyroclastic rocks and their 

weathering products is also not negligible. The petrographic analysis results of the anticipated 

parent rocks within the study area were in conformity with this explanation (Section 4.1.5, Table 

4.8). Nevertheless, Fe is generally considered as one of the most deficient micronutrients in soils 

due to its strong tendency to form insoluble compounds under aerobic conditions in a wide range 

of soil pH (soluble only in pH ranges below 3.5); so that plants use other mechanisms such as 

complexing through soil microbes and plant roots released organic compounds (amino-acids)  

known as phytosiderophores that have high affinity for Fe
3+

 thereby facilitating the solubility and 

transport of iron to roots; or by reducing the Rhizosphere soil pH by releasing H
+
 ions in excess to 

solublize ferric iron compounds (Pagel, 1981; Havlin et al., 2005). 

Available manganese (Mn) values were in the range of 0.07 ppm to 135.3 ppm in the topsoil being 

the second most abundant next to Fe. However, contrary to the Fe content, except in some soils, 

the Mn content was mainly in the range of very low to medium according to the interpretative 

value ranges given by Benton (2003); so that Mn deficiency is more of a concern in the soils of the 

study area. Mn is found abundantly in the mafic magmatic rocks and their weathering products 

(Kabata-Pendias, 2001); and this may be a probable justification for its comparatively lower levels 

in the soils of the study area. Since Mn is also influenced by oxidation-reduction conditions, 

though it is more rapidly reduced (soluble) than Fe under variable moisture conditions and pH, 
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oxidizing conditions in well-drained soils may greatly reduce its availability in addition to the 

leaching effect under humid conditions. The lowest contents observed in the somewhat 

excessively drained profiles of the pedons KS16, KS18 and KS19 testifies to this assumption 

(Table 4.6c).  

The value of available Zn content in the topsoil was in the range of “trace” to 3.71 ppm, which is 

to be rated as low to very low according to Benton (2003); so that Zn deficiency seemed to be 

inevitable in most soils of the study area. The main source of Zn in soils is also considered to be 

the parent materials from mafic rocks (where it often acts as substitute for Mg in their silicate 

minerals) and their weathering products (Pagel, 1981; Kabata-Pendias, 2001). This may be the 

main reason for the extremely lower contents of Zn determined by the soil analysis in this study. 

Similar to Zn, the Cu analysis results in the topsoil were to be rated as low to very low (in the 

0.15-2.56 ppm range), and hence Cu deficiency appeared to be also most likely. Abayneh (2005) 

and Ashenafi et al. (2010) had also reported on Cu deficiency problems in Ethiopian soils. Since 

the main sources of Cu are also the mafic rocks and their weathering products (Autorenkollektiv, 

1985), the explanation given for the Zn content holds well also for Cu content. However, since Cu 

is most strongly adsorbed (complexed) in forms not readily displaced by ordinary exchange 

reactions on clay mineral surfaces and on SOM and oxides of Al and Fe than any other divalent 

cationic micronutrients, its mobility may also be reduced therefore (Havlin et al., 2005). 

In general, contents of the cationic micronutrients determined by the DTPA extraction appeared to 

be linked to the parent materials identified within the study area than to the development stage of 

the soils, i.e. to the materials such as pyroclastic rocks, pyroclastic deposits and andesitic volcanic 

rocks and strongly felsic colluvial materials; as their main original sources are the basic series of 

magmatic rocks. Since Fe is also found in pyroclastic, intermediate and felsic rocks in appreciable 

amounts, its higher values determined by the DTPA extraction were also most likely related to the 

prevalent parent materials (parent rocks) of the soils of the study area.  

4.1.5. Petrographic Characteristics  

Petrography (petrology) is the study about rocks, that deals with the formation, composition, 

identification and occurrence of rocks and the analysis of rock-forming minerals, i.e. their type, 

occurrence,  abundance, grain size, texture, etc. (Fiedler and Hunger, 1970; Klein and Hurlbut, 

1993; Tarbuck et al., 2012). Rocks are aggregates (solid mixtures) of minerals or pre-existing 
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rocks and masses of mineral-like substances such as natural glasses which are amorphous, though 

some rocks may be entirely composed of only one mineral, for example limestone (Tarbuck et al., 

2012).These authors state that, the term aggregate implies that the rock-forming minerals 

(petrogenic minerals) are joined in such a way that their individual properties are retained; so that 

the properties of rocks are determined largely by the chemical composition and structure of their 

minerals. Soils are basically the products of rock weathering as influenced by the environmental 

(soil-forming) factors. The direction and rate of soil development and their potential fertility are 

largely influenced by the rock-forming minerals since soil parent materials affect soil formation 

primarily through the type of rock minerals, their rate of weathering and weathering products; and 

this is why petrography should be an integral component of modern pedology (Fiedler and 

Hunger, 1970; White, 1997). The petrographic characterization of the soils of the study area was 

based on this premise, in order that a good insight into their parent materials and thereby their 

genesis would be gained. The results of the petrographic analysis of the rock samples collected 

from the bottom of the profiles of some pedons within the study area are elucidated as shown in 

Table 4.8. 

The petrographic analysis results revealed that pyroclastic rocks and deposits were the main parent 

materials of the soils found within the rift valley and its surroundings up to about 2300 masl 

elevation. On the other hand, volcanic rocks such as andesites appeared to be the most probable 

parent rocks for the soils of areas above 2300 masl altitude that started approximately at the 

western back slope of Guticha hill chain since the KS04 profile from where one of the andesitic 

rock samples was obtained, was located at the summit of this hill. According to the visual 

observations made on the exposed rock parts and boulders, most rocks in the areas up to about 

2900 masl elevation were of andesitic and similar volcanic rock types. The rock samples from the 

profiles KS05, KS06, KS07, KS08 and KS10 were all of pyroclastic type. The rock sample from 

KS11 profile was identified as pumice, which belongs also to the group of pyroclastic rocks. The 

site of profile KS10 was located within the “rift valley” and that of KS11 at the shoulder position 

of the “rift valley escarpment”; whereas profiles KS05, KS06, KS07 and KS08 were all located on 

the level plateau land that starts at the upper shoulder position of the “rift valley escarpment” 

being extended up to the upper foot slope area of Guticha hill chain. Accordingly, starting at the 

bottom of the “rift valley escarpment” where the KS10 profile was located, the entire area up to 

the lower western back slope of Guticha hill chain was predominated by a variety of pyroclastic 
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volcanic materials. According to Mengesha et al. (1996), the geology of the rift valley adjacent 

areas consists of pyroclastic rocks, mainly tuffs and ignimbrites of the recent volcanic eruptions. 

From the petrographic analysis results of the rock samples of KS07, KS08, and KS10, it can be 

inferred that all of them were soft rock types yet under consolidation process and hence could be 

considered as part of the widely observed pyroclastic deposits of these areas that have attained a 

certain degree of consolidation due to their depth of occurrence within the soil. The pore space 

proportion of the KS07 (21.67%) and KS08 (4.17%) rock samples attests to this assumption.The 

mineralogy of these rocks was dominated by an ashy ground mass with volcanic glass, on average 

followed by quartz and alkali-feldspars. Iron and titanium oxides, plagioclase feldspars and olivine 

were also parts of their mineral aggregates. Though no solidified material could be obtained for 

petrographic analysis, similar pyroclastic material (deposit) was observed also at the bottom of 

KS02 and KS09 profiles. The tuffs from the KS05 and KS06 were also dominated by volcanic 

glass; but have comparatively remarkable amounts of rock fragments than the tuffs of KS07, KS08 

and KS10, and hence appeared to be related to ignimbrites. Feldspars, opaque minerals and 

pyroxenes were also parts of their mineral aggregates. The pumice from KS11 was a more 

solidified pyroclastic rock dominated also by volcanic glass followed by feldspars, quartz and 

hornblendes (both with the same proportion) and trace amounts of the opaque minerals and calcite 

in decreasing order. The mineralogical composition of all the pyroclastic materials mentioned 

above implicated that they contain substantial amounts of chemical substances that can be the 

source of basic cations through weathering, so that soils developed on them would not necessarily 

be naturally deficient in the cationic plant nutrients. The andesites of KS04 and KS13, which 

could be considered as representatives for the rocks of the higher elevation area that started at the 

western back slope of Guticha hill chain, were rather dominated by plagioclase feldspars followed 

by pyroxenes and opaque minerals as accessory minerals and trace amounts of olivine. Andesites 

are one of the intermediate mafic type of volcanic rocks in terms of the proportions of their light 

and dark colored minerals, namely in terms of quartz, feldspars, feldspathoids and muscovite 

micas as light colored (felsic, silicic) minerals; and olivine, pyroxene, amphibole and biotite micas 

as dark colored (mafic) minerals, being dominated by amphiboles and Na- and Ca-rich plagioclase 

feldspars (Tarbuck et al., 2012). However, the andesitic rock samples of pedons KS04 and KS13 

were dominated by plagioclase feldspars and pyroxene instead of amphibole and had also 

appreciable amount of iron oxides as accessory minerals and trace amount of olivines.   
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Table 4.8. Petrographic analysis results of the rock samples 

 

  

Profile 

No. 

Elevation 

in masl 

Depth of 

sampling 

in cm 

Horizon 

of 

sampling 

Rock type identification and textural description 
Rock minerals identified and their modal 

proportion 

Rock type (name) Textural description Identified mineral types 
Modal 

proportion in % 

KS04 2345 > 200 R Andesite Flow texture Plagioclase feldspars 66.00 

Pyroxene 22.00 

Opaque minerals (Fe-oxides) 12.00 

KS05 2050 > 123 R Welded tuff Vitrophyric texture Volcanic glass 67.00 

Rock fragments 20.00 

Feldspars 10.00 

Opaque minerals 2.00 

Pyroxene 1.00 

KS06 2110 > 126 R Tuff Vitrophyric texture Volcanic glass 69.00 

Rock fragments 25.00 

Feldspars 5.00 

Pyroxene 1.00 

KS07 2150 > 200 C Glass-rich rhyolitic 

tuff (soft rock) 

Glassy, with minor micro-

phenocrysts of alkali-

feldspars and quartz 

Glassy layers-ash groundmass 62.83 

Pore space 21.67 

Quartz 7.83 

Alkali-feldspars 5.83 

Fe-Ti-oxides 1.17 

Plagioclase feldspars 0.50 

Olivine 0.17 

KS08 2080 > 172 R Glass-rich rhyolitic 

tuff (soft rock) 

Eutaxitic texture with 

regular alignment of 

flattened glassy material 

Highly ashy groundmass 84.33 

Fe-Ti-oxides 4.50 

Pore space 4.17 

Alkali-feldspars 4.00 

Quartz 2.00 

Plagioclase feldspars 1.00 
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Table 4.8. (Continued)  

 

 

 

Profile 

No. 

Elevation 

in masl 

Depth of 

sampling 

in cm 

Horizon 

of 

sampling 

Rock type identification and textural description 
Rock minerals identified and their modal 

proportion 

Rock type (name) Textural description Identified mineral types 
Modal 

proportion in % 

KS10 1950 > 200 C Glass-rich rhyolitic tuff Aphyric texture with highly 

altered glassy material of 

compacted ash (soft rock) 

Glass-rich groundmass 82.67 

Alkali-feldspars 7.00 

Glass 4.17 

Quartz 2.66 

Fe-Ti-oxides 2.17 

Olivine 1.33 

KS11 1980 > 62 R Pumice Vitrophyric texture Volcanic glass 90.00 

Feldspars 8.00 

Quartz 1.00 

Hornblende 1.00 

Opaque minerals Trace 

Calcite Trace 

KS13 2470 > 181 R Andesite Flow texture Plagioclase feldspars 63.00 

Pyroxene 22.00 

Opaque minerals (Fe-oxides) 15.00 

Olivine Trace 
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Such a mineral composition renders them more of a basaltic character than the andesitic one, so 

that in their area of occurrence around the Chillallo mountain, they might have existed either in 

association with basaltic rocks or they were andesites dominated by basaltic (mafic) mineralogy 

and the vice versa. Astonishingly, it was observed during the field survey that andesitic and 

basaltic property seemed to be differentiated depth wise in several cases, the andesitic property 

being more surficial, though in some cases it was even found to be covered by rhyolitic rock type 

(whitish) at its most surficial part. This might have been due to differential crystallization of Lava 

(magmatic differentiation) on the earth‟s surface (Tarbuck et al., 2012). According to Mengesha et 

al. (1996) and Solomon (2009), the Arsi and Bale basalts, which are flood basalt succession of the 

southeastern plateau where the flood basalt activity is culminated by the formation of large 

volcanic edifices that formed some of the highest peaks on the southeastern plateau, are commonly 

felsic on the upper parts.  

 4.1.6. Mineralogical Soil Characteristics  

The results of the computations performed to estimate the type of dominant clay minerals in the 

clay fraction of the soils are presented in Table 4.11; whereby the parameters used for the 

computation and indirect estimation are also incuded. Mineralogy is the study of minerals, their 

composition, formation, occurrence, structure, geographic distribution, properties and uses (Klein 

and Hurlbut, 1993). Minerals are naturally occurring, homogeneous inorganic solid materials with 

ordered atomic arrangement and definite chemical composition that can be represented by a 

chemical formula, and have characteristic physical properties such as shape, color, density, luster, 

hardiness, etc. that enables their identification (Klein and Hurlbut, 1993; Tarbuck et al., 2012). 

Thus, minerals are naturally occurring crystalline substances (though there exist also artificial 

mineral-like materials), and soil mineralogy deals with the composition, formation, occurrence and 

properties of the mineral part of the soil that comprises about 50-90% by weight, with its 

proportion usually rising with increasing soil depth (Sposito, 2008; Tarbuck et al., 2012). 

However, amorphous inorganic substances found in soils are also dealt with in soil mineralogy; 

because the term “mineral” has about three different meanings in soil science, namely the 

inorganic soil materials derived from rocks (primary minerals), distinct solid materials of 

crystalline and non-crystalline substances formed in soils or in the earth‟s crust (secondary 
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minerals) and chemical elements found in their inorganic forms (not as part of organic 

compounds) and serve as plant nutrients (Miller and Gardiner, 2001).  

The main focus of soil mineralogy from soil science and plant production point of view is the first 

and second type of materials which are commonly known as primary (petrogenic) and secondary 

(pedogenic) minerals since they influence several physical and chemical properties of soils such as 

shrinking and swelling, permeability, consistence, structure, native soil fertility, ion mobility and 

nutrient supplying and retention processes to plants (Troeh and Thompson, 1993; Sposito, 2008). 

The secondary minerals are found mainly in clay fraction (colloidal size or less than 2 µm), and 

hence collectively studied as clay minerals using different analysis methods, among which the X-

ray diffraction analysis is currently the most common (Sposito, 2008; Brady and Weil, 2014). 

Primary minerals (rock-forming minerals, petrogenic minerals) are found in soils mainly in the 

sand and silt fractions (residues of rock weathering) especially in soils with less advanced degree 

of weathering and leaching, the weathering of which contributes primarily to the native potential 

fertility and electrolyte content of soils and hence are also an integral component of soil 

mineralogy study (Sposito, 2008).  

The reasons for mineralogical studies in soils are quite diverse, among which investigation of the 

origin and type of parent materials, evaluation of the degree of weathering and potential fertility of 

soils, study the homogeneity of soil profiles (presence of lithological discontinuity) and soil 

classification (especially the US-Soil Taxonomy), are worth mentioning (Lynn et al. (2008); and 

these were the basis for the proposed mineralogical characterization of the soils of the study area. 

The mineralogical analysis of the soil samples of the study area was planned to be conducted by 

the X-ray diffraction method in the Central Geological Laboratory. However, the analysis made 

in this laboratory using two different procedures (powder and pipette method) for the 

identification of the dominant clay minerals and the sand and silt mineralogy could not aid to 

obtain the anticipated results in both cases. This occurred most likely due to the absence of the 

appropriate sample pretreatment procedures. According to Soukup et al. (2008b), soil sample 

preparation for mineralogical analysis involves pretreatments that enable the soil dispersion and 

separation into the different particle size fractions for the subsequent analysis, since specific soil 

minerals tend to be more prevalent in a specific particle size ranges; for example clay minerals are 

dominant in the clay sized soil fraction and quartz and most primary mineral particles in the sand 

and silt sized fraction. These authors claim that particle size fractionation procedures that enable to 
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separate the discrete particles (sand, silt, clay) and minimize particles‟ aggregation (flocculation) 

during the process, should be an integral component of soil mineralogical analysis in order to 

make that the discrete (primary, individual) soil particles behave independently. 

Naturally, the finer primary soil particles (clay, silt) tend to have aggregated particles due to the 

presence of electrostatic attraction forces between the discrete particles and due to the binding 

(aggregating) substances such as OM, carbonates, various soluble salts, oxides and hydroxides of  

Fe, Al, etc.; so that application of treatment procedures designed to remove these binding 

materials for an effective dispersion (separation) of the primary soil particles are prerequisite to 

guarantee the detection sensitivity during the examination by X-ray diffraction (Soukup et al.,  

2008b). The difficulties encountered by the mineralogical analysis in Central Geological 

Laboratory forced the student to look up for alternatives to achieve better results, so that the soil 

samples were reprocessed to attain the particle size fractionation according to Van Reeuwijk 

(2002) in the soil laboratory of KARC using the standard procedures of this soil laboratory. 

Accordingly, the fractionation was done only for sand and clay fraction due to the critical budget 

constraints encountered. The separation of the two size fractions was done using the pipette 

method of particle size (texture) analysis used in the KARC soil laboratory by removing only the 

OM to disperse the soil, since the carbonate content of the selected samples was low enough that 

its removal was unnecessary. Deferration was also omitted with the presumption that the soil 

samples in question had no pronounced content of iron oxides (hydroxides) as binding materials. 

The so separated sand and clay fractions of the soils were again subjected to X-ray diffraction in 

Central Geological Laboratory and better results were obtained in comparison to those of the 

Central Geological Laboratory‟s sample preparation procedures. However, due to financial 

constraints and inaccessibility to laboratory facilities for the particle size fractionation and 

eventually also due to the absence of  X-ray diffraction, all the efforts made for the mineralogical 

X-ray diffraction analysis, for the mineralogical characterization of the soils were unfortunately 

not fruitful. Attempts made to send the samples abroad for mineralogical analysis could not be 

realized due financial constraints. According to Brady and Weil (2014), data on soil mineralogy 

may not always be easily available, and hence at least the dominant clay mineral types should be 

estimated based on soil pH, CEC,  clay content and OM (OC) content of the soil if their respective 

data exist. This approach was based on the fact that SOM contributes markedly to CEC of soils, 

the contribution of which increases with pH and ionic concentration due to increase of the variable 
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negative charges on humus through ionization reactions of its functional groups (Sposito, 2008). 

Therefore, it was attempted lastly to estimate only the dominant clay mineral types using a proxy 

approach according, to Van Reeuwijk (2002), Buol et al. (2011) and Brady and Weil (2014) based 

on the formula of number (3.16) and (3.17) in Section 3.4.4, through estimation of the CEC of the 

inorganic (mineral) clay fraction in the soil by subtracting the CEC (ECEC) of the OM which was 

estimated at different pH values of the soil for each horizon. Since the calculations done using 

both approaches resulted in most cases in almost identical or similar values, the formula from Van 

Reeuwijk (2002) was preferred in order to minimize the errors of estimating the ECEC of SOM 

from a graph prepared for the purpose according to Brady and Weil (2014). The respective cation 

exchange activity class that indirectly indicates the mineralogical composition of the soil was also 

estimated through the ratio of CEC7 of soil to clay percent of the soil (apparent CEC) based on the 

clay percent determined by the texture analysis (Formula 3.18) for each horizon. According to 

Buol et al. (2011), the cation exchange activity class is estimated based on the particle-size control 

section (part of the profile between 25-100 cm or up to root limiting layer for shallow soil) for all 

family classes, for all mineral soils except Oxisols, Kandi and Kanhap great groups by the ratio of 

CEC7 and percent clay fraction of the fine earth fraction including SOM; and this ratio was used in 

this manuscript to estimate the dominant clay mineral type (group) in addition to the CECclay, 

variable negative charge values and their proportions to CEC7. Accordingly, a ratio of 0.6 or more 

denotes super-active, 0.4-0.6 active, 0.24-0.4 semi-active and less than 0.24 sub-active cation 

exchange activity classes; and soils with CECclay  of 24 cmolc/kg clay or less are generally 

considered as soils dominated by low-activity clays (FAO-WRB, 2006). Additionally, the 

percentage proportion (magnitude) of variable negative charge to CEC7 (Tables 4.5b and 4.6c) 

was also used for an indirect estimation , based on the fact that each clay mineral type (group) has 

specific proportion of a variable negative charge to its CEC7 (Table 4.9). For the identification of 

the anticipated dominant clay mineral types (groups), the ranges of values given for net charge for 

the different kinds of colloidal fraction (clay minerals) of the soil by Brady and Weil (2014) were 

used for comparison as indicated in Table 4.9. Based on the presumption that clay mineral 

mixtures display their average characteristics during the ion exchange processes in soils, it is 

attempted to estimate the average net charge values of the presumed probable alternatives of clay 

mixtures taking into account equal proportions of each clay mineral type in the mixture as 

elucidated in Table 4.10 below. Depending on these average net charges of clay mixtures, the type 
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(group) of clay minerals believed to be components of the clay mixture in question were also 

estimated indirectly and used for the interpretation.  

The results of the computed CEC of the mineral clay fraction (CECclay) of the first group soils 

(soils in the areas below 2550 masl) showed that except by KS14 and the somewhat albic natured 

horizons of some pedons (KS04, KS08, KS12), and some Bt horizons of few pedons (KS05 and 

KS06), the CECclay was in general above 60 and below 100 cmolc/kg clay throughout the whole 

profile except some higher values around the bottom of some pedons. This implies that the most 

probable dominant clay mineral type seems to be the 2:1 layer silicates in general and the smectitic 

clays in particular. The values above 100 cmolc/kg clay, which were encountered around the 

bottom layers of some profiles, mostly starting at the B/C or BC horizon appeared to be due to the 

existence of amorphous colloidal materials, though the presence of vermiculitic clays was also not 

exclusive. However, the trend in the variable negative charge was not in conformity with this 

presumption and hence ambiguous in some cases due to its total absence or existence in very small 

amounts, unless probably it might have been masked by the dissolution of carbonates that raised 

the BS to 100% or more in relation to CEC7. According to Yerima (1993), high CEC in relation to 

the clay content indicates the presence of amorphous materials. All pedons with such extremely 

high CECclay had either pyroclastic rocks or pyroclastic deposits mainly composed of volcanic 

glasses or volcanic ash (Section 4.1.5, Table 4.8) at the bottom of their profiles. Hence, the 

presumed amorphous colloidal materials might have been formed through the weathering of 

amorphous pyroclastic materials, since amorphous colloidal materials are usually early products of 

the weathering of vitric (glassy) volcanic ash and other pyroclastic materials in a humid climate 

(SSS, 1999). On the other hand, more intensive pedochemical weathering processes might have 

significantly changed the pyroclastic materials primarily to the 2:1 layer silicate clays due to 

comparative more moisture availability in the upper horizons above the BC, C or similar horizons 

within the respective profiles. This is expected especially in the pedons of the lower altitude areas 

with relatively pronounced aridity where moisture movement might have been restricted to certain 

upper parts of the soil profile during the wet period. These soils (first group soils) were generally 

characterized by BS above 60% throughout their profile except the Ah horizon of KS12 and 

KS13, which had below 60% but above 50% base saturation. In general, this indicates that these 

soils were very weakly to weakly leached type (Hazelton and Murphy, 2007). 
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* Taken from Miller and Gardiner (2001); ** Taken from Sparks (2003); 
1
 Mean net charge indicates the CEC or anion exchange 

     capacity. Source:  Brady and Weil (2014). 

 

Table 4.9. Range and mean of net charge values and proportion of the variable negative charge 

                  of the common clay minerals at pH 7  

                    

                              

  
 

 

 

Table 4.10. Average net charges of clay mineral mixtures as derived from Table 4.9 

  Amorph. = Amorphous silicates; Chlor. = Chlorite; Kaol. = Kaolinite; Mont. = Montmorillonite; Sesq. = Sesquioxides; 

   Verm. = Vermiculite. * Indicates the most probable clay mixture types in the soils of the study area.  

Moreover, their exchange complex was dominated by exchangeable Ca and Mg ions; and their pH 

values indicated that they were slightly acidic in their surface horizons to strongly alkaline in the 

subsurface horizons. Except the Ah and C horizons of some pedons, the profiles of all of them had 

clay contents above 30% that increased with depth throughout and clay textural class, which 

Type of clay mineral (colloid) Range of 

 net charge  

in cmolc /kg
 

Mean net 

charge 

in cmolc /kg
1 

Share of variable 

charge in average 

 net charge in % 

Smectites (2:1 layer silicates) - (80-150) -115 5 

     - Montmorillonites - (60-100)* -80 5 

Vermiculites (2:1 layer silicates) - (100-200) -150 5 

Micas (2:1 layer silicates) - (10-40) -25 20 

       - Illites - (20-40) -30 ___ 

Chlorites (2:1:1 or 2:2 layer silicates) - (10-40) -25 20 

Kaolinites (1:1 layer silicates) - (1-15) -8 95 

Amorphous silicates (allophanes, imogolites) +20 to -350** -165 90 

Sesquioxides (oxides, hydroxides) ___ ___ ___ 

         - Aluminium oxides (gibbsite) +10 to - 5 +2.5 100 

         - Iron oxides  (geothite) +10 to - 5 +2.5 100 

Type of clay mineral mixture 

Average  

net charge 

(CEC) 

Type of clay mineral mixture 

Average 

net charge 

(CEC) 

Mont. + Verm. 115 Mont. + Kaol. + Sesq.* 28 

Mont. + Ill. 55 Mont. + Chlor. + Kaol. + Sesq.* 28 

Mont. + Chlor.* 53 Verm. + Ill. 90 

Mont. + Kaol.* 44 Verm. + Chlor. 87 

Mont. + Sesq. 39 Verm. + Kaol. 79 

Mont. + Ill. + Chlor.* 45 Verm. + Sesq. 74 

Mont. + Chlor. + Kaol.* 38 Verm. + Chlor. +Kaol. 38 

Mont. + Chlor. + Sesq.* 34 Verm. + Chlor. + Kaol. + Sesq. 45 

Chlor. + Kaol.* 16 Chlor. + Kaol. + Sesq. 15 

Chlor. + Sesq. 11 Kaol. + Sesq. 3 

Amorph. + Mont.* 215 Amorph. + Verm.*  250 
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implies a slow water percolation and thereby low leaching rate of the soluble soil constituents such 

as Ca and Mg which are necessary for smectite formation. Such profile conditions favor generally 

the formation and stability of smectites, provided that the climatic conditions for their out 

crystallization exist. According to Deckers et al. (2001) and SSS (1999), sufficiently higher 

precipitation in excess of evapotranspiration during some part of a year, that enables substantial 

chemical weathering but not to the extent to cause intensive leaching of bases and destruction of 

the 2:1 layer silicates, and a dry period within a year that favors the crystallization of clays, are 

favorable climatic conditions for the genesis of smectites.   

The part of the study area occupied by these soils had a humid period from June to October 

(September) and dry period from November to February (March). There existed also a moist 

period from March to early May in years with normal rainfall distribution, especially in the higher 

altitude areas. The soil moisture regime was aquic in some water logged areas, udic in the upper 

and ustic in the lower elevation areas. These environmental conditions denote that the climatic 

preconditions mentioned by Deckers et al. (2001) and SSS (1999) for the formation and 

stabilization of smectites (montmorillonites) are met. Additionally, the petrographic analysis of the 

volcanic rock samples obtained from the bottom of several soil profiles had indicated that the most 

probable parent materials of the soils contain ample amounts of chemical substances and minerals 

that may be sources of the basic cations necessary for their formation through weathering (Section 

4.1.5, Table 4.8). 

The CECclay of KS14 was in the range of 37 to 55 cmolc/kg clay, though a value of 93 existed in 

the C horizon. Except for the C horizon, the values of the upper horizons denoted the existence of 

mixed type clay minerals of high and medium-activity predominated by high-activity clays; 

however does not implicate the absence of low-activity clay minerals. The most probable 

components of the clay mineral mixture appeared to be smectites and chlorites. On the other hand, 

the values of BC and C horizon indicated that there existed a sort of intergrading to smectitic 

(vermiculitic) colloids at the lower part of the profile, which implicates here also the existence of 

more intensive pedochemical weathering mentioned for the other pedons of the first group soils in 

the layers above the C horizon. Moreover, the deposits of transported materials from the upland 

parts of the second group soils (soils in areas above 2550 masl altitude) also might have impacted 

the development of this pedon, since it was located at the foot slope position of the second group 

soils which were relatively more acidic. The values of the EA and B/Et of KS12, AE and BAt of 
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KS04 and A1 of KS08 were in the range of 45 to 57 cmolc/kg clay and hence somewhat lower 

than the lower limit of that of smectites. All these horizons were either of albic type or they were 

horizons influenced to some extent by the occurrence of perched water table in some part of a 

year. According to FAO (2001), in horizons under the influence of ferrolysis, swelling clay 

minerals are the most readily destroyed because of relatively large amounts of Fe
2+

 ions that can 

be accommodated through their interlayer spaces. Following the destruction of clay minerals, the 

released silica goes into solution and the aluminium may be removed through leaching or be 

interlayered in the remaining clay minerals. This leads to the formation of chlorites or degraded 

chloritic 2:1 layer clay minerals (intergrades) such as hydroxy interlayered montmorillonites or 

similar vermiculites, so that reduction of the CECclay may be the consequence. The seemingly 

lower values in the B horizons of the two Luvisol profiles KS05, KS06 might have been due to the 

comparative prevalence of low and medium-activity clays in the clay fraction that on average 

might have caused some reduction of the CECclay, though the dominance of high-activity clays 

was clearly discernible also here. In both profiles, the CECclay decreased first towards the Bt 

horizon and again increased towards the bottom of the profile, which indicated here also a 

difference in pedochemical weathering in relation to depth as observed by the other soils of the 

same area. Despite the higher clay contents of the argic horizons of these pedons that could have 

caused perched water in the upper parts of the profile, both profiles were found to be well-drained 

and uniformly brownish to reddish brown colored throughout. This implicates the presence of 

aggregating and coloring materials such as iron oxides besides the role of calcium that dominated 

the exchange complex, so that the existence of low-activity clays is also most likely. 

The CECclay of the second group soils (acidic soils of high altitude areas above 2550 masl) ranged 

from 10 to 60 cmolc/kg clay. The lowest value was recorded in the Ah horizon of KS18 and the 

highest in the B2 horizon of KS17. Except by the KS15, there was a general tendency of 

increasing with depth, which might have been due to the increase in the proportion of high-activity 

clays towards the bottom (parent material) of the soil. The trend in the results of the clay 

mineralogy assessment indicated the existence of a clay mixture with considerable proportions of 

low-activity clays especially in the upper horizons that intergraded to high-activity clays towards 

the bottom of the profile. The high rainfall amounts coupled with lower temperatures that reduced 

the evapotranspiration rates might have resulted in excess moisture that in turn caused intensive 

percolation (leaching) and thereby acidification, might have favored the formation and 
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stabilization of substantial amounts of low-activity clays like kaolinites, since such minerals 

require high hydronium and low concentration of bases for their formation and stabilization (Buol 

et al. 2011). However, the average values of the CECclay of the profiles indicated the prevalence of 

chloritic and probably also illitic layer silicates from among the medium-activity clays. According 

to Ahnert (1996), weathering of aluminosilicate primary minerals under cool climates more often 

lead to the development of illites, which is higher in silica contents since silica is more preserved 

under such environmental conditions. The general trend in the variable charge proportions of the 

profiles is also in agreement with that of the CECclay, whereby it increased with altitude and degree 

of leaching with its highest record at an altitude of 3800 masl by KS19 pedon The unique 

tendency observed by the KS15, namely decrease of CECclay with depth might have been due to 

the difference in parent material, degree of weathering and leaching, particularly since this pedon 

was located on the more humid side (southern part of the KSW) of the study area and was found to 

have several characteristics common to Nitisols during the profile description.  
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Table 4.11. Computed CECclay and estimated dominant clay mineral types of pedons 

 
 

  

Profile 

No. 

Horizon 

designation 

Depth in 

cm 

pH-

H2O 

(1:2.5) 

% 

OC 

% 

Clay 

CEC7 

cmolc/kg 

V.N.C C.E.A.C Clay mineral estimation 

In 

cmolc/kg 

In % of 

CEC7 

CEC7 

% Clay 

Activity 

class 

CECclay 

in 

cmolc/kg 

Expected dominant clay 

mineral type (group)** 

KS01 Ah 0-14 6.22 4.99 34 45.22 5.12 11.32 1.33 S. active 81.63 Smectites 

 A1 14-33 7.20 1.63 56 49.57 3.69 7.44 0.89 ,, 78.33 ,, 

 A2 33-58 6.65 1.17 74 54.78 1.64 2.99 0.74 ,, 68.49 ,, 

 BA 58-109 7.53 0.70 74 65.22 5.76 8.83 0.88 ,, 84.82 ,, 

 Bss1 109-157 7.27 0.54 76 58.48 - - 0.77 ,, 74.46 ,, 

 Bkss2 157-193 7.95 0.48 68 56.96 - - 0.84 ,, 81.29 ,, 

 BCkss 193-200
+
 7.82 0.42 64 50.00 - - 0.78 ,, 75.83 ,, 

KS02 Ah 0-13 6.65 3.09  46 40.87 2.96 7.24 0.89 ,, 65.34 ,, 

 A1 13-28 7.30 1.52 40 41.74 3.06 7.33 1.04 ,, 91.05 Smectite 

 BAt 28-48 7.15 1.18 70 44.35 1.22 2.75 0.66 ,, 57.46 ,, 

 Btk1 48-71 7.92 0.94 74 52.17 - - 0.71 ,, 66.05 ,, 

 Btk2 71-104 8.20 0.91 74 59.57 - - 0.81 ,, 76.20 ,, 

 BCtk 104-137  8.40 0.38 58 51.09 - - 0.88 ,, 85.79 ,, 

 Ck 137-200
+
 8.60 0.12 40 47.28 - - 1.18 ,, 117.15 Smectites, amor. col. 

KS03 Ah 0-13 6.05 5.91 42 59.13 9.98 16.88 1.41 ,, 91.54 Smectite                    

 A1 13-43 6.67 1.92 62 64.78 8.98 13.86 1.05 ,, 93.65 ,,                    

 A2 43-93 7.05 1.33 68 63.04 - - 0.93 ,, 85.86 ,,                     

 BAk 93-113 7.92 0.83 66 63.91 2.25 3.52 0.97 ,, 92.43 ,,                     

 Bwk1 113-158 7.85 0.49 70 53.04 - - 0.76 ,, 73.32 ,, 

 Bw2 158-200
+
 7.95 0.44 72 56.96 2.23 3.92 0.79 ,, 76.97 ,, 

KS04 Ah 0-22 5.97 1.24 32 28.26 7.48 26.47 0.88 ,, 74.75 ,, 

 AE 22-40 6.20 0.73 50 26.63 7.32 27.49 0.53 Active 48.15 Smectites, chlorites 

 BAt 40-66 6.97 0.76 72 44.02 9.65 21.92 0.61 S. active 57.44 Smectites 

 Btss1 66-99 7.87 0.48 73 51.09 8.51 16.66 0.70 ,, 67.68 ,, 

 Btss2 99-146 7.65 0.21 67 44.57 8.92 20.01 0.67 ,, 65.42 ,, 

 BCr 146-200
+
  7.05 0.12 53 41.74 11.92 28.56 0.79 ,, 77.96 ,, 
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Table 4.11. (Continued)  

 

** The order of the anticipated clay mineral groups as written from left to right denotes their degree of importance; C.E.A.C = Cation exchange activity class; S. = Super; 

     V.N.C = Variable negative charge; col. = Colloid; amor. = Amorphous materials. 

 

  

Profile 

No. 

Horizon 

designation 

Depth in 

cm 

pH-H2O 

(1:2.5) 
% OC 

% 

Clay 

CEC7 

cmolc/kg 

V.N.C C.E.A.C Clay mineral estimation 

In 

cmolc/kg 

In % 

of 

CEC7 

CEC7 

% Clay 

Activity 

class 

CECclay in 

cmolc/kg 

Expected dominant clay 

mineral type (group)** 

KS05 Ah 0-22 6.26 2.88 38 44.57 16.99 38.12 1.17 S. active 90.76 Smectites 

 A1 22- 45 6.56 1.44 61 45.11 14.45 32.03 0.74 ,, 65.69 ,, 

 Bt1 45- 63 6.59 1.15 76 49.46 16.41 33.18 0.65 ,, 59.78 ,, 

 Bt2 63-109 7.55 0.70 74 43.48 5.98 13.75 0.59 Active 55.45 Smectites, Chl., L.A.C   

 BCr 109-123
+
 7.80 0.46 50 56.52 13.55 23.97 1.13 S. active 109.82 Smectites, amor. col. 

KS06 Ah 0-13  6.25 3.30 51 44.03 13.55 30.77 0.86 ,, 63.69 Smectites 

 A1 13-27 6.20 1.25 56 45.31 15.51 34.23 0.81 ,, 73.10 ,, 

 BAt 27-39 6.33 1.16 68 45.88 12.02 26.20 0.67 ,, 61.50 ,, 

 Bt1 39- 66 6.88 1.13 82 47.52 6.20 13.05 0.58 Active 53.13 Smectites,  Chl., L.A.C  

 Bt2 66- 97 7.95 0.71 68 51.35 6.63 12.91 0.76 S. active 71.86 Smectites 

 BCtrk 97-126+ 8.28 0.56 62 50.59 5.11 10.10 0.82 ,, 78.43 ,, 

KS07 Ap 0-21 6.37 1.67 41 33.00 8.75 26.52 0.81 ,, 66.23 ,, 

 A1 21-39 6.77 1.36 50 42.29 10.61 25.09 1.05 ,, 75.06 ,, 

 Bt 39-97 7.46 0.77 69 48.36 7.24 14.97 0.70 ,, 66.18 ,, 

 B/Ctk 97-138 8.17 0.38 56 46.98 4.93 10.49 0.84 ,, 81.52 ,, 

 Cr 138-200
+
 8.20 0.26 29 49.47 19.73 39.88 1.71 ,, 167.45 Smectites, amor. col. 

KS08 Ap 0-16 6.65 2.93 35 31.20 3.78 12.12 0.69 ,, 59.84  ,, 

 A1 16-30 7.01 2.67 48 33.60 6.61 19.67 0.70 ,, 50.53 Smectites 

 BAt 30-47 7.08 1.89 60 43.00 12.84 29.86 0.72 ,, 60.64 ,, 

 Bt1 47-73 7.95 1.23 65 43.00 3.46 8.05 0.66 ,, 59.53 ,, 

 B2 73-94 8.54 0.96 49 55.30 8.18 14.79 1.13 ,, 106.00 Smectites, amor. col. 

 BCk 94-119 8.77 0.67 42 49.30 - - 1.17 ,, 111.80 ,,       ,             ,, 

 Crk 119-172
+
 8.82 0.31 15 43.80 - - 2.92 ,, 284.77 Ambiguous (amor. col) 
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Table 4.11. (Continued)  

* Indicates adjusted clay content due to very high SOM content of the respective horizon. 

 

  

Profile 

No. 

Horizon 

designation 

Depth in 

cm 

pH-

H2O 

(1:2.5) 

% 

OC 

% 

Clay 

CEC7 

cmolc/kg 

V.N.C C.E.A.C Clay mineral estimation 

In 

cmolc/kg 

In % of 

CEC7 

CEC7 

% Clay 

Activity 

class 

CECclay in 

cmolc/kg 

Expected dominant clay 

mineral type (group)** 

KS09 Ah 0-18 6.70 4.48 25 39.90 15.27 38.27 1.60 S. active 96.88 Smectites 

 A1 18-37 6.85 2.62 57 50.80 16.57 32.62 0.89 ,, 73.04 ,, 

 BAt 37-58 7.12 2.01 63 50.40 13.99 27.76 0.80 ,, 68.83 ,, 

 Bt1 58-76 7.56 1.27 73 56.80 18.46 32.50 0.78 ,, 71.72 ,, 

 B2 76-106 8.32 1.02 48 47.40 4.21 8.88 0.99 ,, 91.31 ,, 

 BCk 106-146 8.54 0.84 42 43.90 0.74 1.69 1.05 ,, 97.52 ,, 

 Ck 146-200
+
 8.68 0.38 18 42.60 - - 2.37 ,, 229.28 Ambiguous (amor. col.) 

KS10 Ah 0-14 7.06 5.77 32 36.70 12.25 33.38 1.15 ,, 51.58 Smectites 

 A1 14-38 7.17 2.64 46 53.70 19.94 37.13 1.17 ,, 96.65 ,, 

 BAt 38-58 7.51 1.76 57 46.00 9.93 21.59 0.81 ,, 69.89 ,, 

 Bt1 58-85 8.76 1.38 61 56.70 6.90 12.17 0.93 ,, 85.03 ,, 

 Bk2 85-112 8.86 1.23 44 54.50 5.53 10.15 1.24 ,, 114.08 Smectites, amor. col. 

 BCk 112-153 9.04 0.92 40 52.90 3.91 7.39 1.32 ,, 124.20           ,,        ,         ,, 

 Crk 153-200
+
 9.05 0.23 13 47.40 6.19 13.06 3.65 ,, 358.42 Ambiguous (amor. col.) 

KS11 Ah 0-18 6.91 5.28 18 32.90 10.26 31.19 1.57 ,, 80.11  Smectites 

 AC 18-33 7.10 2.22 33 36.40 11.02 30.27 1.10 ,, 86.76 ,, 

 Cr 33-62 7.01 1.18 21 22.50 1.68 7.47 1.07 ,, 87.48 ,, 

KS12 Ah 0-19 5.90 6.92 26* 42.87 19.79 46.16 1.68 ,, 73.19 Smectites, Chl., L.A.C. 

 EA 19-46 6.53 0.80 37 22.23 6.83 30.72 0.60 ,, 52.51 ,,              ,         ,, 

 B/Et 46-71 6.96 1.22 58 30.42 5.35 17.59 0.52 Active 45.09 Smectites, chlorites 

 Btss1 71-135 7.87 0.90 76 58.06 7.60 13.09 0.76 S. active 72.25 Smectites 

 Btss2 135-200
+
 7.73 0.40 66 36.31 - - 0.55 Active 52.89 ,, 

KS13 Ah 0-14 5.98 5.00 30 40.13 19.55 48.72 1.34 S. active 75.43 Smectites, chlorites 

 A/E 14-39  6.37 2.30 44 34.95 9.49 27.15 0.79 ,, 61.14 Smectites 

 Btss1 39-87 7.54 0.79 73 52.78 12.56 23.80 0.72 ,, 68.51 ,, 

 Btssg2 87-153 7.51 0.28 78 63.00 3.01 4.78 0.81 ,, 79.51 ,, 

 B/Ctrg 153-181
+
 7.06 0.12 61 42.40 - - 0.70 ,, 68.82 ,, 
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Table 4.11. (Continued)            
     

Chl. = Chlorites; L.A.C = Low-activity clays; Se. = Semi. 

Profile 

No. 

Horizon 

designation 

Depth in 

cm 

pH-

H2O 

(1:2.5) 

% 

OC 

% 

Clay 

CEC7 

cmolc/kg 

V.N.C C.E.A.C Clay mineral estimation 

In 

cmolc/kg 

In % of 

CEC7 

CEC7 

% Clay 

Activity 

class 

CECclay in 

cmolc/kg 

Expected dominant clay 

mineral type (group)** 

KS14 Ap 0-16 6.08 3.16 37       24.61 4.52 18.37 0.67 S. active 36.62 Smectites, chlorites 

 A1 16-40  6.99 1.57 65 41.16 10.84 26.34 0.63 ,, 54.87 ,,               ,     ,, 

 Bw1 40-69 7.42 1.31 66 33.22 0.77 2.32 0.50 Active 43.39 ,,               ,     ,, 

 Bw2 69-106 7.50 1.00 68 33.08 0.85 2.57 0.49 ,, 43.50 ,,               ,     ,, 

 BC 106-160 7.36 0.29 57 31.13 2.57 8.26 0.55 ,, 52.83 ,,               ,     ,, 

 C 160-200
+
 7.14 0.27 36 34.46 - - 0.96 S. active 93.10 Smectites 

KS15 Ah 0-11 6.14 8.56 37* 45.08 14.35 31.83 1.22 ,, 40.87  Smectites, Chl., L.A.C 

 A1 11-34 5.15 3.16 39 29.87 13.85 46.37 0.77 ,, 48.23 ,,       ,    ,,  ,    ,, 

 BEt 34-50 5.70 1.69 55 29.84 14.82 49.66 0.54 Active 43.50 ,,         ,    ,,  ,    ,, 

 Bt1 50-100 5.73 0.97 69 26.85 8.52 31.73 0.39 Se. active 33.99 ,,       ,    ,,  ,    ,, 

 Bt2 100-157 5.94 0.83 53 17.23 2.37 13.76 0.32 ,, 27.03 ,,         ,    ,,  ,    ,, 

 BC 157-200
+
 6.29 0.24 49 14.62 0.38 2.60 0.28 ,, 28.12 ,,       ,    ,,  ,    ,, 

KS16 Ah 0-15 6.01 11.07 24* 42.68 14.96 35.05 1.78 S. active 16.40   L.A.C.,smectites 

 A1 15-52 5.90 5.42 40 30.74 15.39 50.07 0.77 ,, 29.43    Smectites, L.A.C 

 A/Ctr 52-83 5.34 0.71 54 24.59 8.64 35.14 0.46 Active 40.94            ,,      ,      ,, 

KS17 Ah 0-19 5.37 9.73 34* 41.79 14.07 33.60 1.23 S. active 22.75  L.A.C, Smectites, Chl. 

 A1 19-39 6.22 2.96 49 31.05 13.57 43.70 0.63 ,, 42.22         ,,       ,    ,,  ,       ,, 

 BEt 39- 66 6.34 1.04 58 29.96 12.23 40.82 0.52 Active 45.38   ,,      ,    ,,  ,     ,, 

 Bt1 66-102 6.05 0.43 71 37.85 7.73 20.42 0.53 ,, 51.19 Smectites, Chl., L.A.C 

 B2 102-200 6.04 0.24 51 31.83 5.97 18.76 0.62 S. active 60.76 Smectites 

KS18 Ah 0-19 5.79 12.94 27* 47.88 28.18 58.86 1.77 ,, 9.59  L.A.C, smectites 

 A1 19-47 5.76 6.75 42 41.22 28.23 68.49 0.98 ,, 41.89 Smectites, L.A.C 

 Bt1 47-94 5.59 1.56 52 22.78 10.52 46.18 0.44 Active 33.31 ,,      ,     ,, 

 B/Ctr 94-113 5.68 0.72 51 18.50 6.22 33.62 0.36 Se. active 31.33 ,,     ,      ,, 

KS19 Ah 0-16 5.60 10.42 27* 43.19 31.79 73.61 1.60 S. active 21.19  L.A.C, smectites 

 A1 16-32 5.57 7.14 37 38.91 30,20 77.62 1.05 ,, 37.62         Smectites, L.A.C 

 ACr 32-55 5.42 2.35 38 22.81 19.18 84.09 0.60 ,, 38.38 ,,      ,       ,, 
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4.1.7. Summary and Conclusion  

The environmental description of the study area showed that the great altitudinal variation was the 

main cause of the micro-climatic differences and thereby also of the variation in vegetation types 

and the land-use activities observed within a relatively small study area (KSW). Additionally, the 

existence of topographic ruggedness in most parts have created strong variation in the slope of the 

land surface and thereby the diversity of landforms that in turn created a strong variation in the 

external and internal drainage conditions of soils and vegetation types within defined landscape 

units. Generally, the study area was characterized by a strong physiographic diversity, whereby 

areas with a rugged topography and sloping to steep major landforms comprised altogether about 

75% of the total area. The proportion of a relatively level land was only about 21% and 4% was 

occupied by a mixture of dissected plains and depressions with certain ruggedness as well.This 

climatic and physiographic diversity within a relatively small study area seems to have caused a 

strong variation in soil properties encountered during the survey activity.  

The profile macromorphological description results indicated that several soil characteristics such 

as effective soil depth, horizonation, soil color, internal drainage, average clay content, etc. 

appeared to be strongly affected by the topographic ruggedness; so that the higher the slope 

gradient, the shallower, the more drained and the redder (higher chroma and hue) were the soil 

profiles located within the same agro-climatic belt. Generally, dark colors that became redder with 

increasing depth at least up to the upper end of the B horizon, predominated the surficial horizons, 

and areas with lower slope gradients (flatter land surfaces) had deeper and more clayey profiles 

with more hydromorphic and vertic characteristics. Profiles with the lowest mean of clay content 

were encountered primarily on sites with high slope gradients, which might have been the result of 

continuous selective removal of the fine particles through water erosion (elutriation) and reduction 

of moisture residence time within the profile for intensive chemical weathering and thereby clay 

synthesis. Solum thickness appeared to be strongly linked to the annual rainfall amount (altitude) 

and slope gradient of the land surface; whereby soils with extremely thick B horizons or very deep 

profiles that exceeded the stipulated 200 cm depth before the C horizon appeared, were found on 

the flatter land surfaces of the high rainfall areas. Pedons in areas below 2900 masl had granular to 

granular crumb soil aggregates in their surface horizons and angular (subangular) blocky to 

prismatic aggregates in their subsurface horizons except in the typical C horizons; whereas the 

blocky or prismatic aggregates could not be observed in the subsoils of pedons in the mountainous 
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areas above 2900 masl even if the respective solums were deep enough and had also comparative 

clay accumulation. Additionally, strong faunal activity (earthworms and mole-rats) was observed 

in this area with markedly conspicuous earthworm type seen nowhere else until then. This 

phenomenon was somewhat unique and needs further investigation in order to get a better insight 

into the genesis and fertility of the soils of such areas.  

The soil texture analysis results indicated that about 90% of the profiles opened had either subsoils 

with clayey texture or a clayey texture throughout their profile; whereby the clay content increased 

with depth at least up to the middle of the B horizon with its maximum value (82%) in the argic B 

horizon (Bt of KS06). Nevertheless, except in some profiles with stagnic properties, almost all the 

pedons had well-drained profiles. This might have been primarily due to the aggregating role of 

Ca-ions that dominated the exchange complex. The trend in the bulk density values and that of the 

estimated total porosity was the opposite, since increases in bulk density were accompanied by 

decreases in total porosity in general. In all but the KS08 profile, the bulk density values within 

the main root-zone (50 cm from the soil surface) for most field crops were generally not so high to 

the extent of restricting the root growth. Field capacity, PWP, and AWC moisture content 

percentage values also appeared to be linked to soil texture. Both the FC and PWP values 

increased with increasing clay content, whereas the AWC values showed the opposite trend. This 

might have resulted from the higher proportions of the fine pores of clay that hold the moisture at 

FC so tightly that plants cannot use it. Similarly, drainable porosity (macro-porosity, effective 

porosity) was also found to decrease with increasing clay content to the extent of its absence in the 

subsoil horizons and with its highest value in the Ah horizon of KS18 where also the lowest bulk 

density and the highest SOM content was observed. This was most likely because of the absence 

of macropores (pores with more than 50 µm diameter) in horizons with high clay content.   

In terms of the “master variable”, the soil pH, the soils of the study area were generally grouped 

into two, namely, those with nearly non-acidic profile conditions which were located in the areas 

below 2550 masl and those in areas above this elevation that had generally acidic profiles, in 

addition to the fact that the soil pH generally decreased with increasing altitude within the study 

area. This variation seemed to be caused mainly by the difference in annual rainfall amount that 

increases with altitude and air temperature that decreases with increasing altitude, the cumulative 

effect of which results in excess moisture within the profile for more intensive leaching that in turn 

results in the reduction of the soil pH in time. Similar to the soil pH, the occurrence of free 
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carbonates (secondary carbonates) within the profile showed also strong relationship to altitude or 

annual rainfall amount, so that the depth of their occurrence increased with altitude until they 

totally disappeared out of the profile in areas above 2550 masl. Accordingly, the most alkaline 

soils were encountered in the lowest altitude areas and the most acidic soils in the highest 

elevation areas; though Ca was found to be the most dominant cation of the exchange complex 

followed by Mg under all agro-climatic conditions (elevation ranges). The simple linear regression 

and correlation analysis made indicated the existence of negative correlation between altitude and 

the subsoil pH and %CaCO3 content. Even though there were strongly acidic soils with pH values 

as low as 5.15 within their profile in the higher elevation areas, the problem of exchangeable 

aluminium could not be observed; which may be mainly due to the chelating (complexing) effect 

of high SOM content that reduces the aluminium in the soil solution and thereby also on the cation 

exchange sites. However, it is worthnoting that exchangeable aluminium may become critical in 

the future under crop production practices that may not sustain the OM content at a level similar to 

what is observed in this study. On the other hand, exchangeable aluminium might have been 

already critical in such high rainfall areas under crop production for many decades without soil 

management measures that replenish or maintain the SOM at judiciously higher levels; so that site 

specific investigations are of paramount importance to sustain the productivity of such 

environments.  Moreover, mainly in the acidic soils of Upper-Dega and higher agro-climatic belts, 

values of exchangeable potassium below the minimum level of K-deficiency for most crops (K-

saturation of 2% relative to CEC7) were also observed; though parent material related deficiency 

indicating records were also encountered in the lower altitude areas. Similarly, Mg saturation 

values that denoted the probability of its deficiency (less than 8% saturation) were also 

encountered in soils of higher elevation area (KS18 and KS19).  

The SOM content of the topsoil (Ah+A1) was also found to increase generally with increasing 

elevation with values ranging on average from 1.7% to 17.0%. Similar trend was observed in the 

TN of the soil with mean values ranging from 0.08% to 0.69% in the topsoil. This may be due to 

decreasing temperature and increasing rainfall amount, as the former slows the rate of OM 

decomposition and the latter increases its supply. Simple linear regression and correlation analysis 

results showed the existence of positive correlation between altitude and topsoil SOM and TN 

content. In general, the observed values of SOM content can be rated as medium to very high for 

most of the soils. On the other hand, mollic surface horizons were found only in pedons below 
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3000 masl, whereas surface horizons with very high SOM content in the areas above this altitude 

(Upper-Dega and above) were all of the umbric type. This seemed also to be linked to the 

weathering and leaching intensity of the soils and OM accumulation due to slow rate of 

decomposition owing to lower temperatures but intensive leaching due to excess moisture. The 

values of CEC7, SEB and PBS of the subsoil horizons tended to decrease with increasing altitude 

(rainfall); whereby the simple linear regression and correlation analysis confimed the existence of 

an inverse relationship between their subsoil values and altitude. In general, in the otherwise acidic 

soils of the higher elevation areas (2
nd

 group soils), where intensive leaching have obliterated free 

carbonates from the whole profile up to 200 cm depth, the trend in CEC7 and SEB appeared to 

have stronger relation to SOM than to the clay content of the soil. But, the CEC7 and SEB value of 

the first group soils (soils in areas below 2550 masl) increased generally with depth at least up to 

the B horizon and was in conformity with the trend in clay content. If the degree of profile 

leaching is evaluated in terms of the subsoil base saturation, there existed a decreasing tendency 

with increasing altitude, so that soils below 2550 masl showed on average a very weak (70-100%) 

to weak (50-70%) degree of leaching and those above 2550 masl showed a very strong (0-15%) to 

weak degree of leaching; whereby the most leached profile was located at 3800 masl (High-Wurch 

belt) and the least leached one in the Lower-Woina-Dega belt at 2050 masl. The estimated values 

of the variable negative charge also showed a strong link to altitude and SOM content as it 

decreased generally with depth and increased with altitude in both groups of soils, though its 

highest value was found in the A1 horizon in most cases, which might have been due to the degree 

of decomposition of the OM, since more decomposed OM with more colloidal property is to be 

found in the layers below the Ah horizon. Simple linear regression and correlation analysis results 

showed the existence of positive correlation between altitude and the subsoil values of variable 

negative charge. 

The results of available (labile) phosphorus (P) extracted according to Olsen et al. (1954), were 

generally in the range of non-detectable to 22 ppm (very high according to Benton (2003), with 

the highest values in the Ap or Ah horizons thereby decreasing with increasing depth and 

increasing with increasing altitude in the surface horizons; which indicates that the probable main 

source of P being the SOM. Simple linear regression and correlation analysis indicated also the 

existence of a positive correlation between the Olsen-P values and altitude. According to Benton 

(2003), except the KS14 pedon which is currently under crop production for more than 30 years, 
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the Olsen-P values observed almost by all soils of the study area can be rated as very low to low; 

although crop land soils (KS08, KS14) were relatively found to have higher Olsen-P contents in 

their surface horizons than even the virgin forest and grassland soils. This might have been the 

result of repeated P-fertilizer application that induced over time a relative P accumulation in the 

surface layers; which is known as the residual effect.  

The analysis results of DTPA-extracted cationic micronutrients (Fe, Mn, Zn, Cu) indicated also a 

decreasing trend with depth with their highest values also in the Ah horizons of almost all soils. 

This seems generally to be linked to SOM due to the redistributive effect of plants from the deeper 

soil layers to the soil surface. The results of Zn and Cu contents indicated that they could be rated 

as very low to low according to the interpretative values of Benton (2003); so that their deficiency 

to crops seemed to be inevitable. On the other hand, the recorded values of Fe were high, that its 

deficiency would not be of great concern in the near future; whereas that of Mn were in the range 

of medium to very high rating in the surface horizons of most soils, though there were also some 

soils with very low to low rating, and hence Mn-deficiency would not be exclusive within the soils 

of the study area, despite the fact that site specific assessment is necessary. 

The petrographic analysis results indicated that areas below 2300 masl were dominated by 

different pyroclastic rocks and deposits; whereas in the areas above this altitude, intermediately 

mafic extrusive volcanic rocks such as the andesites appeared to have been more prevalent parent 

rocks, though the occurrence of felsic volcanic rocks was also not exclusive especially in the areas 

above 2900 masl. On the other hand, in the mountainous areas with steep slopes, colluvial 

materials were believed to be the most probable parent materials of soils developed especially at 

the pediment positions. The results of computations made to estimate the dominant clay mineral 

types of the soils indicated that smectitic clays in general and montmorillonitic clay minerals in 

particular, were dominant in the first group soils (non-acidic soils below 2550 masl) with udic soil 

moisture regime in the Lower-Dega and Upper-Woina-Dega, and ustic soil moisture regimes in all 

the lower agro-climatic belts and isothermic soil temperature regime throughout. However, results 

of some albic or quasi-albic horizons and few argic horizons of some soils of this area implied the 

existence of medium- and low-activity clays and hence mixed type clay mineralogy predominated 

by high-activity clays were estimated to exist, whereby chloritic and kaolinitic minerals were 

among the expected components of the clay mineral mixture. Though the clay mineralogy of the 

second group soils also appeared to be of mixed type dominated by high-activity clays, more 
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distinct proportion of the low-activity clays than in the first group soils was discernible from the 

estimation results. 

 In inference, despite the declining trend of soil pH with increasing altitude, the average topsoil 

pH, the absence of exchangeable aluminium problem, the dominance of exchangeable Ca and 

high-activity clays indicated that nearly all the soils sampled for the study can be considered as 

suitable for the production of most crops under their present condition, since pH range of 5.5-7.00 

is generally taken as most conducive to promote the availability of plant nutrients. However, 

exchangeable aluminium may become critical in the future under crop production practices that 

may not sustain the OM content at a level similar to what is observed in this study; so that 

maintenance of SOM would be one of the prerequisites to sustain and intensify the production 

system of the area. The fact that the trend in the observed values of the CEC7, SEB, Olsen-

extracted P and DTPA-extracted cationic micronutrients of the second group soils conforms to that 

of the SOM, implicates that the fate of the native fertility of the high elevation area soils of the 

KSW and thereby the sustainability of the crop production, would be more dependent on the 

maintenance of the SOM than in the first group soils. 

 

4.2. Genesis and Classification of the Soils  

         4.2.1. Soils Pedogenetically Assessed and Classified and Delineation of the Soil 

                    Mapping Units  

 

The soils pedogenetically assessed and classified were those pedons identified as a result of 

general purpose type of soil survey conducted within Kulumsa Subwatershed (KSW) in order to 

produce basic data as a basis for an interpretation for various kinds of present and future uses 

including some which may not be anticipated now. According to Dent and Young (1981), soils are 

mapped as if they were discrete three-dimensional bodies by inserting boundaries where the rate of 

change of their morphological features with distance is greatest based upon land surface 

expressions (external aspects) such as slope, topographic position, external drainage conditions, 

vegetation and relatively stable, visible and tactile surface soil characteristics like color, texture, 

consistence, etc. On the other hand, soil boundaries are in places where there is a difference in one 

or more of the factors that control soil genesis (SSS, 1999). Moreover, the process of classification 

and mapping necessitates the investigation of individual pedons (internal aspects), which on the 

basis of field and laboratory data are allocated to taxonomic units within a standard system of 
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classification, though the soil mapping units at whatever scale include sites of taxonomic units that 

do not conform to the definition of the taxonomic unit by which the mapping unit is represented 

(Davidson, 1992). Basically, taxonomic units are conceptual groups which are defined by a medial 

profile form as the central concept or the middle of the range with an allowed range of variation 

around it, so that practically mapping units are not the same as taxonomic units, since the mapping 

units indicate real soil areas with the impurities they contain (Dent and Young, 1981). Hence 

where the soil pattern is too complex to be depicted faithfully by a single mapping unit, compound 

mapping units that contain soils of two or more taxonomic units must be used, in spite of the fact 

that simple mapping units that contain only one taxonomic unit produce maps with greatest 

predictive value (Dent and Young, 1981; Davidson, 1992). 

Despite the existence of extreme physiographic diversityand thereby intricacy of soil‟s occurrence 

within the study area, it was attempted to insert the soil boundaries into the soil maps that depict as 

faithfully as possible, the delineations that denote the perceived environmental situation with due 

consideration to their relative homogeneity as far as possible. Accordingly, both types of soil 

mapping units, namely homogenous and compound mapping units are applied based on the soil 

morphological characteristics and related accessory properties of the soils, since soil morphology 

is linked to the environmental factors (soil-forming factors) that should be considered by the 

mapping. Based on the observable and measureable surface expressions of the environmental 

factors such as topographic position, slope, vegetation and topsoil characteristics like color, 

texture, consistence, etc. and laboratory analysis results, about 19 pedons and 10 RSGs meant 

representative were identified, which were again delineated only to eight soil mapping units 

(SMUs) mainly based on the relative physiographic homogeneity and regular pattern of 

occurrence of the identified soil taxonomic units. Among these eight SMUs, there existed five 

compound types (complexes, associations) and three relatively “homogeneous” types 

(consociations and undifferentiated groups). The mapping units occupied by a single taxonomic 

unit themselves consisted of impurities (inclusions) that could not be mapped separately due to the 

scale of mapping and the intricate patterns of their occurrence. The physiographic and climatic 

diversity within the study area appeared to be the main cause of the intricate pattern of the soils, 

though the role of the parent material heterogeneity is not to be overlooked. In general, the pedons 

classified and the soil mapping units delineated are elucidated in Table 4.12and Figure 4.3 below.  
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Table 4.12. Soil mapping units (SMUs) delineated 

Mapping 

unit code 

Pedon areas 

included 

Dominant soil 

groups (RSGs) 

Type of 

mapping unit 

Dominant landscape-

topography 

Pit site 

slope range 

Altitude range 

in masl 

SMU1 KSO2,KS10,KS11 Kastenozems and 

Regosols 

Com, Comp 

 

         R to H  SL to MT  1810-2100 

SMU2 KS05,KS06, 

KS08,KS09 

Luvisols and 

Kastanozems 

Com, Ass 

 

        GU to U  GS to SL 2030-2270 

SMU3 KS07, KS03 Chernozems Hom, UG 

 

       GU to U      GS 2110-2270 

SMU4 KS14 Cambisols Hom, UG         U to R  SL to STS 2220-2460 

SMU5 KS13 Vertisols Hom, Con             U  GS to SL 2460-2650 

SMU6 KS01, KS04, KS12 Planosols and 

Vertisols 

Com, Comp        GU to R  GS to SL 2270-2460 

SMU7 KS15, KS17, KS16 Retisols and Regosols Com, Comp             R  STS to MT 2400-3000 

SMU8  KS18, KS19 Umbrisols and Alisols Com, Comp            M   MT to T 3000-4000 

Ass = Associations; Com = Compound; Comp = Complexes; Con = Consociations; GS = Gently sloping (2-5%); GU = Gently undulating (1-5%); 

Hom = Homogeneous; H = Hilly (15-30%); M = Mountainous (>30%); MT = Moderately steep (15-30); R = Rolling (10-30%); SL = Sloping (5-
10%); STS = Strongly sloping (10-15%); T = Steep (30-60%); UG = Undifferentiated groups; U = Undulating (5-10%). 

 

4.2.2. Soil Classification Method Used  

Soil classification systems should create a universal language of soils that enables communication 

among soil scientists and all people concerned with land management and conservation of the soil 

resources locally, regionally, and globally (Brady and Weil 2014). Worldwide, there exist different 

types of soil classification systems, amongst which the genetic, morphologic and morphogenetic 

systems are worth mentioning. Genetic systems are based on the presumed origin of the soil in 

relation to the soil-forming factors and processes; whereas the morphological systems make use of 

the properties of the soil profile irrespective of their origin and may include also soil properties for 

which laboratory analysis is necessary (Young, 1976). On the other hand, morphogenetic systems 

use the quantitative morphological means as criteria, but also use the soil genesis as a guide for the 

selection and description of the morphological properties of the soil profile and use mostly 

hierarchical structure of classification in which the soil individuals are successively subdivided 

according to prescribed differentiating criteria (Buol et al., 2011). Nevertheless, to serve as a 

medium for the organization, transfer and advancement of knowledge, a soil classification must 

have a genetic basis (Young, 1976). The main objective of a morphogenetic system is to 

categorize the soils according to their natural relationships in order to emphasize the relationships  



147 
 

 

Figure 4.3.  Map of the delineated soil mapping units of the soil classification 
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between the soils themselves and between the soils and the factors responsible for the 

development of their specific characters (Buol et al., 2011). Both the FAO-UNESCO (1971-1981) 

or FAO-WRB (2006) and FAO/IUSS-WRB (2015) and the US-Soil Taxonomy classification 

systems are considered to be of the morphogenetic type (Mutscher, 1987). These morphogenetic 

classification systems were preferred for the classification of the soils of the study area, with the 

presumption that they would enable to better understand the intricacy of the soils. Accordingly, 

the soils identified by the soil survey activities were classified using the FAO-WRB (2006) or/and 

FAO/IUSS-WRB (2015) and US-Soil Taxonomy of SSS (1999) classification systems which have 

the widest use, by integrating the informations obtained through field survey and profile 

macromorphological description outputs with the laboratory analytical results to arrive at the 

correct classification name of each pedon. Due to the extreme complexity and high reliance on 

detailed costly laboratory analysis results of the US-Soil Taxonomy, it was attempted to use 

primarily the FAO-WRB (2006) and FAO/IUSS-WRB (2015) and give the approximate 

equivalents of the US-Soil Taxonomy by searching maximally up to the Subgroup category, since 

exact matching of the taxonomic units was found to be almost impossible and categories below the 

Subgroup of the US-Soil Taxonomy were found to be related to more detailed and costly 

analytical works that could not be handled in this research work. According to the basic 

classification principles of both systems, the classification was based on the soil characteristics 

defined in terms of diagnostic horizons, properties and materials identified during the survey. By 

the selection of the diagnostic characteristics, their relation to the soil-forming factors and 

processes has been given special focus, and the determination of the taxonomic classes (names) of 

the soils was done based on the “Keys” to the respective classification system. 

4.2.3. Diagnostic Horizons, Properties and Materials Identified 

The classification of the soils was performed based on the identified diagnostic horizons, 

properties and materials as defined in the respective classification systems used. Diagnostic 

properties, horizons and materials are the results of soil-forming processes expressed in 

qualitatively and quantitatively defined morphological soil characteristics which are fundamental 

to soil classification (FAO, 2001). In general, three types of diagnostic surface horizons (chernic, 

mollic and umbric) and five types of diagnostic subsurface horizons (argic, calcic, cambic, 

protovertic and vertic) were identified for the purpose. As diagnostic properties, abrupt textural 

difference, albeluvic glossae, protocalcic properties, retic properties, stagnic properties and gleyic 
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properties were distinguished; whereas albic, mineral, colluvic and calcaric materials were 

identified as diagnostic materials. The respective definitions of the identified diagnostic horizons, 

properties and materials were made primarily based on the FAO/IUSS-WRB (2015) International 

Soil Classification System and their analogously equivalent explanations of the US-Soil Taxonomy 

were also included where deemed necessary. Accordingly, the definitions of the three types of 

diagnostic soil characteristics (horizons, properties and materials) are describeded in Appendix 2. 

  

4.2.4. Pedogenetic Assessment of the Soils 

          4.2.4.1. General trend of pedogenesis    

 

Based on the investigations described in Section 4.1 and the pedogenetic assessment activities of 

this section, the general trend of pedogenesis of the soils of the study area can be assessed in 

relation to the environmental conditions within the study area as follows. Since the KSW is 

characterized by strong physiographic and climatic diversity that in turn induced strong variation 

in the natural vegetation, the land-use and thereby the soil development, about ten RSGs have 

been identified (could have been more) within the small land area of the KSW. Several soil 

characteristics such as profile horizonation, effective soil depth, solum thickness, sequence of 

genetic horizons and various other morphological, physical and chemical characteristics of the 

sampled pedons appeared to be strongly linked to these environmental conditions. For example, 

the depth of the soil profile (effective soil depth) seemed to be related mainly to the slope of the 

land surface of the profile location; whereby the shallowness of the profile generally increased 

with increasing slope gradient. This might have been most likely due to intensive runoff of such 

non-cumulative sites that limit the water infiltration and its residence time within the soil and on 

the soil surface causing additionally rapid removal of the weathering products, so that soil 

development is restricted. 

 On the other hand, solum thickness (the set of uppermost genetic layers of a soil profile that have 

undergone the most extensive alteration by pedogenetic processes) appeared to be linked to 

rainfall amount and slope gradient of the land surface. Pedons with extremely thick B horizons 

and very deep profiles that exceeded the stipulated 200 cm before the C horizon appeared, were 

prevalent on the relatively flatter land surfaces around lower slope positions and in areas with high 

annual rainfall amounts (for example KS03, KS04, KS12, KS15 and KS17). This might have been 

most probably due to the chemical weathering intensity that goes with the rainfall amounts and the 
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cumulative nature of such locations. Soil color and the internal drainage conditions of the soil 

profiles also appeared to be linked to each other and to the slope gradient, namely, the higher the 

slope, the more drained and the redder (higher chroma and hue) were the profiles in general. 

However, stage of soil development, internal drainage (oxidation-reduction) and OM 

accumulation in relation to the slope gradient of the land surface were probably the most soil color 

determining factors by the soils of the study area. Generally, soils with relatively advanced 

development stage such as the Luvisols and Retisols had more reddish subsoil horizons. 

The occurrence of secondary carbonates within the profile showed strong relationship to altitude 

(annual rainfall amount) that could be confirmed also by the simple linear regression and 

correlation analysis made at 99% confidence level. The depth of free carbonates occurrence 

increased with altitude until they totally disappeared out of the profile in areas above 2550 masl. 

Additionally, secondary carbonates in form of nodules were encountered only in areas below 2300 

masl in the Proper-Woina-Dega (2100-2250 masl) and the Lower-Woina-Dega (1800-2100 masl) 

agro-climatic belts mainly in an ustic and partially lower udic soil moisture and isothermic soil 

temperature regimes. The trend in soil pH was in conformity with that of the secondary 

carbonates, whereby the most alkaline soils were encountered in the lowest altitude areas and the 

most acidic soils in the highest elevation areas. On the other hand, mollic surface horizons were 

found only in pedons below 3000 masl, whereas surface horizons with very high SOM content in 

the areas above this altitude (Upper-Dega and above) were all of the umbric type. This seemed 

also to be linked to the weathering and leaching intensity of the soils owing to higher annual 

rainfall amounts and lower temperature that decrease evapotranspiration, the cumulative effect of 

which is the availability of sufficient moisture for leaching, OM incorporation with decreasing 

decomposition rates and relatively more intensive chemical weathering. If the degree of profile 

leaching is evaluated in terms of the subsoil base saturation according to Hazelton and Murphy 

(2007), there existed an increasing tendency with increasing altitude which could be also testified 

by the simple linear regression and correlation analysis, so that soils below 2550 masl showed on 

average a very weak (70-100%) to weak (50-70%) degree of leaching and those above 2550 masl 

showed a very strong (0-15%) to weak degree of leaching. The most leached profile (KS19) was 

located at 3800 masl (High-Wurch agro-climatic belt and the least leached one in the Lower-

Woina-Dega belt at 2050 masl (KS02). Generally, the pedogenetic assessment of the soils 

revealed that their degree of weathering and leaching increased with increasing altitude, which 
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was observable in their PBS, free carbonates occurrence within profile, pH and clay mineral 

composition. However, the chemical weathering processes appeared to be less intensive when 

evaluated in terms of clay mineral composition. The acidic profile condition seemed not to be in a 

position to cause an advanced weathering of the high-activity clay minerals, so that they still 

dominated the clay fraction of the soils (Table 4.11). This may occur as a result of lower 

temperatures that slow down the chemical reactions when compared to the warm humid tropical 

areas where there is both high rate of weathering and leaching that cause the predominance of the 

low-activity clays in soils such as Ferralsols of the FAO/IUSS-WRB (2015) classification system.   

Regarding the parent materials of the soils, areas below 2300 masl were dominated by different 

pyroclastic rocks and deposits; whereas in the areas above this altitude, intermediately mafic 

extrusive volcanic rocks such as the andesites appeared to have been more prevalent parent rocks, 

though the occurrence of felsic volcanic rocks was also not exclusive especially in the areas above 

2900 masl. On the other hand, in the mountainous areas with steep slopes, colluvial materials are 

believed to be the most probable parent materials of soils developed especially at the pediment 

positions. Nevertheless, the soil development within the study area seemed generally not to be so 

influenced by the type of parent material, but rather more by the climatic and topographic factors 

(Table 4.13). The clay mineralogy of the solum of the soils also seemed not to be so strongly 

influenced by the parent material but rather by the climate and topography, though the impact of 

the parent material (amorphous pyroclastic materials) was clearly discernible in the lower part of 

the B (BC) and the C horizons of some pedons (for example KS07, KS08, KS09 and KS10).   

Even though vegetation by itself is largely influenced by the climatic and topographic conditions, 

the relationship of soil development with the natural vegetation type appeared also to be 

noteworthy. Under otherwise similar agro-climatic conditions, more woody areas appeared to be 

dominated by soils with argic (argillic) subsoils, whereas grass dominated areas were occupied 

mainly by soils with vertic or cambic subsurface horizons. Accordingly, Luvisols, Retisols and 

other RSGs with argic subsurfaces were prevalent in more woody landscape parts and PLanosols, 

Vertisols, Chernozems or Kastanozems with vertic and cambic horizons were limited to grass 

dominated landscape positions; besides the fact that Planosols and Vertisols were encountered 

mainly on flatter land surfaces with certain hydromorphic characteristics.         

Agro-climatically,  in the Lower-Woina-Dega or in the lowest elevation areas of the KSW (below 

2100 masl), soils with strongly calcareous subsoils (more than 10% CaCO3) such as Kastanozems 
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that had high to very high base saturations (higher than 65%) throughout their profiles have been 

encountered. The only profile (KS10) with a calcic horizon and highest sodium saturation (9%) 

was also encountered in this area. Such soils are described as very weakly leached by Hazelton 

and Murphy (2007). In the Proper-Woina-Dega agro-climatic belt, Luvisols and Chernozems with 

base saturations above 60% throughout their profiles and moderately calcareous subsoils, which 

were characterized as weakly to very weakly leached soils according to Hazelton and Murphy 

(2007), have been identified. Although the Upper-Woina-Dega and Lower-Dega soils were 

somewhat similar with the Proper-Woina-Dega soils in terms of their base saturation and free 

carbonate content, waterlogged soils such as Planosols, Vertisols and Vertic Cambisols with 

somewhat less free carbonates and lower base saturations, namely a BS somewhat higher than 

50% were also prevalent in these agro-climatic belts. This is the area where Phaeozems as 

Mollisols of a more humid grassland ecosystem are anticipated to exist, though unfortunately they 

could not be encountered during the soil survey of this study. 

The Proper-Dega belt (2550-3000 masl) was dominated by soils with profiles devoid of free 

carbonates that had strongly to moderately acidic (pH of 5.15-6.0) soil reaction (Benton, 2003), 

and a BS somewhat higher than 45% (moderately to weakly leached) throughout their profile. The 

RSGs identified as dominant in this area include Retisols and Orthodystric Regosol. In the Upper-

Dega (3000-3200 masl), strongly to moderately leached (BS less than 45%) and moderately acidic 

Alisol (with pH of 5.6-5.8) according to Benton (2003) and Hazelton and Murphy (2007), the 

profile of which was also devoid of free carbonates, was encountered. In the High-Wurch belt, a 

strongly to moderately acidic (pH 5.4-5.6) and strongly to very strongly leached (with BS of 13-

26%) Umbrisol was identified as a prevalent taxonomic unit, though this area was covered also by 

remarkable proportions of bare rock surfaces and very shallow soils (Leptosols).  

Regarding the dominant pedogenetic processes, the main processes that have been operating by 

the soil development of the lower altitude areas with Woina-Dega up to Lower-Dega agro-

climates (below 2550 masl) seemed to be calcification accompanied by OM accumulation and 

humification (melanization), braunification, eluviation versus illuviation accompanied by 

lessivage and elutriation, that led to the development of soils with brown carbonatic argic 

(argillic) and cambic subsurface horizons and mollic surface horizons such as Kastanozems, 

Chernozems and Luvisols. By the soils of the higher altitude areas with Proper-Dega up to High-

Wurch agro-climates, the dominant pedogenetic processes appeared to be intensive leaching 
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(soluvation) accompanied by decalcification, lessivage, braunification, melanization, faunal 

pedoturbation, elutriation and mass-wasting (solifluction). Such soil-forming processes might 

have led in these areas to the formation of soils such as Alisols and Retisols with non-carbonatic 

brown argic subsurface horizons and mainly umbric surface horizons and strongly leached 

Umbrisols. Plant nutrients redistribution (recycling) through vegetation was also found to be more 

pronounced in the second group soils (in areas above 2550 masl). Depending on the topographic 

position, slope gradient and moisture condition that limit their intensity, erosion and deposition, 

elutriation, lessivage, ferrolysis and gleization, melanization and braunification were probably the 

main pedogenetic processes common to soils of both areas. The intensity of calcification and 

leaching seemed to have been occurred oppositely in relation to altitude, namely calcification 

increased with decreasing altitude with its highest manifestation in the Lower-Woina-Dega and 

leaching increased with increasing altitude with its highest manifestation in the High-Wurch agro-

climate. 

 Summing up, as a result of the trend in the occurrence of the dominant pedogenetic processes, the 

order of the agro-climatical (altitudinal) occurrence of the RSGs was: in the Lower-Woina-Dega, 

Kastanozems and Hypereutric Regosols; in the Proper-Woina-Dega, Chernozems and Vertic 

Luvisols; in the Upper-Woina-Dega to Lower-Dega, Planosols, Cambisols and Vertisols;  in the 

Proper-Dega, Retisols and Regosols (Orthodystric));  in the Upper-Dega, Umbric Alisols and in 

the High-Wurch, Umbrisols. This relationship is briefly elucidated as indicated in Table 4.13 

below. On the other hand, the occurrence of Regosols and Leptosols appeared not to be linked to 

the altitudinal (climatic) variation within the study area, but rather seemed to be related to the 

slope gradient of the land surface since they were found on any steep land surface irrespective of 

the agro-climatic belt. 

4.2.4.2. Luvisols (Ustalfs)   

According to Buol et al. (2011) and FAO/IUSS-WRB (2015) Luvisols are soils that have higher 

clay content of high-activity clays in the subsoil than in the topsoil that they are soils with 

moderately leached argic (argillic) subsurface diagnostic horizons without marked weathering of 

the high-activity clays. The connotation Luvisol comes from the Latin “eluere” which means “to 

wash”, to indicate the clay removal from the surface layers and accumulation (deposition) in the 

subsurface, so that the typical characteristics of Luvisols is their argic illuviation horizon formed 

mainly by clay translocation from the surface soil to the depth of accumulation; nevertheless lack  
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Table 4.13. Occurrence of the identified RSGs in relation to some environmental features 

 

 

Agro-climatic 

belt 

Altitude 

range  

(masl) 

Major 

landscape-

topography 

Dominant 

parent 

materials 

Type of soil 

temperature 

regime 

Major soil 

moisture 

regime 

Dominant 

vegetation type 

Identified 

dominant RSGs 

Carbonate occurrence 

Level Form 

Lower-Woina-

Dega (L.W.D) 1800-2100 
Rolling to 

hilly 

Pyroclastic 

rocks and 

deposits 

Isothermic Ustic 

Short and medium 

grass admixture and 

acacia trees 

Kastanozems, 

Hypereutric 

Regosols 
Str. Car. 

Nod., 

Dis. 

Proper-Woina-

Dega (P.W.D) 

2100-2250 

Gently 

undulating to 

undulating 

Pyroclastic 

rocks and 

deposits 

Isothermic Ustic 

Medium and tall 

grass with short 

grass admixture and 

acacia trees 

Chernozems, 

Hypereutric 

Luvisols, 

Vertisols 

 

Mod.Car. 
Nod., 

Dis. 

Upper-Woina-

Dega (U.W.D) 

2250-2400 
Undulating to 

rolling 

Pyroclastic 

deposits and 

extrusive 

volcanic rocks 

Isothermic 
Udic/Ustic 

Aquic 

Short, medium and 

tall grasses, acacia 

and montane forest 

Vertisols, 

Planosols, 

 Cambisols, 

Phaeozems**, 

(Luvisols)** 

Sl.Car. to 

Mod.Car. 

Nod., 

Dis. 

Lower-Dega 

(L.D) 2400-2550 

Undulating, 

rolling and 

hilly 

Extrusive 

volcanic rocks 
Isothermic 

Udic, 

Aquic 

Short and medium 

grasses, montane 

forest 

Vertisols, 

Phaeozems**,  

(Luvisols)** 

Sl.Car. to 

Mod.Car 
Dis. 

Proper-Dega 

(P.D) 
2550-3000 

Rolling, hilly 

and 

mountainous 

Extrusive 

volcanic rocks 

and colluvial 

materials 

Isomesic 
Udic, 

Aquic 

Short and medium 

grasses, montane 

forest and subafro-

alpine vegetation 

Retisols, 

Orthodystric 

Regosols None None 

Uper-Dega 

(U.D) 
3000-3200 

Hilly to 

mountainous 

Extrusive 

volcanic rocks 

and colluvial 

materials 

Isomesic 
Udic, 

Aquic 

Montane forest, 

subafro-alpine and 

afro-alpine 

vegetation 

Umbric Alisols, 

Umbrisols** 
None None 

Wurch 
3200-3700 Mountainous 

Colluvial 

materials* 
Isomesic 

Udic, 

Aquic 

Afro-alpine 

vegetation 

(Umbrisols)** 
None None 

High-Wurch 

(H.W) > 3700 Mountainous 
Colluvial 

materials* 
Isofrigid Udic 

Afro-alpine 

vegetation 

Umbrisols 
None None 

Str.Car. = Strongly carbonatic; Nod. =Nodules; Dis. = Dispersed lime; Mod. Car. = Moderately carbonatic; Sl.Car. = Slightly carbonatic; Car. = Carbonatic (Calcareous). 

* Represents only areas with marked pedogenetic development, since most areas with extrusive volcanic rocks were soilless bare rock surfaces; ** Note sampled during the 

soil survey, but presumed to exist based on the field observations and ABRDP (2004).  
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generally the abrupt textural change of Planosols and the albeluvic glossae (tonguing) of Retisols 

(FAO, 2001). The main pedogenetic process involved in the genesis of subsurface horizons 

enriched in layer silicate clays in Luvisols is the translocation of silicate clays; that is eluviation 

from the surface layers and illuviation into the subsurface layers) (FAO, 2001; Buol et al., 2011; 

Brady and Weil, 2014). As a prerequisite to the clay translocation in form of clay suspension 

(lessivage) from the upper horizons, advanced leaching of calcium carbonates in order to minimize 

the flocculating effect of calcium that inhibits the clay movement in suspension, is considered as 

necessity (Birkeland, 1999). Advanced removal of Ca from the upper parts of the profile creates a 

condition favourable to relatively free movement of the soil plasma under the influence of 

percolating water; and by Luvisols with appreciable exchangeable Na contents, Na ions may be 

important in the dispersion and mobilization of clay (Buol et al, 2011). Despite the fact that clay 

skins (clay films, cutans) are usually related to argic horizons, they may wholly or partially 

disappear due to homogenization of the soil profile by soil fauna (faunal-pedoturbation), or 

through argilli-pedoturbation in soils with high content of swelling clays and this seems to be the 

main reason why there is sometimes less oriented clay in the argic subsurface horizon than one 

would expect on the basis of the clay content analysis of the soil horizons (FAO, 2001). Moreover, 

rapid flocculation of the clay suspension due to change of soil pH or electrolyte concentration or 

both causes little or no orientation with respect to the features of the soil‟s microfabric so that 

distinguishing illuviated clays from those formed in situ is difficult (SSS, 1999). Primary climatic 

conditions for such pedogenetic processes is that precipitation should exceed the water retention 

capacity of the soil and enable percolation to facilitate clay eluviations and leaching of other 

soluble constituents, while evapotranspiration rate that also exceeds the precipitation during some 

part of the year (for clay synthesis through crystallization from the soluble weathering products) is 

also seen as a requirement for the development of an argillic horizon (Mesfin, 1998). The part of 

the study area where Luvisols were identified is characterized by one main rainy season that 

extends from June to October, when evapotranspiration is less than the precipitation and another 

minor rainy period from the end of February to early May that occurs at the end of the longer dry 

period from November to May, which may be considered rather as only a moist period. Luvisols 

develop on stable older landscapes on a variety of parent materials in climates varying from cool 

humid to warm semi-arid, under natural drainage conditions ranging from excessive to poorly 

drained, on hill crests, steep slopes, foot slopes and level plains (Mesfin, 1998; Buol et al., 2011). 
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They may be found on most of the landscapes, but usually excluding very steep slopes, alluvial 

flood plains and very poorly drained depressions, whereby higher elevations with sufficient 

rainfall and parent materials with concentration of bases, are said to favour their formation in the 

tropics despite their occurrence in all continents (Buol et al., 2011). Original vegetation of their 

landscapes include broadleaf deciduous forests both mixed and unmixed with needle leaved 

evergreen forests, grasses with patches of broadleaf evergreen trees, broadleaf evergreen forests 

and ecotones between forests and grasslands (Buol et al., 2011).  

Within the study area, Luvisols were encountered in altitude ranges from 2030 masl to about 2850 

masl in areas with original vegetation dominated by acacia species and medium to tall grass 

vegetation (Tree Savanna) in the lower altitudes below 2400 masl, and montane forest dominated 

by evergreen needle leaf and broadleaf trees of both deciduous and evergreen type mixed with 

short to medium grass vegetation in areas with altitudes above 2400 masl. Climatically, these 

areas represent semi-humid subtropical (Woyna-Dega) type (in the lower altitudes below 2400 

masl) and humid warm-temperate (Dega) type (from 2400-2900 masl) climate ranges that had 

distinct dry periods (ABRDP, 2004). The sampled Luvisol pedons within the study area were 

limited fortunately to the agro-climatic ranges of Lower-Woina-Dega to Proper-Woina-Dega 

agro-climatic belts of the KSW. The pedons identified as Luvisols were KS05, KS06 and KS09 

and other unsampled Luvisols (ABRDP, 2004) in going from the lower to higher elevation along 

the altitudinal transect from the border of “the rift-valley” towards Mt. Chillallo. All the profiles of 

this pedons had mollic surface horizons (Appendix 2) and well-drained brown to reddish brown 

subsurface horizons with distinctly higher clay contents than the surface horizons that decreased 

rather towards the bottom (C horizon) of the profile (Figure 4.4). Based on the description made in 

Appendix 2 according to FAO/IUSS-WRB (2015) , their reddish brown subsurface horizons with 

distinctly higher clay contents than the surface horizons were identified to be of the argic (argillic) 

type which were characterized generally by a weak to very weak degree of leaching (Tables 4.5a 

and 4.7a) according to Hazelton and Murphy (2007). Despite the higher clay content of these 

subsoil horizons, no reductimorphic property could be observed within their profiles. Moreover, 

the mineralogical assessment data of the clay fraction indicated that smectites were the dominant 

clay minerals throughout their argic horizons and in the overlying horizons as well, which denoted 

the absence of advanced weathering of the high-activity clays (Table 4.11).   
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Topographically they were situated on a gently undulating (1 – 5%) to undulating (5 – 10%) 

landscapes at lower and middle slope positions. The respective site slope gradients ranged from 

about 2% to 10%; and the internal drainage conditions from well-drained to somewhat excessively 

drained (KS05). Their profiles had protocalcic properties only in their subsoil after about 100 cm 

depth from the soil surface and clay contents higher than 30% throughout (protovertic) with the 

exception of the KS09 that had less than 30% clay in the Ah and C horizons. Except for the depth 

of secondary carbonates‟ (protocalcic properties) occurrence, these pedons could have been 

identified as Kastanozems with argic horizons. However, for a soil to be classified either as a 

Chernozem or Kastanozem, the occurrence of a calcic horizon or a layer with protocalcic 

properties within less than 50 cm depth below the lower limit of the mollic horizon is a 

prerequisite (FAO/IUSS-WRB, 2015). This criterion is generally missing by the Luvisols 

encountered within the KSW (Table 4.3 and Appendix Table 7). To be classified as Chernozems 

with argic horizon, they lack the chernic epipedon additionally and their ustic soil moisture regime 

prohibits them to be classified as Phaeozems. Based on the petrographic analysis results of the 

hard rock samples obtained from the bottom of theirs and the pits of the surrounding pedons 

KS05, KS06, KS07 and KS08 (Table 4.8), the most probable parent materials of these soils were 

identified to be pyroclastic rocks and deposits. According to Mengesha et al. (1996), these areas 

consist of pyroclastic rocks such as tuffs and ignimbrites of recent volcanic eruption. All of them 

were identified as Vertic Luvisols (Hypereutric, Mollic) of the FAO/IUSS-WRB (2015) 

classification and belonged to the Ustalfs suborder and to Vertic Haplustalfs subgroup of the SSS 

(1999) classification, that denotes the Alfisols of subhumid to semiarid regions with ustic soil 

moisture regime and a frigid, mesic, isomesic or warmer soil temperature regimes; which develop 

mostly under savanna to grassland vegetation.  It can be inferred from the above explanation that 

the brown color of the subsoils of the pedons, the redness of which increased generally with depth 

(Figure 4.4) at least up to the C horizon indicated the probable influence of braunification 

processes besides lessivage, humification and melanization and calcification as among the major 

pedogenetic processes that led to their development.    
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             A) KS 05 Pedon profile         B) Pit site photograph                 

    Figure 4.4. Profile of Vertic Luvisol (Hypereutric, Mollic) „A‟ and pit site view „B‟  

 

4.2.4.3. Retisols (Aqualfs)  

Retisols are soils with thin dark surface horizon over a layer with coarser textured albic material 

that interfingers and/or tongues as a net into an underlying argic or natric horizon, and have 

hydromorphic features in the upper part of the argillic, natric or kandic horizon, which are found 

in a wide range of climatic conditions and exhibit a variety of soil horizon features (FAO, 2001; 

Buol et al., 2011; FAO/IUSS-WRB, 2015). They are soils with clay illuviation horizon which is 

characterized by an irregular or broken upper boundary that results from deep tonguing and/or 

interfingering of a bleached soil material of the eluviated horizon into the illuvial horizon (FAO, 

2001). They may develop on flat to undulating landscapes with level or concave slope forms on a 

variety of parent materials, usually under coniferous forests (including boreal taiga) or mixed 

forests in temperate to boreal climates, in areas with average annual perception of 500-1000 mm 

with even distribution over the wet period, but with distinct dry period that is essential to their 

genesis (SSS, 1999; FAO, 2001; FAO/IUSS-WRB, 2015). 

Retisols (Albeluvisols) have diagnostic horizons and properties in common with the Luvisols; but 

differ from Luvisols by having an albeluvic tonguing and are closely related to Albic Luvisols, 

though the eluvial horizon of the latter does not extend so prominently into the argic horizon and 

their tongues often have the same color as the argic horizon and hence are less easily detected in 

the soil profile (FAO, 2001). The higher clay content in the illuvial horizon hinders the internal 

drainage thereby causing periodic saturation of the surface soil and reduction of iron oxides and 

hence bleaching of the eluvial horizon, mottling and formation of Fe and Mn concretions that 
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extend into the underlying illuvial horizon along root channels and cracks displaying the 

characteristic tonguing, whereby the albeluvic tongues have the color and texture of the eluvial 

horizon from which they extend (FAO, 2001). According to SSS (1999), Glossaqualfs (great 

groups) which are their taxonomic equivalents, are the Aqualfs (suborder) that have a frigid, 

mesic, isomesic or warmer soil temperature regime and a glossic horizon that indicates the partial 

destruction of the argillic horizon. They are soils with the most humid climates of the Alfisols with 

high-activity clays and have relatively low base saturation for soils of this order; which is 

discernible also by the Retisol profiles of the study area (KS15 and KS17) when compared to the 

Luvisol profiles (Tables 4.5a and 4.6a). 

The pedons identified as Retisols of the FAO/IUSS-WRB (2015) within the study area (KS15 and 

KS17), were located at an altitude of 2650 and 2790 masl (Proper-Dega agro-climate), under udic 

soil moisture and isomesic soil temperature regimes) respectively, in a sloping land of medium-

gradient hill (10-30% slope). The KS15 was at a back slope site position of strongly sloping relief 

(10-15% slope) in a rolling (10-30% slope) landscape-topography with convex slope form but 

concave surface flow path way; and the KS17 was at a foot slope site position also with strongly 

sloping (10-15%) land surface in a rolling (10-30%) landscape-topography that had also a convex 

slope form with concave surface flow path way. As it could be observed from the remnants of the 

natural vegetation of the area, the area was dominated by Juniperus procera L. (tid) and 

Podocarpus gracilor L. (zigba) coniferous trees and other broad leaved trees such as Olea 

Africana L. (woyira), and Hagenia abyssinica L. (kosso) throughout the landscape, though the 

Podocarpus species appeared to dominate the lower altitudinal areas. 

The higher clay content of their subsoils than the surface layers has confirmed the existence of an 

argic horizon (Appendix 2) impacted in its upper part by hydromorphic phenomenon. Both 

profiles had a transitional albic material (horizon) which was more like a B horizon than an A 

horizon, but structurally, and color wise more similar to an albic A horizon, however appeared 

texturally to be the upper part of an argillic B horizon (Table 4.2). In the KS15, mottling started in 

the A1 horizon in its minimal form and in the Ah horizon by KS17. However the mottles in the Al 

of KS15 and Ah of KS17 were only oxidized forms of iron with dark yellowish brown (10YR 4/6, 

moist) color. The dominant color of the BE horizon soil material was dark reddish grey (5YR 4/2, 

moist) in the KS15 and dark grey (7.5YR 4/1, moist) in the KS17, and hence fulfill the 

requirement for an albic material (albic horizon). There were two types of mottling in the BE 
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horizon of both profiles, namely yellowish brown (10YR4/6, moist) spots on a grey background 

and bluish black (Gley2, 2.5/1,10B and 5PB, moist) concretions which were externally brownish. 

The Bt1 horizon as part of the argic horizon had no discernible iron oxide spots, most likely due to 

its already brown color, but had tonguing and interfingering of the dominant color of the BE 

horizon. Additionally, there were bluish black cutans (Gley2, 2.5/1,10B and 5PB, moist) and also 

concretions with the same color in the Bt1. The Bt2 (B2) horizon had only interfingering of the 

albic color in less expression and the same cutans and concretions as in Bt1; whereas the BC of 

KS15 had only the cutans and concretions similar to those in the Bt1 and Bt2. It can be inferred 

from such a morphological condition that the BE horizon is formed as a result of a perched water 

table temporarily created due to the lower permeability of the underlying Bt1 horizon, whereby the 

perched water seemed to have affected only the A1 by KS15, but both the A1 and the Ah by KS17 

 

 

                  

 

                

               A) KS17 Pedon profile               B) Site photograph 

      Figure 4.5. Profile of Albic Glossic Retisol (Clayic, Mollic, Orthoeutric) „A‟ and pit  

                         site view „B‟ 

with minimal impacts in Ah, so that only the diffused ferrous iron might have been oxidized at 

aerobic sites above the perched water table. The bluish black cutans and concretions of the BE 

horizon and the underlying horizons appeared to be mainly manganese coatings (mangans) and 

concretions formed due to higher mobility of Mn than iron under similar redoximorphic conditions 

within the profile according to Dudal (1973).The ferrous iron released during anaerobic phases 

might have been partly removed from the profile and accumulated on top of the impermeable layer 

in form of stains and concretions or might have been diffused to the other oxidizing parts of the 

profile and be precipitated forming rusty colors;  whereas Mn might have acted similarly or might 

have been translocated to areas with less reducing or even oxidizing conditions and be precipitated 
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where the iron exists already in oxidized from (Dudal,1973). This seemed to be the reason why 

Mn was found in form of mangans and concretions both in the layer influenced by perched water 

(BE) and other more oxidizing layers (A1,Bt1, Bt2 (B2) and BC). Additionally, the SOM content, 

the color and base saturation of the Ah and A1 horizons denoted the presence of a mollic epipedon 

(Appendix 2) and the color of the subsurface layers (brown to redish brown) indicated the 

existence of braunification processes (Tables 4.2; 4.6a and 4.6b). The trend of clay content with 

depth, the PBS and the ECEC data indicated that the BE horizon was relatively an eluviated 

horizon (including the A1), where ferrolysis might have also impacted its development even 

though not to the extent its role was observed in the Planosols (Tables 4.4; 4.6a and 4.11). The 

profiles of both pedons were devoid of secondary carbonates, eventhough the exchange complex 

was yet dominated by Ca
2+

. This indicates that decalcification existed in its advanced form in this 

area probably due to higher annual rainfall amounts that enabled the removal of carbonates out of 

the profile through intensive leaching (soluvation). In general, relatively intensive leaching 

(soluvation), decalcification, lessivage, humification, braunification and hydromorphic processes 

appeared to be the main pedogenetic processes that operated by the development of these soils. 

4.2.4.4. Alisols (Udalfs) 

According to FAO-WRB (2006), Alisols are acidic soils that have higher clay content in the 

subsoil than in the topsoil as a result of pedogenetic processes leading to the development of an 

argic (argillic) subsurface horizon. They occur most commonly on old land surfaces in hilly or 

undulating topography, in humid tropical, humid subtropical, humid temperate and monsoon 

climates, in a wide variety of parent materials ranging from basic rocks to more silicious rocks like 

granites and gneisses (FAO, 2001; FAO-WRB, 2006). Owing to the humid climates, leaching of 

bases without advanced weathering of the high-activity clays (more advanced than in Luvisols 

however), they have low base saturation at certain depth in the subsoil (argic horizon); and they 

often have ochric epipedons, but may have also umbric epipedons if they developed under forests 

(FAO, 2001). The suborder of Udalfs of the US-Soil Taxonomy, that include the Hapludalfs, are 

freely drained Alfisols that have a udic soil moisture regime and a frigid, mesic, isomesic or 

warmer soil temperature regime and develop mostly on relatively recent erosion surfaces; and 

Hapludalfs are the Udalfs that do not have a glossic, kandic or natric horizon (SSS, 1999). 

The pedon identified as an Alisol (KS18) of the FAO-WRB (2006), was found at an altitude of 

3100 masl on Mt. Chillallo within an Upper-Dega agroclimatic belt, under a udic soil moisture 
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and isomesic soil temperature regime, at the foot slope (pediment) position in a mountainous 

landscape-topography (>30% slope). The site slope of the pit location was moderately steep (15-

30% slope) pediment with relatively cumulative nature, so that comparatively a soil with deep 

profile has developed with a thick humic A horizon (Ah+A1). This A horizon was characterized 

by a high SOM content (17%) and a BS of about 31% (both on average), which qualified it as an 

umbric epipedon. The B/Ctr horizon (bottom layer) of the profile rested on a colluvial material 

composed of different types of rock fragments with size ranges of coarse gravel (20-60 mm 

diameter) to stones (60-200 mm diameter). Due to the varied nature of the rock fragments of the 

colluvial material, a rock sample could not be obtained for a petrographic analysis for parent 

material identification. Nevertheless, most of the rock fragments encountered around the bottom of 

the profile consisted of predominantly light colored volcanic rocks, though there were also some 

darker rock fragments. Accordingly, the physical appearance of the rock fragments implicates the 

dominance of felsic and intermediate type volcanic rocks with some admixtures of mafic rocks.  

The vegetation of the area was dominated by the evergreen trees of Erica arborea L. species 

mixed with short grass and other undergrowths (Figure 4.6). Since several decades, the area was 

not used for any crop production activity and at present it is demarcated as a part of the Chillallo-

Galama Mountain Park Project area, and hence no arable land-use practice could be observed 

except the extensive burning of the existing natural vegetation each year and some illegal grazing 

activities. However, in the areas around the pit location, no erosion phenomenon which is active at 

present could be observed since the ground was full of vegetation cover (Figure 4.6). The profile 

of the pedon was deep (more than 100 cm) and relatively well horizonated. However, the Bt1 and 

the B/Ctr horizons had rather a unique morphology that could not be observed anywhere else till 

then. Though their clay content might have qualified them as vertical subdivisions of an illuvial B 

horizon (argic horizon), no clay films and other features typical for an illuvial horizon such as 

blocky aggregates could be observed macromorphologically. Moreover, they had granular 

structural aggregates with some weakly developed subangular blocky structural units in the lower 

parts of the B/Ctr horizon where rock fragments were also prevalent, which generally denoted the 

existence of an A/C type horizon. Especially, the Bt1 had almost purely granular aggregates, but 

dark brown color (7.5YR 3/4, moist) which was similar to that of the B/Ctr horizon. Nevertheless, 

based on the explanation in Appendix 2, these ambiguous subsoil horizons could not be 

categorized tentatively to any other diagnostic horizon else other than the argic horizon.  
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In temperate and warm climatic areas with strong faunal activity (specially earthworms), mixing 

of materials from different horizons may result in granular or crumb structures inhibiting the 

formation of clay skins on the ped faces (SSS, 1999). This author continues that in forested soils 

of humid climates, there may be no clay skins on the ped faces in the zone of active rooting since 

ped formation and destruction go on at a rapid rate relative to illuviation. Many tropical soils may 

have relatively light-textured surface horizons but do not show clear illuviation cutans in their 

fine-textured subsoils; whereby the absence of clay cutans is generally explained by the theory that 

kaolinitic clays do not form birefringent cutans that can easily be identified (Van Breemen and 

Buurman, 1998). These appear to be justified explanations for the absence of clay skins (cutans) in 

the “illuvial” horizon of the KS18 pedon, with due consideration to the necessity of a 

micromorphological investigation (had there been access) for a more reliable conclusion.  

During the field survey activity and profile description on the “main body” of Mt.Chillallo and its 

foot slope areas as part of the study area, a quite unique faunal activity, particularly that of 

earthworms and mole-rats was observed. Especially, conspicuous type of earthworms never seen 

anywhere else till then were observed in a considerable population and several mole-holes on the 

profile walls and many mole-hills on the ground surface were also seen. In humid temperate 

climates where soils have udic soil moisture and mesic soil temperature regimes, earthworms can 

become abundant (SSS, 1999). On the other hand, the whole profile was devoid of pedogenic 

carbonates and the CEC7, ECEC and the SEB decreased with depth (highest value in the Ah 

horizon). The higher rainfall amounts coupled with lower evapotranspiration rates due to higher 

altitude might have resulted in excess moisture within the profile for intensive leaching and 

considerable pedochemical weathering, so that removal of carbonates and other soluble soil 

constituents and clay translocation were inevitable. According to Kabata-Pendias (2001), in soils 

formed under cool humid climates, leaching of soluble materials through the profile to the extent 

they disappear from the main rooting zone is greater than their accumulation since there is a net 

downwards movement of water. The values of the CECclay computed for the estimation of 

dominant clay mineral types were in the range of 10 to 42 cmolc/kg clay, with the lowest value 

(9.6 cmolc/kg clay) in the Ah horizon which matched to that of kaolonite, followed by that of  
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B) Site photograph A) KS18 Pedon profile   

 

 

 

 

 

    

                     

  Figure 4.6. Profile of Umbric Alisol (Hyperhumic) „A‟ and pit site view „B‟ 

 

the B/Ctr (31.4 cmolc/kg), implicating the existence of mixed type clay minerals dominated by 

low-activity clays in the surface layers. Nevertheless, the CECclay value of the Ah horizon (too 

low) was in conflict with the values of the CEC7, ECEC and the SEB (highest value in the Ah 

horizon), which might have been due to the impact of SOM and selective surface removal of the 

fine clay (elutriation) and clay translocation that might have led to relative accumulation of low-

activity clays in form of pseudo-sand (silt) particles in the surface layer (Ah horizon) through time. 

According to Young (1976) and Havlin et al. (2005), surface horizons of forest soils of the humid 

tropics are generally higher in pH and plant nutrients than the subsoil horizons because of the 

upwards transfer and accumulation of Ca and other nutrients through plants, thereby resulting in 

the redistribution of nutrients within the soil profile. Though the value of the CECclay in the Ah 

horizon indicated the dominance of low-activity clays such as kaoloinites, the values of the 

horizons below it (>24 cmolc/kg clay) denoted rather the abundance of high-activity clays; so that 

in inference, mixed type clay minerals with marked proportions of low-activity clays appeared to 

exist in the surface horizon, and the argic part of the profile (Bt1 and B/Ctr) can be considered as 

the one with the predominance of high-activity clays. According to FAO (2001), the mineral 

assemblage of Alisols appears to be in a state of transition from bisialitic (2:1 layer silicates) high-

activity clays to fermonosialitic clays rich in iron oxides and kaolinites, whereby the proportion of 

low- and high-activity clays may vary between soil horizons; however their mineral reserves being 

conditioned by the composition of the high-activity clays that act as weatherable minerals in the 
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system. This author states that their transitional clay mineralogy is characterized by kaolinite-

smectite mixed layer clay minerals and aluminium-hydroxy-interlayered smectites and 

vermiculites. In general, based on the profile‟s macromorphology, carbonate content, and the 

trends of the SOM content, CEC7, ECEC and clay content with depth, it can be inferred that the 

dominant pedogenic processes that led to the development of this pedon appeared to be OM 

incorporation (melanization), elutriation, decalcification, soluvation, lessivage and faunal 

pedoturbation.  

4.2.4.5. Cambisols (Udepts)   

Cambisols are soils with slight or moderate weathering of their parent material that shows at least 

the beginning of horizon differentiation in the subsoil, the transformation of the parent material of 

which is evident from changes in structure, brownish discoloration, increase in clay and/or 

carbonate removal, but absence of appreciable quantities of illuviated clay, OM, Al and/or Fe 

compounds (FAO/IUSS-WRB, 2015).They develop whenever conditions are not favourable for 

the development of other soils with advanced development stage. No single pedogenetic process 

operates, but rather all pedogenetic processes are active to some extent in Cambisol profiles, but 

none predominates (Buol et al., 2011). Environmental conditions for their formation include: 

geologically young or resistant parent materials or sediments, areas with active geological erosion 

and wet, dry or cold areas where soil-forming processes have been interrupted or slowed down to 

a large extent that well-defined diagnostic horizons such as argillic, spodic, kandic or oxic which 

are thought to be characteristics of more matured soils cannot be formed (Mesfin, 1998; Miller and 

Gardiner, 2001; Brady and Weil, 2014). They are somewhat more developed than Entisols 

(Regosols) and hence the beginning (inception) of profile development is evident and occur in 

associations with a great variety of soil types; but do not adequately fit into any soil type and 

hence have been termed some times as the “Garbage Can” and “In Between” soils (Fanning and 

Fanning, 1989; Mesfin, 1998; Brady and Weil, 2014).  

Cambisols may be defined as having acquired some diagnostic subsurface horizons such as 

cambic, calcic, gypsic and sulfuric and epipedons such as mollic, umbric or ochric, or other 

features beyond what is permitted in Entisols, to show that they have made some progress in terms 

of pedogenetic development (Fanning and Fanning, 1989; SSS, 1999; Brady and Weil, 2014). 

They develop under most climatic and physiographic conditions from level to mountainous 
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terrains with wide range of vegetation types, in any moisture and soil temperature regime and 

hence widely distributed throughout the world almost in all continents (Mesfin, 1998; Brady and 

Weil, 2014; FAO/IUSS-WRB, 2015). Thus, according to SSS (1999) they occur from equatorial to 

tundra regions and may develop under internal drainage conditions that range from well-drained to 

very poorly drained, but cannot have an aridic (torric) soil moisture regime where other soils such 

as Entisols normally dominate since soils with cambic or other diagnostic horizons are recognized 

as Aridsols if they have aridic (torric) soil moisture regime. The Udepts (suborder) of the SSS 

(1999) are the more or less freely drained Inceptisols with a udic or perudic soil moisture regime 

that formed on nearly level to steep surfaces and have no ground water within 100 cm of the soil 

surface; and the Eutrudepts (great group) are base-rich Udepts of humid regions without fragipan 

or duripan within 100 cm and sulfuric horizon within 50 cm depth of the soil surface.   

 

 

 

 

 

 

 

       A) KS14 Pedon profile                        B) Site photograph 

Figure 4.7. Profile of Vertic Cambisol (Geoabruptic, Hypereutric, Mollic) „A‟ and pit  
                  site view „B‟ 

In Ethiopia, Cambisols (Inceptisols) are located in a variety of landscapes, parent materials, 

vegetation types and climatic conditions, so that chemically and physically they are quite variable 

(Mesfin, 1998). In the study area they were encountered in altitudinal ranges of 2100 to 2430 

masl, that extended from the Lower-Woina-Dega (subtropical) up to the Dega (temperate) 

traditional agro-climatic ranges on physiographic conditions that ranged from gently undulating 

(2-5% slope) to rolling (10-30% slope) in association with Luvisols, Mollisols, Vertisols and 

Planosols. Fortunately, the Cambisol pedon (Vertic Cambisol of FAO/IUSS-WRB (2015) and 

Humic Eutrudepts of SSS (1999) classifications) encountered (KS14) was on a landscape position 
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characterized by somewhat excessively-drained to well-drained internal drainage condition on a 

pyroclastic deposit as a parent material. This pedon had a very deep well-drained profile with 

strong horizonation and mollic epipedon and dark brown cambic B horizon (Figure 4.7). It could 

have been classified even as Luvisol or as a Chernozem depending on most of its morphological 

and physico-chemical characteristics; but, despite its higher clay content relative to the overlying 

horizons, the B horizon couldn‟t qualify for an argic (Bt) horizon (Appendix 2); and the location 

of secondary carbonates within the profile and the color of the mollic epipedon could not fulfill the 

requirements for Chernozem (Table 4.2 and 4.5a).   

4.2.4.6. Chernozems (Udolls)  

Chernozems, which belong to the order of Mollisols of the US-Soil Taxonomy, are mineral soils 

of native grasslands, that have a thick, very dark, well-structured and friable surface horizon 

known as “chernic horizon” that has generally high OM content (≥ 1%) and base saturation by 

AAc method of 50% or more throughout its thickness, which is found in most cases over a cambic 

or argic (argillic) subsurface horizon (FAO/IUSS-WRB, 2015). According to FAO (2001), typical 

Chernozems are formed under tall grass vegetation with vigorous growth, the main root 

concentration of which occurs in the upper 60 cm of the soil, with 80% of all roots being 

concentrated in the upper 30 to 40 cm. The connotation of the term “Chernozem” originates from 

the Russian word “chorniy” which means “black” and “zemlya”, meaning “earth” or “land” 

(FAO/IUSS-WRB, 2015). Udolls (suborder) of the SSS (1999) are the more or less freely drained 

Mollisols of humid climates with udic soil moisture regime that may have a cambic, calcic, natric 

or argillic horizon.  

 Melanization, which is the process of darkening of the soil by addition and decomposition of 

organic matter, is the dominant process in the genesis of Mollisols (Buol et al., 2011). Since 80% 

of the total biomass of perennial grasses is in the roots, melanization is driven by the direct 

underground incorporation of OM into the mineral soil. Moreover, grasses naturally produce high 

amounts of humic acids compared to fulvic acids, and this favors the formation of humates (humic 

acid salts(complexes) of polyvalent cations), namely Ca-humates in this case, that impart the black 

color to the soil additionally stabilizing (preserving) the SOM since Ca-humates have very slow 

decomposition rates (Fanning and Fanning, 1989). Accordingly, calcification as the soil-forming 

process that leads to the release of calcium ions, formation, translocation, and accumulation of 
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calcium carbonates within the soil profile (mainly in the subsurface layers) and to the 

predominance of Ca-ions in the exchange complex, is considered also as one of the main 

pedogenic processes for the genesis of Chernozems (Fanning and Fanning, 1989). These soils may 

develop on a wide range of land forms from low mountains to extensive plains, in flat to 

undulating surfaces of grasslands and may have any of the defined moisture or temperature 

regimes (except pergelic temperature regime) with enough available moisture to support perennial 

grasses of different types (short grasses (13 – 30 cm high), medium grasses (30 – 100 cm) and tall 

grasses (100 – 330 cm high), though their major worldwide occurrence is said to be continental 

climates of the northern transitional zone (Steppes) that have cold winters and hot summers and 

tall-grass vegetation (FAO-WRB, 2006; SSS, 1999; Buol et al., 2011). According to these authors, 

their formation seems generally to be favored by native perennial grass vegetation, calcareous 

parent materials and sufficient moisture that can support the perennial grass vegetation.  

The pedons identified as Chernozems (KS03, KS07) of the FAO/IUSS-WRB (2015), that 

belonged to the Udolls suborder of the SSS(1999), were located in a foot slope position within an 

undulating terrain with altitude ranges of 2100-2200 masl, on gently undulating (1-5% slope) by 

KS03 to undulating (5-10% slope) by KS07, landscape-topography and gently sloping (2-5% 

slope) profile site (Table 4.1 and 4.13) dominated by medium and tall grass types interspersed 

with acacia and some broad leaved trees as some of the native vegetation of the area (Figure 4.8). 

Abayneh (2003) classified the moisture regime of the area as udic and the temperature regime as 

isothermic within a Proper-Woina-Dega agro-climatic belt. Accordingly, average annual rainfall 

ranges from 700 to 800 mm, being characterized by monomodal rainfall pattern that extends from 

March to September with four humid months (June, July, August and September) when the 

rainfall amount exceeds the PET with a short moist period from March to May. The petrographic 

analysis results of the rocks from KS07and other pedons of the nearby and surrounding areas 

(KS05, KS06, and KS08) have indicated that the area was occupied by different pyroclastic rocks 

such as tuffs and pyroclastic deposits. Mengesha et al. (1996) indicated that the area consisted of 

pyroclastic rocks such as tuffs and ignimbrites of recent volcanic eruptions, whereby the upper soil 

layer consisted of tephritic materials and the substratum calcareous materials enriched through 

secondary precipitations over the bedrock. Their respective profiles had thick to very thick (39-90 

cm) humic A horizon (Figure 4.8, Table 4.5b) that had moist Munsell color notations of 

7.5YR2.5/1, 5YR2.5/1 and 2.5Y2.5/1 for Ah, A1 and A2 of KS03 (all black) respectively, and 
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10YR3/2 and 7.5YR3/1 (very dark grayish brown and very dark grey for the Ap and A1 of KS07 

respectively) and a BS over 70%, both fulfilling all the requirements of a chernic horizon (Table 

4.2, Appendix 2). The carbonate content increased with depth reaching its highest value in the 

Bwk1 horizon at 113-158 cm depth by KS03 and in B/Ck by KS07, decreasing thence at least up 

to 200
+ 

cm. As the profile was extremely deep, it was impossible to go beyond the cambic horizon 

of the pedon to the depth of 215 cm that had rather the highest clay content (72%) by KS03. The 

relative decrease of the carbonate content after 158 cm in this profile seemed to be related to the 

decreased intensity of water percolation that translocated the dissolved carbonates from the upper 

layers within the previously existing clayey material. Nonetheless, the increasing trend of clay 

content with depth could not testify the presence of an argic horizon. Despite the higher clay 

content of the whole profile and its relative increase with depth, the profiles seemed to be well-

drained and hence no sign of perched water formation could be observed. This is most likely due 

to the strong aggregating effect of both the high organic matter content and calcium saturation. 

However, from the clay content increase in the KS07, an argillic subsurface horizon was 

discernible (Bt). The trend of both OM and secondary carbonate content within the profiles of both 

pedons denoted also that melanization and calcification appeared to be the most likely main 

pedogenic processes that led to the development of these soils, though clay translocation seemed 

also to have been operating especially in the KS07 pedon. 

        

 

 

 

 

 

     A) KS03 Pedon profile                      B) Site photograph 

Figure 4.8. Profile of Haplic Chernozem (Cambic, Geoabruptic, Protocalcic, Protovertic) „A‟  

                  and pit site view „B‟  
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4.2.4.7. Kastanozems (Ustolls)    

According to FAO (2001), Kastanozems are soils of the short grass Steppe belt to the south of the 

Eurasian tall grass Steppe belt of Chernozems, so that their climax vegetation is short grass 

vegetation dominated by ephemeral species that die each dry season (summer). The connotation 

“Kastanozem” is derived from the Latin “castanea” and Russian “kashtan” both meaning 

chestnut, and Russian “zemlya” for earth or land (FAO/IUSS-WRB, 2015). They often develop 

under environmental conditions such as flat to undulating grasslands dominated by ephemeral 

short grass or mixtures of short and tall grasses in subhumid to semiarid climates on a wide range 

of parent materials (SSS, 1999; FAO/IUSS-WRB, 2015). Their brownish mollic surface horizon 

of medium thickness overlies in most cases a brown to cinnamon cambic or argic horizon with 

secondary carbonates or a calcic horizon and in some cases also with secondary gypsum in the 

subsoil (FAO/IUSS-WRB, 2015). Kastanozems with argic horizons are reported to have more 

intense coloration of their B horizons (FAO, 2001). The Ustolls (suborder) of the US-Soil 

Taxonomy are freely drained Mollisols with soil temperature regimes warmer than cryic and 

dominantly ustic soil moisture regimes and often have identifiable secondary carbonates in their 

subsoil, though they may also have torric (aridic) moisture regimes that border the ustic regime 

(SSS, 1999).  

The pedons classified as Luvic Kastanozems of the FAO/IUSS-WRB (2015), namely the KS02, 

KS08 and KS10 were located within and around the border areas of the “rift valley”; the KS02 

being at the shoulder slope position of the “rift valley escarpment” in a strongly sloping (10-15% 

slope) site dominated by a short and medium grass mixtures that had also some tall grass 

admixtures and comparatively many acacia trees scattered throughout. The KS10 was located at 

the foot slope position of the “rift valley escarpment” with gently sloping (2-5% slope) site 

dominated by short grasses of mainly ephemeral type and acacia trees with bush type growth 

habit, though there were also some broad leaved trees such as Ficus spp and Croton 

macrostachyus spersely scattered over the whole landscape (Figure 4.9 and Table 4.13). The KS08 

was located in the relatively flat “plateau land” area that starts at the shoulder of the “rift valley 

escarpment” being extended up to the upper foot slope position of Guticha hill chain.  

Pyroclastic rocks such as tuffs were the most probable parent materials of this pedons (Table 4.8) 

and smectitic clay minerals appeared to be dominant throughout their profile (Table 4.11); though 

the role of amorphous colloidal materials from the weathering of the glass rich pyroclastic parent  
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materials (tuffs) was also discernible in the bottom layers of the profiles. All profiles had a mollic 

epipedon with 28-47 cm thickness that rested over an argic (argillic) subsurface horizon 

(Appendix 2). Generally, they had BS above 60% throughout their profile and secondary 

carbonates that increased with depth starting at the lower part of the mollic epipedon (A1, BA) 

attaining their maximum value (20.92%) in the BCk horizon of KS10, which qualified it for a 

calcic horizon (Table 4.5a and Figure 4.9). Abayneh (2003) classified the temperature regime of 

the surrounding area as isothermic and the moisture regime as udic type, though the present profile 

condition indicated the existence of an ustic soil moisture regime with pronounced dry period of 

the year. Similar to the Chernozems, the principal pedogenic process in their formation seemed to 

be the incorporation (melanization) of OM from the dense root system of grasses in the presence 

of Ca-rich parent materials, so that OM addition and incorporation into the soil and calcification 

accompanied by clay translocation and braunification appeared to be the main pedogenic 

processes that led to their development under a relatively more aridic climatic condition than that 

of the Chernozems. 

      

 

 

 

 

 

 

       A) KS10 Pedon profile               B) Site photograph  

   Figure 4.9. Profile of Luvic Kastanozem (Protocalcic, Protovertic) „A‟ and pit site view „B‟ 

4.2.4.8. Umbrisols (Dystrudepts)  

Umbrisols are soils with an umbric epipedon which are the logical counterparts of soils with 

mollic or chernic epipedon such as the Chernozems, Kastanozems and Phaeozems; the surface 

horizon of which cannot be distinguished in the field from a mollic or chernic horizon since it may 

have even higher OM content and similar color, but rather has a BS less than 50% by AAc method 

and somewhat less grade of soil structure (SSS, 1999; FAO/IUSS-WRB, 2015).The term “umbric” 
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is derived from the Latin word “umbra” which means “shade”, denoting the dark color of a thick 

base-depleted surface horizon rich in organic matter (FAO-WRB, 2006). Umbrisols are common 

soils in mountainous regions with humid climates that have little or no moisture deficit, mostly in 

cool to temperate areas including tropical and subtropical mountains (FAO/IUSS-WRB, 2015). 

According to FAO (2001), Umbrisols are the logical pendants of soils with mollic epipedons that 

may develop an  A and C or A(B)C master horizons and are common to cool-temperate, moist and 

freely draining conditions often being associated with Leptosols and Regosols and sometimes also 

with Cambisols, Histosols and Podzols. Their umbric horizon may be found also over a cambic 

subsurface horizon with low base saturation (FAO/IUSS-WRB, 2015). They are generally 

permeable and well-drained soils and often have gravel, stones and boulders throughout their 

profile (FAO, 2001). The pedon (KS19) identified as Leptic Umbrisol (Hyperhumic) of the 

FAO/IUSS-WRB (2015) and Humic Dystrudepts of the SSS (1999) within the study area denoted 

morphologically a kind of Regosol with very high SOM content. 

The Dystrudepts (great groups) of the SSS (1999) are acid Udepts of humid and perhumid regions 

that do not have free carbonates but have a BS below 60% by AAc method in all subhorizons 

between 25 and 75 cm from the soil surface; and Humic Dystrudepts (subgroup) are the 

Dystrudepts with umbric or mollic epipedons less 50 cm thick.    Despite the relative clay increase 

with depth, which may be due to elutriation, all the three horizons seemed to be subdivisions of an 

A horizon (Figure 4.10). It was located in altitude ranges above 3700 masl (High-Wurch agro-

climatic belt), on the upper body of Mt. Chillallo at a pediment or upper foot slope position in a 

mountainous landscape-topography (>30% slope) at an elevation of 3800 masl on a relatively 

cumulative topographic position. The site slope gradient of the pit location was defined as 

moderately steep (15-30% slope) from north to south and steep (30-60% slope) from east to west 

direction. The ACr horizon of this pedon rested on a colluvial deposit composed of different types 

of rock fragments similar to those of the KS16 and the KS19 pedons. Accordingly, it can be 

inferred from the physical appearance of the rock fragments that the colluvial parent material of 

these pedon also consisted of mainly felsic type volcanic rocks with some admixtures of mafic 

rocks. In spite of the unavailability of the meteorological data of the area to estimate the soil 

temperature and moisture regimes of the area, the soil temperature regime of this pedon (KS19) at 

an altitude of 3800 masl and above, can be considered as of Isofrigid type.  
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    A)    KS19 Pedon profile                          B) Site photograph  

    Figure 4.10. Profile of Leptic Umbrisol (Hyperhumic) „A‟ and pit site view „B‟                               

 ABRDP (2004) classified the climate of the area around KS19 as frigid (cold to very cold) with 

average annual air temperatures of less than 10
⁰ 
C. The moisture regime can be estimated to be of 

udic type. ABRDP (2004) estimated the average annual rainfall amount of this area to be above 

1500 mm, with its peak amounts in the months of July and August, whereby the rain period 

extends from March to October. The rainfall pattern of the whole area around Mt. Chillallo is 

bimodal with a minor rainy season (Belg) from March to early may after a relatively long dry 

period from November to February in years with normal rainfall distribution and a brief dry period 

from the middle of May to early June (AZAO, 2015). Even in the drier months of November to 

February, the area remains cloudy or fogy, so that evapotranspiration rates that may cause dry 

profile condition seemed to be non-existent. Moist profile condition with depthwise increasing 

moisture during the profile (pit) preparation and soil sampling in the time from early January to 

the middle of February 2015 was observed in the profiles above 3000 masl, despite the fact that 

there was no rain within this time span.  

The study area above 2900 masl elevation was dominated by afro-alpine and subafro-alpine 

vegetation that mainly consisted of evergreen coniferous tree species known as Erica arborea L. 

(Asta, Saatoo) with more prevalence of Giant lobelia species as admixtures on the higher parts 

normally mixed with tuft grasses and other broad leaved very short shrubs. At present, the area is 

delineated as Mountain Park area and hence no arable land-use practice could be observed within 
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the area, except some illegal grazing and burning activities. Even since several decades, this area 

was not used for any crop production activity. However, there was continuous extensive burning 

of the existing vegetation each year in the time from December to February/March, which might 

have been the most likely cause of the strongly dwindling coverage of arboreal vegetation 

especially in the eastern part of this high altitude areas, namely in the area of pedon KS19. 

The profile of this pedon was totally devoid of carbonates, which implied the existence of strong 

leaching and decalcification. Contrary to the pedons of lower elevation areas, the CEC, ECEC and 

BS decreased with depth with their highest numerical values only in the Ah horizons, and similar 

trend existed also by the SOM content and the soil pH as well. The CECclay value of the Ah 

horizon (21.19 cmolc kg
-1

) implied the existence of low-activity clays in remarkable proportions 

and that of the lower horizons (38 cmolc kg
-1

) denoted rather a mixed type clay mineralogy 

dominated by high-activity clays. The higher rainfall amounts coupled with lower 

evapotranspiration rates due to coldness of such higher altitude areas might have induced the 

existence of excess moisture within the profile for percolation and chemical weathering, so that 

removal of soluble soil constituents through intensive leaching (soluvation) and thereby 

acidification might have taken place. Accordingly, based on the profile morphology and trends of 

carbonate content, CEC, BS and SOM content with depth, pronounced organic matter 

incorporation (melanization), decalcification, soluvation, deposition and surface erosion with 

elutriation appeared to be the main pedogenic processes that led to the formation of this pedon.  

4.2.4.9. Regosols (Entisols)  

Entisols (Leptosols and Regosols) are weakly developed mineral soils without genetic subsurface 

horizons or with only the beginning of such horizons, but may have slight organic matter 

incorporation (melanization) within the upper 25 cm of their profiles and hence may have some 

forms of epipedons such as an Ap, ochric or even mollic types; nevertheless lack diagnostic 

horizons with stipulated depths that define other soil groups (Mesfin, 1998; Buol et al., 2011; 

Brady and Weil, 2014). The fact that Entisols lack or have little evidence of soil development does 

not imply that they are simple and identical soils, but rather an extremely diverse group of soils 

with little in common other than the lack of evidence for all but the earliest stage of soil formation 

(Miller and Gardiner, 2001; Brady and Weil, 2014). In general, they include simple soils with one 

or more of the horizons mentioned here above and pedogenically featureless, life supporting 
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unconsolidated natural materials intermediate between the nonsoil (for example hard rock, sand 

dune, deep bodies of water and glaciers) and horizonated soil (Buol et at., 2011). The full range of 

soil-forming processes operates to some degree in Entisols; however, their impact has not been 

great enough to produce soil features recognized as diagnostic. Generally, Entisols are either 

young in years or their parent materials have not reacted enough to soil-forming factors; so that 

there is absence of distinct pedogenic subsurface horizons. This may be due to for example too 

inert parent materials, insufficient time to develop horizons on recent materials, occurrence on 

steep slopes where rate of surface erosion equals or exceeds the rate of profile formation, 

occurrence in positions where deposition covers the soil too frequently or where frequent mixation 

of the soil to a depth of 1-2 m occurs impeding horizon differentiation, or ecological conditions 

not conducive to horizon formation as for example very dry and extremely cold areas that inhibit 

bio-geochemical weathering (Miller and Gardiner, 2001; Buol et al., 2011).  

Regosols of the  FAO-WRB (2006) or FAO/IUSS-WRB (2015) that belong to the Entisols (Order) 

of the SSS (1999),  include very weakly developed mineral soils in unconsolidated materials  

which are not very shallow or very rich in gravel or coarse fragments (Leptosols), not sandy 

(Arenosols) and not with fluvic materials (Fluvisols). They are extensive in eroding lands and 

accumulation zones and occur in all climatic zones except permafrost and at all elevations,  and 

are particularly common in arid areas including dry tropics and mountain regions (FAO/IUSS-

WRB, 2015). The pedons identified as Leptic Regosols (KS11 and KS16) of the FAO/IUSS-WRB 

(2015) within the study area were located on similar topographic positions but in two quite 

different traditional agro-climatic belts or altitude ranges. Pedon KS11 was at an altitude of 1980 

masl within Lower-Woina-Dega agro-climatic belt, at the upper slope (shoulder) of the “rift valley 

escarpment” on a convex slope form and also convex flow path way (Figure 4.11). The site slope 

gradient of the pit location was 15-30% in north to south direction and 10-15% in west to east 

direction, in a hilly (15-30% slope) landscape-topography in a medium-gradient escarpment major 

landform (10-30% slope and RI of 50-100 m/km). Since the pit location was on a convex slope 

form with convex surface flow path way, rapid runoff in both directions might have taken place. 

Short grass types (13-30 cm height) were the predominant vegetation of the area with very 

sparsely scattered short acacia trees. Several exposed bare rock surfaces were also seen in all 

direction and the area was used only for grazing. The profile of the pedon consisted of only A and 

C master horizons with an incipient soil formation that rested on a pumiceous solid pyroclastic 
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rock dark grey in color. The petrographic analysis result of the broken off rock obtained after 62 

cm depth of the profile has indicated that the pumiceous rock consisted of 90% volcanic glass, 8% 

Feldspars, 1% quartz, 1% hornblende and trace amounts of opaque minerals and calcite; whereas 

the clay mineralogy assessment results implied the predominance of smectitic minerals (Table 4.8 

and 4.11). Based on the environmental conditions of the KS11 pedon, OM incorporation 

(melanization) and surficial removal of the weathering products through rapid runoff (erosion) 

appeared to be the main soil-forming processes that have been operating by the development of 

this soil. Thus, it can be concluded that environmental conditions have permitted only the 

development of an organic matter incorporated A horizon without any diagnostic subsurface 

horizon in this pedon, so that the soil formation could not proceed beyond a Regosol (Entisol) 

development stage. 

The second Regosol profile (pedon KS16) was found at the lower slope (foot slope) position of the 

main body of Mt. Chillallo at an altitude of 2965 masl within a Proper-Dega agro-climatic belt on 

the western side, on a particular topographic position that can be considered as the back slope 

position if observed separated from the “main body” of Mt. Chillallo. The topographic impact of 

the latter seemed to be more decisive for the development of this pedon than the former general 

topographic position. A steep land with high-gradient mountainous topography (>30% slope and 

RI >300 m/km) was the major landform of the area that had steeply dissected (>30% slope) 

landscape-topography. The site slope gradient of the pit location was moderately steep (15-30%) 

in southwest to northeast direction and steep (30-60%) in south to north direction, so that water 

can flow in two directions. The slope form was convex with convex surface flow path way in the 

north to south direction and concave with somewhat straight surface flow path way in the 

northeast to southwest direction in a manner that it may reduce to some extent the runoff speed, 

provided that vegetation cover exists. The area was dominated by subafro-alpine vegetation, where 

Erica arborea L. (Asta) predominated intermixed with other broad leaved bushy plants and trees 

like Hagenia abyssinica L. (Kosso), Hypericum spp. L. (Ameja, Garamba) and Morus spp. L. 

(Yedega injori, Altufa). Short grasses were also prevalent as under growths and in the open spaces 

between trees and bushes. The profile rested on a colluvial material similar to that observed by 

pedons KS18 and KS19 after about 83 cm depth. Relatively, a deep mollic type organic matter 

rich A horizon with two vertical subdivisions (Ah, A1) was observed up to 52 cm depth.  
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      A) KS11 Pedon profile     B) Site photograph  

    Figure 4.11. Profile of Leptic Regosol (Humic, Hypereutric) „A‟ and pit site view „B‟ 

The moist color notation for both was 10YR2/1 (black), the Ah having loam textural class and the 

A1 a clay loam texture. Beneath the A1 horizon, there was again a layer with unique morphology 

similar to that encountered by pedon KS18 in the “B” horizon. However, the A/Ctr of this pedon 

(KS16) was more of granular crumb structure that was almost identical with A1 horizon that lay 

above it, except for its color which was dark yellowish brown (7.5YR3/4, moist). Astonishingly, 

this A/Ctr horizon had higher clay content similar to an argic B horizon, provided that the other 

criteria for argic B horizon would have existed.  However, both the A1 and the A/Ctr had the same 

soil structure, though gravel and rock fragments were more prevalent in the A/Ctr. Except for its 

higher clay content, the A/Ctr was a transitional horizon between the A and the nearly nonexistent 

C horizon that directly rested on the colluvial material composed of a mixture of rock fragments 

having a size range from coarse gravel (20-60 mm diameter) to stones (60-200 mm diameter), 

similar in color and texture with the colluvial materials observed by pedons KS18 and KS19. 

Therefore, the surveyor could not classify this layer neither as an argic nor as a cambic horizon, 

especially due to the presence of relatively more gravel and rock fragments than in the A1, and 

hence decided to name it as a unique A/Ctr transitional horizon observed nowhere else until then. 

Had financial resource and time permitted, it would have been just at least to observe one more 

similar horizon to arrive at a more reliable conclusion. The granular crumb structure and absence 

of clay films of both the A1 and A/Ctr horizons could be due to the high faunal activity of the area 

similar to the area of KS18 and KS19 and even with more strongly noticeable mole-rat‟s activity 

than these pedons (KS18, KS19). According to FAO (2001), clay films may wholly or partially 
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disappear through homogenization of the soil by soil fauna so that there is often less oriented clay 

in the subsurface horizons than one would expect on the budget analysis of the clay profile. The 

soil fauna might have mixed and modified the materials of the two horizons (haplodization) 

leading to the unique morphology observed in the A/Ctr horizon; despite the fact that intensive 

rooting also might have augmented this process.  Accordingly, the author decided to classify this 

pedon as a Regosol instead of a Cambisol or Luvisol. However, no such a Regosol with so a high 

clay content in the subsoil could be encountered in literature. The high clay content of both the A1 

and A/Ctr horizons may be due to deposition of finer materials from the upper landscape positions 

that might have served as a parent material for the development of such a pedon with a unique 

profile morphology and textural differentiation. The lower clay content and higher sand content of 

the Ah may be mainly due to selective removal of finer materials including clay (elutriation) and 

thereby a relative accumulation of clay in the subsoil in the course of the soil formation. The 

uniform silt content throughout the profile attested to the presumption that the pedon developed 

most likely on a nearly homogeneous parent material deposited from upper (higher) landscape 

positions. However, the role of clay translocation, especially through the voids (macropores) 

created through earth worm activities cannot be totally excluded also, particularly due to the 

existence of higher precipitation in the area.The soil moisture and temperature regimes can be 

taken as similar to that of the KS18 pedon, namely isomesic soil temperature regime and udic soil 

moisture regime. Based on the observed environmental conditions, the main pedogenic processes 

that led to the development of this soil appeared to be deposition, elutriation, soluvation, organic 

matter accumulation and incorporation (melanization) and faunal pedoturbation; the latter one 

seeming to be the main cause of the relative haplodization of the profile.  

4.2.4.10. Planosols (Albaqualfs)  

Planosols are soils with a light-colored eluvial surface horizon with signs of periodic water 

stagnation that usually abruptly overlies a dense, slowly permeable subsurface horizon with 

significantly more clay than the surface horizon (FAO, 2001; FAO/IUSS-WRB, 2015). Periodic 

stagnation of water directly above the denser subsurface soil produces stagnic properties in the 

eluvial horizon, and in many soils also mottling in the upper part of the dense subsoil (FAO, 

2001). These soils are common to level reliefs (flat lands) such as level plateaux and depressions 

that have internal and also external poor drainage under climatic conditions that cause alternating 

surface wetting (saturation, water logging) and drying, so that the seasonally created reducing and 
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oxidizing conditions produce mottled layers within the profile (Birkeland, 1999; FAO/IUSS-

WRB, 2015). The term Planosol originates from the Latin word “planus” which means “flat”, to 

indicate the usual topographic position of their occurrence (FAO, 2001).  

Planosols often develop on seasonally or periodically wet, level land surfaces, mainly in 

subtropical and temperate sub-humid but also semi-arid regions with light forest or grass 

vegetation and alternating wet and dry seasons (FAO, 2001; FAO/IUSS-WRB, 2015). The 

alternate reducing and oxidizing cycles, if occurred for a considerable longer period may lead to 

the development of an E horizon (albic horizon) that gradually extends downwards at the expense 

of the underlying horizon (B horizon) through a hydromorphic pedogenetic process known as 

ferrolysis that consists of cation exchange reactions under the main influence of the oxidation-

reduction involving iron (Brinkmann, 1970). This author continues that during the reducing 

(anaerobic) phase, free iron (ferric iron compouds) is reduced to ferrous in large amounts that it 

displaces the exchangeable basic cations which are leached thenceforth; and during the next 

aerobic phase, the ferrous iron is oxidized again producing ferric hydroxides that release hydrogen 

ions through hydrolysis, and the hydrogen ions in turn displace the exchangeable ferrous iron 

proceeding its oxidation and hydrolysis to produce more hydrogen ions. Moreover, the hydrogen 

ions may attack the octahedral clay mineral structures releasing A1
3+

, Mg
2+

 and other structural 

cations leading to the destruction of clay lattice, whereby the released Al
3+

 may polymerize in the 

interlayers of the remaining clay minerals either to form the 2:1:1 layer intergrades or the 2:1:1 

pedogenic chlorites, which are often characteristic to pseudogley soils including Planosols. The 

Al
3+

 may be also hydrolyzed further to produce H
+
 ions continuing the reaction, eventually leading 

as a whole to clay mineral depletion in the upper horizons and to relative sand and silt enrichment 

that may results in an abrupt textural change within the profile. On the other hand, if the clay 

particles were stabilized by ferric iron compounds, they may also disperse and move with 

percolating water creating clay-depleted micro-site (Buol et al., 2011).  

Accordingly, the color of the clay and ferric oxides and hydroxides depleted upper horizon, will be 

determined primarily by the color of the uncoated sand and silt particles and by the color of 

reduced iron compounds leading to the predominance of grey, whitish and bluish colors depending 

on the degree of the anaerobic condition created and the accompanying various compounds 

formed in the soil medium (Gerrard, 2000; Buol et al., 2011). The solublized Fe
2+

 ions may be 

leached, diffused or be wicked to other locations within the soil profile where they may be 
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oxidized to form precipitations of ferric oxides and hydroxides that produce rusty iron-rich mottles 

or concretions. Similar reduction takes place also with manganese which has even greater 

tendency to easily be reduced and solublized in less reducing condition where iron is still insoluble 

at the same soil pH (Birkeland, 1999). The reduced Mn moves to more alkaline or more oxidizing 

locations where Fe exists in its oxidized form, and precipitates in form of black manganese cutans 

(mangans) or black colored hardened bodies called nodules (concretions); and this is why mangan 

coatings and Mn-concretions occur in the lower (deeper) oxidizing layers (horizons) with normal 

soil colors in semi-humid to semi-arid regions (Fanning and Fanning, 1989; Buol et al., 2011).  In 

general, the main cause of lighter colors in horizons affected by water saturation is the absence of 

ferric iron forms, and that of mottling is the occurrence of Fe and Mn compounds in different 

oxidation states (Birkeland, 1999; Buol et al., 2011). Due to the poor internal and external 

drainage and the presence of perched water table during the wet season, natural vegetation on 

Planosols is mostly limited to grasses and other herbaceous plants, whereby the growth of plants is 

impaired by water logging during the wet season and by severe drought in the dry season since 

such soils naturally feel strongly droughty during the dry season, besides their limited rooting 

depth (Dudal, 1973; Cardoso and Bessa, 1973).  The world‟s major Planosol areas occur in 

subtropical and temperate regions with distinct alteration of wet and dry seasons and land-use on 

them is less intensive than the other soils under the same climatic conditions, so that vast areas are 

used for extensive grazing (FAO/IUSS-WRB, 2015). Planosols occur in association with Vertisols 

in the lower parts of the landscape and with Nitisols in the higher reaches (FAO, 2001).  

The pedons identified as Planosols (KS04 and KS12) were located at an elevation of 2345 masl in 

a level land as major land form, on a terrace type relief unit alongside the slope of Mt. Chillallo 

within a depression (<10% slope) at a lower slope (foot slope) position by KS12 and at the 

interfluve‟s crest position by KS04. The seemingly two different topographic positions of the pit 

locations were separated by a depression that forms a small valley of non-permanent small stream 

that separates the two “quasi-interfluve” parts. The landscape-topography can be classified as 

gently undulating (1-5% slope) by the KS12 and almost flat (0.5-2% slope) by KS04, and the 

slope gradient of the pit location as gently sloping (2-5% slope) in the southwest to northeast 

orientation but sloping (5-10% slope) in the southeast to northwest orientation by KS12, and very 

gently sloping (1-2% slope) from south to north and almost flat from east to west by KS04. The 

natural vegetation was dominated by short grass and medium grass vegetation with no trees or 
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other herbaceous plants intermixed, though the surrounding upland areas were occupied by native 

trees such as Juniperus procera, Olea africana, Podocarpus gracilor and rarely seen tall acacia 

tree species. Despite topographic similarities, the KS04 site was dominated by short and medium 

grass types but only sparsely scattered taller acacia trees and other broad leaved trees such as 

Croton macrostachyus L. (Bisana, Bekenisa). The depression seemed to be a runoff collection area 

from the highly elevated surrounding areas, thereby being extended for more than 3 km in the 

north to south direction. The profile site of KS12 was located at a cumulative landscape position if 

observed both at micro-and macro-topographic scale. Though it was impossible to arrive at a C 

horizon or a bed rock (parent rock) to get a parent material sample during the pit preparation by 

KS12, the parent rock sample obtained from the nearby area from the pit of pedon KS04, was 

identified as a volcanic rock known as andesite which is dominated by plagioclase feldspar and 

pyroxene minerals as an intermediately mafic rock type.  

The terrace like flat land elevation range was mainly within an Upper-Woina-Dega traditional 

agro-climate. The soil moisture regime can be considered as aquic due to the seasonal stagnation 

(saturation) of the flat land area which was observable at profile morphology (stagnic properties) 

as described in Table 4.3 and Appendix Table 7). The soil temperature regime may be considered 

as Isothermic. The profile of KS12 pedon was extremely deep (>200 cm) and hence was 

impossible to observe its C horizon (if any) or the parent rock (Figure 4.12). The surficial horizon 

(Ah horizon) was strongly humic (12% SOM) and had a very dark grey color (7.5YR3/1, moist); 

and the EA horizon had a grey (10YR5/1, dry) and dark grey (7.5YR4/1, moist) color by KS12 

(Figure 4.12), implying the existence of an albic material (E horizon). There was an abrupt textural 

change from the Ah to the EA or from the EA to the B/Et or from the EA to the Btss1 by KS12 

(Table 4.4 or Table 4.11). While the abrupt textural difference was from the AE to the BAt or 

Btss1, the color of the AE horizon indicated the existence of an albic material (10YR6/2, dry and 

10YR4/2, moist) also by the KS04. There were dark red (2.5YR3/6, moist) spots in the Ah and 

brown (7.5YR4/4, moist) spots in the EA horizons of KS12 around root channels and on ped faces 

as mottles, which denoted the presence of ferric compound forms. Similarly, dark yellowish 

brown (10YR4/4, moist) spots were observed in the B/Et horizon of KS12. On the other hand, 

mottling was limited only to the AE and BAt horizons by the KS04, whereby red (2.5YR3/6, 

moist) colored spots are encountered in both horizons. There were scattered very dark grey 

(Gley1, 3/0N, dry) and black (5Y2.5/2, dry) concentric nodules (concretions) in all horizons 
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except the Ah, though their occurrence diminished progressively with depth until they disappeared 

in the lower Btss2 horizon by KS12. Similar, but fewer and less distinct nodules were also 

observed only in the AE, and BAt horizons of KS04. No mottling was observed in the Btss1 and 

Btss2 horizons of KS12 and below Btss1 in KS04, but only uniform soil colors and Mn 

concretions. This testifies to the existence of only perched water table limited to the horizons 

above the Btss1 horizon by both profiles, which might have been induced by the strongly clayey 

nature of this horizon, thereby confirming the presumption to the existence of pseudo-gleying 

(surface-water-gleying) and ferrolysis as the soil-forming processes that led to the development of 

these soils.  

Additionally, the CEC7 of the eluvial horizon of both profiles denoted also that the eluviation 

process had impacted also the exchange complex including the SOM of the soil (both values were 

distinctly lower), which was more noticeable in KS12 than in KS04 (Tables 4.2, 4.5a and 4.5b; 

Table 4.11). Moreover, the color, structure and texture of the Btss1 and Btss2 of KS12 horizons 

denoted that the present Planosol had been formed by a digressive soil development in a smectitic 

soil material (Vertisol). The ferrolysis process affects mainly clay minerals of the swelling type 

which tend to be easily decomposed, so that Planosols are often encountered in relation to 

Vertisols and other soils with dominantly high-activity clay mineralogy and an argillic B horizon 

(Dudal, 1973). Ferrolysis affects mainly soils dominated by swelling type clay minerals which are 

sensitive to acidification effects as a result of cation exchange reaction mechanisms, rather than 

podsolization which is based on cheluviation and chilluviation as pedogenic narrow processes 

(Dudal, 1973; Fanning and Fanning, 1989). Even though not so prominently expressed, similar 

phenomenon was observed also in the KS04 profile. Based on the environmental conditions 

described above and the profile morphology, the main pedogenic processes that have been 

operating by the development of these soils appeared to be deposition, pseudo-gleying 

accompanied by ferrolysis and organic matter incorporation.  
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        A) KS12 Pedon profile                      B) Site photograph 

 

      Figure 4.12. Profile of Luvic Vertic Albic Mollic Planosol (Humic, Hypereutric) „A‟ and  

                         site view „B‟ 

 

4.2.4.11. Vertisols (Uderts)  

Vertisols are black to dark brown colored heavy clay mineral soils with alternate swelling and 

shrinking features that result from the predominance of 2:1 layer expanding clays in their clay 

mineralogy and a vertic horizon within 100 cm from the soil surface (Ahmad, 1983; FAO/IUSS-

WRB, 2015). They have at least 30% clay between the soil surface and the vertic horizon 

throughout; and shrink-swell cracks and wedge-shaped structural elements with slickensides (Buol 

et al., 2011; FAO/IUSS-WRB, 2015). Despite their usual dark coloration, the OM content is rather 

low (0.5-3%) so that the soil color is not necessarily an indicator of high OM content of Vertisols 

but rather, the chemical nature of their organic fraction and its association (complexing) with their 

finer expanding 2:1 lattice clays (Ahmad, 1983; Mitiku, 1987; Buol et al., 2011). The name 

Vertisol is derived from the Latin word “vertere” which means to turn, referring to the constant 

internal turnover (churning) of the soil material through argillipedoturbation as a homogenizing 

soil-forming process (FAO/IUSS-WRB, 2015). They may develop on a variety of parent materials 

with neutral to alkaline reaction as common features, the most common ones being sediments with 

high proportions of swelling clays, products of in situ weathering (residuum) of mafic igneous 

rocks like basalts, volcanic ashes and alluvium from these materials (Buol et al., 2011; 

FAO/IUSS-WRB,2015). According to these authors, Vertisols are common in tropical and 

subtropical semi-arid to humid climates with distinct alternative wet and dry seasons, on a 



258 
 

 

landscape with slopes ranging from 0-8%, though the more frequent slope ranges are 0-2%. 

However, according to Pagel (1981), rather than the atmospheric climate, a soil climate 

characterized by distinct wet and dry phases is decisive for their development. They may have any 

soil temperature regime except pergelic or areas above the timberline of high mountains in tropical 

extreme high altitude areas, and are found in every continent except Antarctica between 50⁰ N and 

45⁰ S (Buol et al, 1997). In the highlands of Ethiopia, the main soil parent materials are olivine 

basalts, tuffs, cinders and finer volcanic ash of basic nature and different alluvial deposits in 

landscapes with restricted drainage such as seasonally inundated basins, deltas, valleys, alluvial 

and pyroclastic plains, undulating plateaux and side slopes (Ahmad, 1983; Berhanu,1985). Though 

the natural vegetation on Vertisols is equally variable as climate, the inherent properties of 

Vertisols (high clay content, shrinking and swelling) limit the vegetation to the dominance of 

grasses and slow-growing deep-rooted tree species that have the ability to survive intense dry 

periods (example acacia trees which are common on Vertisols worldwide) and overcome total root 

damage that could result due to annual cracking of the soil (Ahmad, 1983). According to Deckers 

et al. (2001) and Buol et al. (2011), the favorable conditions for their formation generally include 

the following: 

      a. Sufficient rainfall to enable weathering but not so high that intensive leaching of bases occur  

          and 2:1 layer clays are not further weathered or interlayered to the extent that their 

          expanding properties are destroyed.  

      b. Dry periods for the crystallization of clays that form upon weathering of rocks or sediments;  

           and sufficiently high temperatures that promote the weathering processes that enable the 

           synthesis of secondary 2:1 layer silicates at the presence of silica and basic cations, 

           especially Ca
+ 

and Mg
+ 

in a medium with about neutral to alkaline soil reaction.  

      c. Basic parent materials, impeded drainage that hinders intensive leaching and curbs the loss 

          of weathering products (bases, silica) and profile environments rich in magnesium and  

          calcium, since magnesium is part of the structure of montmorillonites and calcium  

            maintains a favorable pH to its formation. Under such circumstances, soil solution silica 

            and basic cation concentrations are maintained at a level high enough for the smectites to 

             be stable and aluminium concentrations are low, so that interlayering cannot occur. Once 

           the required content of clay and the dominant 2:1 expanding clay minerals have been  

           achieved, the shrink-swell process begins to operate (Buol, et al., 1998).        

      d. Topographically, they are formed normally in the lower parts of the landscape comprising 

           nearly level to gently undulating land surfaces, flood and coastal plains, valleys, 

           depressions, etc with 0-8% slope gradient. However, Vertisols may be encountered in 

           landscapes with up to 15% or more slope gradients provided that other environmental  

           factors for their formation are fulfilled (Ahmad, 1983).  
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The main pedogenic process is the movement and shearing of plastic soil material by the shrinking 

and swelling of the 2:1 expanding lattice clays during the seasonal changes in soil moisture, which 

causes a significant mixing of the soil horizons through argillipedoturbation (Buol et al., 2011). 

The combination of climatic conditions, parent material and topographic position determines the 

spatial and temporal linkages of Vertisols with other soils that exist associated with them in the 

landscape forming intergrades or extragrades to Vertisols. In Ethiopia, Vertisols are often 

encountered in areas with mean annual rainfall ranges of 350- 1800 mm and elevation ranges of 

800-3000 masl (Mitiku, 1987). Soils with vertic properties may show one or more of the Vertisol 

properties, but not to the extent characteristic of Vertisols. Such soils may have cracks not 

sufficiently wide and deep, slickensides or wedge-shaped aggregates only, a vertic horizon 

underlying a coarse textured surface layer or they may be clayey but only having a vertic horizon 

that has not developed to a sufficient depth yet. Hence, Vertisols are set apart from such soils by 

the combination of having a vertic horizon, wedge shaped angular blocky structures accompanied 

by slickensides, high clay content throughout, deep and wide cracks upon drying and water 

logging during the wet period (Deckers et al., 2001). 

Two profiles, namely KS01 and KS13 were identified as Vertisol profiles within the study area, 

which were relatively far away from each other and hence found in different agro-climatic belts; 

the KS01 being in the Upper-Woyna-Dega and the KS13 in the Lower-Dega. Nevertheless, udic 

soil moisture regime and an isothermic soil temperature regime were believed to be common for 

both sites, though the internal drainage condition of the KS13 implied also the existence of an 

aquic soil moisture regime. The KS01 profile was located in a rolling (10-30%, slope) landscape-

topography at the back slope position of the hill known as Guticha with site slope orientation in 

two directions, namely from south to north, sloping (5-10% slope) and from east to west, strongly 

sloping (10-15% slope), in a grass land area dominated by medium grass types and some Acacia 

and broad leaved trees found sparsely scattered. The altitude of the profile location was 2290 masl 

in about 5-7 km distance towards Mt. Chillallo in the southeastern direction from the “rift valley 

escarpment” shoulder position where the KS11and KS02 pedons were located. A micro-

topography with high hummocks and closely spaced cracks (0.2-0.5 m apart) with 10-20 cm depth 

were also observed on the land surface. In such a slope condition, it may be difficult to expect a 

Vertisol profile according to the prevailing pedogenetic theory that Vertisols are limited to slope 

ranges of 0-8%. However, according to Ahmad (1983) and SSS (1999), Vertisols may be 
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encountered in landscapes with up to 15% or more slope gradients provided that other 

environmental factors of their formation are fulfilled. On the other hand, the profile opened at the 

summit of the hill (KS04) was also found to be a strongly Vertisol natured Planosol profile with 

strongly expressed stagnic properties influenced by a perched water table created over a strongly 

clayey B horizon that had similar properties with a vertic horizon, so that movement and 

deposition of finer materials from the summit and other upper parts of the back slope position 

might have influenced the genesis of this soil. Moreover, the lower slope gradient in the south to 

north direction (5-10%) might have played a significant role by reducing the runoff speed that 

deposition of the suspended materials might have been possible within a dense grass covered land 

surface. Nonetheless, this pedon (KS01), could not be classified tentatively as any other 

taxonomic unit else except the Vertisol (Figure 4.13). The profile was extremely deep that it was 

not possible to get even after 220 cm depth a true C horizon, but only the BC horizon with strong 

carbonate effervescence and slickensides. The color of the soil material was typically black up to 

the Bss1(157 cm) and there was no sign of water stagnation within the profile except the very dark 

grey (2.5Y3/2, moist) color of the Bkss2 and the dark olive brown (2.5Y3/3, moist) color of the 

BCkss that might be primarily due to the influence of secondary carbonates and some minor 

influence of laterally moving ground water that could not rise to more than 157 cm (when seen 

from above) upwards within the profile (Table 4.2). The profile had a BS above 85% and clayey 

texture throughout except the Ah horizon with sandy clay loam texture but had also more than 

30% clay. The A horizon (Ah-A2) was mollic and the subsurface was generally vertic with some 

features of an argic horizon. The relative increase of clay content with depth seemed to be mainly 

due to selective removal of clay by erosion, though the role of clay translocation cannot be also 

excluded. Clay skins and slickensides were observed starting at the lower part of the A2, though 

their occurrence in combination with wedge shaped structural units is very minimal both in A2 

and the BA horizons.  

The KS13 was found at an altitude of 2470 masl in level land (<10% slope) plateau at a foot slope 

position with a convex slope form and also convex surface flow path way, in an undulating (5-

10% slope) landscape-topography with a site slope gradient of  2-5 % (gently sloping ) from south 

to north and 5-10% (sloping ) from east to west. Contrary to the KS01 profile, there were signs of 

water saturation in two directions within the profile, namely the first from underground only up to 

the bottom of Btss1 and the second above the same layer as perched water. The former seemed to 
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be a lateral seepage of ground water from the upper landscape position that rose only up to 87 cm 

depth when measured from the soil surface, so that the perched water from above and the ground 

water from beneath appeared to have sandwiched the Btss1 horizon. Low gilgai micro-topography 

and closely spaced cracks (0.2-0.5 m apart) which were 2.5 cm wide and 10-20 cm deep were also 

observed on the land surface around the pit location. Regarding the mottling condition in the 

KS13, the Ah horizon had only some olive brown type (2.5Y 4/4) mottles at its lower part, 

whereas the A/E horizon was strongly mottled through bluish black (Gley2, 2.5/1, 5PB moist) 

concretions and olive brown (2.5Y 4/4, moist) spots over a grayish brown (10YR 5/2, dry) 

background .The olive brown spots appeared  to be oxidized forms of iron after saturation at the 

end of the wet period and the bluish black concretions manganese concretions formed under the 

same condition. The Btss1 had no iron oxide spots (olive brown mottles), but had some bluish 

black concretions sparsely interspersed throughout, whereas the Btssg2 and B/Ctrg horizons were  

 

 

 

 

 

 

           

             A) KS 01 Pedon profile              B) Pit site photograph 

Figure 4.13. Profile of Pellic Vertisol (Calcaric, Mollic) „A‟ and site view „B‟ 

marbled with bluish black and dark bluish gray (Gley2, 3/1, 5PB) coatings and some black 

(5Y2.5/2) and very dark grey (Gley1, 3/0N) concretions on a light olive brown (2.5Y5/3, moist) 

and olive brown (2.5Y4/3, moist) backgrounds respectively. The Btssg2 and B/Ctrg horizons had 

no mottles of brown type (oxidized iron) and both layers were wet enough that the soil material 

was easily malleable into a ring and was sticky and plastic though there was no rain at the time of 

sampling. The entire profile was free of carbonate nodules and effervescence of CO2 by testing 

with 10% HCl during profile description. The profile was dry only up to the upper part of the 
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Btss1 (lower part of the A/E) horizon, so that dry samples for dry soil color determination were 

obtained only for the Ah and A/E horizons. 

In general, the mottling phenomenon above Btss1 seemed to be caused by periodic saturation due 

to perched water over the heavy clayey Btss1 horizon, and that of the Btssg2 and B/Ctrg due to the 

influence of laterally moving groundwater which seemed also to occur mainly during the wet 

period only due to the perching effect of the andesitic hard rock encountered after 181 cm depth 

from the surface. Therefore this profile had both type of gleying, namely pseudoleying in the A/E 

above the Btss1, and groundwater gleying from beneath in the B/Ctrg and Btssg2. Though there 

were no mottles of oxidized iron in the Btssg2 and B/Ctrg horizons, the bluish black, dark bluish 

grey and bluish green mottles mainly in form of coatings on an olive background, may be due to 

the presence of mixed forms of ferric and ferrous hydroxides Fe3(OH)8.  

The A/E horizon was not a well expressed albic (E) horizon (albic material) but rather a transition 

horizon dominated by the morphological characteristics of the A horizon. But the abrupt textural 

difference between the A/E and Btss1or Btssg2 denoted that clay translocation and ferrolysis 

might have operated to the extent that strong textural differentiation was created in the originally 

Vertisol profile, but not to the extent that a typical albic horizon is formed. Moreover, the Btss1 

and Btssg2 had strongly expressed wedge-shaped structural units and slickensides, besides the fact 

that the whole profile had 30% and more clay content throughout. Hence the environmental 

conditions of the profile location, the clay content of the entire profile and the morphology of the 

B horizon indicated the existence of a Vertisol profile strongly influenced by gley and pseudogley 

features. The base saturation, the SOM content and the color of the Ah and A/E horizons 

implicated also the existence of a mollic horizon; whereas the subsurface horizons were all vertic 

and argic (Tables 4.2, 4.5a and 4.5b). It can be inferred from the foregoing explanation that the 

differences observed in the profile morphology of the two Vertisol pedons testifies to the fact that 

they developed under different agro-climatic belts and soil moisture regimes; so that they had 

different degree of leaching and weathering, whereby decalcification and clay eluviation appeared 

to have been more intensive in the KS13 with the presumption that they had similar parent 

materials. 
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4.2.5. Soil Classification and Mapping  

The soil classification was performed based on the information from the environmental and profile 

macromorphological description and laboratory analysis of soil samples and the therefrom 

identified diagnostic horizons, properties and materials in relation to the respective pedogenetic 

assessment results of Section 4.2.4. Accordingly, ten RSGs (taxonomic units) and five “Orders” 

were identified and classified based on the commonly known morphogenetic classification 

systems, namely the FAO/IUSS-WRB (2015) or FAO-WRB (2006) and the SSS (1999) of the US-

Soil Taxonomy classification systems respectively. The taxonomic class names were determined 

based on the “Keys” to the respective classification system as elucidated in the sections ahead. The 

ten RSGs were again delineated into eight (8) soil mapping units (SMUs) which consisted of three 

homogeneous and five compound (complex) mapping units and mapped using GIS-Software 

version ArcGIS-10.3 (Table 4.12 and Figure 4.3). 

4.2.5.1. Luvisols (Ustalfs)  

Luvisols are texturally differentiated soils that have higher silicate clay contents in the subsoil than 

in the topsoil (FAO-WRB, 2006). According to FAO/IUSS-WRB (2015), they have high-activity 

clays throughout an argic horizon and high base saturation in the 50-100 cm depth, and hence 

belong to the Alfisols with high-activity clays of the US-Soil Taxonomy. They are soils that have 

an argic (argillic) horizon starting within 100 cm depth from the soil surface. 

Based on the above description, pedons KS05 and KS09 were classified as Abruptic Vertic 

Luvisols (Hypereutric, Mollic) and the KS06 as Vertic Luvisol (Hypereutric, Mollic, Protocalcic) 

of the FAO/IUSS-WRB (2015) and all of them as Vertic Haplustalfs (subgroup) of the US-Soil 

Taxonomy (Table 4.14). According to SSS (1999), Ustalfs (suborder) are the Alfisols of subhumid 

to semiarid regions with ustic soil moisture regime and frigid, mesic, isomesic or warmer soil 

temperature regimes; and Haplustalfs (great group) are the Ustalfs  of monsoon climate or climates 

that have more or less two marked dry seasons within a year. They have an argillic horizon but do 

not have a kandic or natric horizon, and do not have a duripan with its upper boundary within 1m 

of the surface, petrocalcic horizon with its upper boundary within 1.5 m of the surface and do not 

have much plinthite within 125 cm of the soil surface. They have reddish to yellowish brown argic 

horizon that in some part has hue no redder than 5YR or value, moist, of 4 or more. Vertic 

Haplustalfs (subgroups) are the Haplustalfs that have clayey texture and have expanding clays in 
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their argillic horizon and also deep and wide cracks in normal years. All the pedons identified as 

Luvisols had well-drained profiles with an argillic horizon that had a BS by AAc of more than 

65% throughout and an accumulation of secondary carbonates in the subsoil, which indicates 

according to Hazelton and Murphy (2007) their weak to very weak degree of leaching (Table 

4.5a). They have isothermic soil temperature and ustic soil moisture regime within a Lower-

Woina-Dega to Proper-Woyna-Dega (subtropical) traditional agro-climatic belt. Their argillic 

horizons and all horizons below the Ah horizon had clay textural class and mainly smectitic 

mineralogy as high-activity clay, though the existence of amorphous mineral colloids in the BC 

and C horizons of the KS05 and KS09 profiles (respectively) was discernible from the clay 

mineralogy assessment data (Table 4.11). Their A horizon (Ah+A1) was characterized relatively 

by higher SOM contents on average more than 3.7%, and thereby considered as a mollic epipedon 

with BS over 60%; wherefrom the “mollic” supplementary qualifier in their classification names 

originated.  

Table 4.14. Luvisols and Cambisols classified according to SSS (1999) and FAO/IUSS-WRB (2015)  

 

      

            

4.2.5.2. Cambisols (Udepts)  

Cambisols include soils with at least an incipient subsurface soil formation and hence are 

characterized by the beginning of horizon differentiation (FAO/IUSS-WRB, 2015). They are 

mineral soils with a cambic horizon starting within 50 cm depth of the soil surface that starts at 25 

cm or more below the soil surface; or they have an anthraquic, hydragric, irragric, plaggic, pretic 

or terric surface horizons, or a fragic, petroplinthic, pisoplinthic, plinthic , salic, thionic or vertic 

horizon starting within 100 cm depth of the soil surface; or one or more layers with andic or vitric 

Pedon 

No. 

Diagnostic horizons Diagnostic 

properties 

Diagnostic 

materials 

Soil classification 

FAO/IUSS-WRB (2015) 
SSS (1999), 

Subgroup Epipedon Subsurface 

KS05 Mollic 

(Ah, A1) 

P.V., Argic 

(Bt1, Bt2) 

A.T.D (from 

Ah to A1), 
Mineral 

Abruptic Vertic Luvisol 

(Hypereutric, Mollic) 
Vertic Haplustalfs 

KS06 
Mollic 

(Ah, A1) 

P.V., Argic 

(Bt1) 
Protocalcic Mineral 

Vertic Luvisol 

(Hypereutric, Mollic, 

Protocalcic) 

Vertic Haplustalfs 

KS09 Mollic 

(Ah, A1) 

P.V., Argic 

(BAt, Bt1) 

A.T.D (from 

Ah to A1), 
Mineral 

Abruptic Vertic Luvisol 

(Hypereutric, Mollic, ) 
Vertic Haplustalfs 

KS14 
Mollic 

(Ap, A1) 

P.V., Cambic 

(Bw1, Bw2) 

A.T.D (from 

Ap to A1), 
Mineral 

Vertic Cambisol  

(Geoabruptic, Hypereutric, 

Mollic) 

Humic Eutrudepts 

A.T.D. = Abrupt textural difference; P.V. = Protovertic horizon 
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properties with a combined thickness of 15 cm or more within 100 cm of the soil surface 

(FAO/IUSS-WRB, 2015).  

Accordingly, the KS14 pedon was classified as Vertic Cambisol (Geoabruptic, Hypereutric, 

Mollic) of the FAO/IUSS-WRB (2015) and Humic Eutrudepts subgroup of the SSS (1999) 

classification based on its morphological and physico-chemical characteristics. According to SSS 

(1999), Humic Eutrudepts are the Eutrudepts (great group) that have an umbric or mollic 

epipedon. Eutrudepts are Udepts (suborder) with a base saturation (by AAc) of 60% or more in 

one or more horizons at a depth between 25 and 75 cm and no fragipan or duripan within 100 cm 

and sulfuric horizon within 50 cm from the mineral soil surface; and Udepts are freely drained 

Inceptisols that have a udic or perudic moisture regime and soil temperature regime warmer than 

cryic, but do not have both aquic conditions and histic epipedon. They do not have also an ESP of 

15% or more or a SAR of 13 or more in half or more of the soil volume within 50 cm and ground 

water within 100 cm of the soil surface. The profile of pedon KS14 had higher clay contents above 

35% clay that generally increased with depth, but lacked the requirement of a textural increase 

after the mollic A horizon that qualifies it for an argillic B horizon. Additionally, except the color 

and structure of the soil material of the horizon between the mollic A and the C horizon, there 

were no remarkable clay skins observed on the ped faces and in pore linings when compared to the 

analogous horizons of Luvisol profiles, so that it was distinguished as a type of cambic horizon. 

Udic soil moisture and isothermic to isomesic soil temperature regimes were anticipated to exist in 

the area of its occurrence. Generally, this soil was characterized by higher base saturation (over 

70%) of the whole profile (without protocalcic property however), relatively higher SOM contents 

(on average over 4.0%) of the A horizon, higher clay content (>35%) of the solum, but well 

drained and strongly horizonated profile. The mineralogical assessment data also indicated the 

dominance of high-activity clays throughout the profile (Table 4.11). Except for the locations of 

secondary carbonates within the profile and the color of the mollic epipedon (color value ≥ 5 dry 

and ≥ 3 moist), this soil could have been classified as Chernozem in relation to its environmental 

conditions of its occurrence area and physico-chemical characteristics of its profile (Tables 4.2,  

4.5a and 4.5b). 

4.2.5.3. Retisols (Aqualf)   

Retisols are soils that have a layer with coarser-textured albic material that interfingers (retic 

properties) or tongues (albeluvic glossae) into an underlying fine-textured brown argic (argillic) or 
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natric horizon (Appendix 2). They are soils that have an argic horizon within 100 cm of the soil 

surface that has retic properties at its upper boundary (FAO/IUSS-WRB, 2015). The pedons 

identified as Retisols (KS15 and KS17) within the study area were located at altitudes of 2650 and 

2790 masl respectively in a sloping land of medium-gradient hill (10-30% slope) as a major 

landform. Both profiles had a mollic epipedon and transitional albic horizon (BE) that 

interfingered and tongued into the underlying argic B horizon. The albic type horizons were more 

like a B horizon than an A horizon and structurally and color wise more similar to an albic horizon 

type of the SSS (1999) that appeared texturally to be the upper part of an argillic B. The dominant 

color of the BEt horizon soil material was dark reddish grey (5YR 4/2, moist) in the KS15 and 

dark grey (5YR 4/1, moist) in the KS17; and both horizons had mainly granular structural 

aggregates and hence fulfill the requirement for an albic materials of the FAO/IUSS-WRB (2015). 

On the other hand, the clay mineralogy assessment data showed the dominance of high-activity 

clays, though the prevalence of low-activity clays was also discernible and hence mixed type clay 

mineralogy dominated by high-activity clays appeared to be characteristic of these pedons (Table 

4.11). In summary, the preceding explanation leads to the conclusion that both profiles denoted a 

type of Retisol, namely Albic Glossic Retisol (Clayic, Epidystric, Mollic) by the KS15 and Albic 

Glossic Retisol (Clayic, Mollic, Orthoeutric) by the KS17 of the FAO/IUSS-WRB (2015) 

classification and Mollic Glossaqualfs of the SSS (1999) of the US-Soil Taxonomy for both.  

According to SSS (1999), Aqualfs (suborder) are the Alfisols that have an aquic condition for 

some time in normal years within 50 cm of the mineral soil surface and redoximorphic features 

(mottles) in all layers between either the lower boundary of an Ap horizon or a depth of 25 cm 

below the soil surface, whichever is deeper (SSS, 1999). Glossaqualfs (great groups) are the 

Aqualfs that have a frigid, mesic, isomesic or warmer soil temperature regime and a glossic 

horizon. They do not have a fragipan, duripan, a kandic or a natric horizon and have also no abrupt 

textural change between the ochric epipedon or an albic horizon and the argillic horizon; and 

Mollic Glossaqualfs (subgroups) are the Glossaqualfs with a mollic epipedon, an Ap horizon or its 

equivalent, that meets the requirements for a mollic epipedon except thickness.  

4.2.5.4. Alisols (Udalfs)    

According to FAO-WRB (2006) and FAO (2001), Alisols are acidic soils with argic (argillic) 

subsoil horizon. They have high-activity clays throughout the argic horizon but low base 
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saturation at a certain depth as a result of intensive leaching of basic cations owing to a humid 

environment; however without advanced weathering of high-activity clays. They are soils that 

have a CECclay of 24 cmolc/kg clay or more throughout or to a depth of 50 cm below the upper 

limit of the argic horizon, whichever is shallower, either starting within 100 cm of the soil surface, 

or within 200 cm of the soil surface if the argic horizon is overlain by a loamy sand or coarser 

texture throughout. They have BS less than 50% by AAc method in the major part between 50 and 

100 cm depth (FAO-WRB, 2006). 

The pedon identified as Alisol (KS18) was located within a subafro-alpine vegetation zone at an 

altitude of 3100 masl within Upper-Dega agro-climatic belt. It had a black to very dark grayish 

brown thick A horizon (Ah+A1) with very high SOM (22.31%) and average BS of 31% by AAc 

method, which qualifies it for an umbric surface horizon. The other two horizons below had also a 

BS below 45%, and the entire profile was moderately acidic (5.6-5.8) according to Tekalign 

(1991). Its subsoil had somewhat a unique morphology that it was very difficult to categorize. 

Based on the clay content, the subsoil horizons (Bt1 and B/Ctr) might have been identified as 

illuvial type horizons. However, according to the macromorphological observation made, they had 

a granular to weakly developed subangular blocky structural aggregates and no clay skins could be 

observed with a magnifying glass of 10x magnifying capacity on the ped faces and pore linings. 

Especially, the Bt1 had almost purely granular structure, but a dark brown (7.5YR 3/4, moist) 

color which was similar to that of the B/Ctr horizon. The clay mineralogy assessment data 

indicated that low-activity clays dominated in the Ah horizon; whereas the dominance of high-

activity clays was seen in all the lower horizons, though here also the effect of low-activity clays 

was clearly discernible especially from the share of the V.N.C at CEC7 and cation exchange 

activity classes (Table 4.11). Based on the macromorphological features, these subsurface 

horizons could have been identified as vertical subdivisions of the A horizon; however, owing to 

their clay content proportion, they were classified as a sort of argic horizon, though no such an 

argic horizon could be observed anywhere else till then, with the presumption, that had there been 

access to techniques of micromorphological investigation, the problem of ambiguous illuvial 

features might have been resolved.  

The subsoil layers of this pedon had an ECEC value of below 13 cmolc/kg, and the CECclay value 

in the Ah horizon (9.6 cmolc/kg clay) was similar to that of kaolinite, whereas the other lower 

horizons had generally a CECclay of above 30 cmolc/kg indicating the dominance of high-activity 
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clays, so that in several aspects, it was difficult to categorize this pedon to any of the taxonomic 

units of both the FAO-WRB (2006) or FAO/IUSS-WRB (2015) and the SSS (1999) classification 

systems. Nevertheless, based on the trend of the clay content and the CECclay trend with depth and 

the therefrom estimated dominant clay mineral types and the BS of the “argic horizon” (Bt1 and 

B/Ctr), the KS18 pedon was tentatively classified as an Umbric Alisol (Hyperhumic) of the FAO-

WRB (2006) classification and as the Ultic Hapludalfs subgroup of the SSS (1999) classification 

of the US-Soil Taxonomy. Udalfs (suborder) are the more or less freely drained Alfisols that have 

a udic soil moisture regime and a frigid, mesic, isomesic or warmer soil temperature regime. 

Hapludalfs (great group) are the Udalfs that do not have a glossic, kandic or natric horizon or a 

fragipan within 100 cm of the mineral soil surface; and do not have very red colors throughout the 

argillic horizon, the base of which is normally less than 150 cm below the soil surface and less 

than 100 cm in many areas. Ultic Hapludalfs (subgroups) are the Hapludalfs that have a, BS by 

AAc of less than 60% at a depth of 125 cm below the top of the argillic horizon, at a depth of 180 

cm below the soil surface, or directly above a densic, lithic or paralithic contact, whichever is 

shallowest (SSS, 1999). Ultic Hapludalfs are the intergrades between the Hapludults and 

Hapludalfs and are common in highly dissected areas where the landscape is hilly or mountainous.  

4.2.5.5. Chernozems (Udolls)   

Chernozems are mineral soils with OM rich black chernic surface horizon that rests over a cambic 

or an argic (argillic) horizon, and have secondary carbonates (protocalsic properties) or calicic 

horizon in the subsoil starting at ≤ 50 cm below the lower limit of the mollic horizon (FAO/IUSS-

WRB, 2015). They are soils with BS of 50% or more by AAc method from the soil surface to the 

calcic horizon or to the layer with protocalcic properties, throughout. Based on these 

differentiating criteria, the KS03 pedon was classified as Haplic Chernozem (Cambic, 

Geoabruptic, Protocalcic, Protovertic) and the KS07 as Luvic Chernozem (Protocalcic, 

Protovertic) of the FAO/IUSS-WRB (2015); and as Vertic Hapludolls and Vertic Argiudolls of the 

SSS (1999) respectively. According to SSS (1999), Udolls (suborder) are the more or less freely 

drained Mollisols with udic moisture regime that do not have an albic horizon within 100 cm 

depth from the soil surface, but may have a cambic, calcic, natric or an argillic horizon. Argiudolls 

(great group) are the Udolls that have a relatively thin argillic horizon or one in which the clay 

content decreases rapidly with depth after its maximum value in the B horizon. Vertic Argiudolls 

(subgroups) are soils with clayey texture class in their significant part and have expanding clay 
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minerals and deep cracks in some years. Hapludolls are the Udolls that generally have a cambic 

horizon bellow a mollic horizon, but do not have an argillic or a natric horizon. Vertic Hapludolls 

are soils with clayey texture class in their significant part; have expanding clays and in some years 

also deep cracks.  

Regarding the pedons identified, the chernic (mollic) horizon lied over a cambic subsurface 

horizon by KS03 and over an argillic horizon by KS07 (Table 4.15). The identified chernic 

horizon had a Munsell color value of ≤ 3 and a chroma of ≤ 2 for moist soil in both cases; and a 

total thickness of 39 cm by the KS07 and more than 90 cm by the KS03. Both pedons had higher 

clay content of above 40% at least up to the B/C horizon throughout their profile, despite abruptic 

decrease towards the C horizon by the KS07, and a BS of more than 60% throughout the whole 

profile and secondary carbonates accumulation that encompassed carbonate nodules which was 

also noticeable at the respective calcium carbonate equivalent content of the horizons. Except the 

C horizon of the KS07 where amorphous colloidal materials appeared to exist, the clay mineralogy 

of the whole profile of the pedons denoted the dominance of smectitic clay minerals as high-

activity clays (Table 4.11). Though there was no calcic horizon observed in both profiles, the 

secondary carbonates occurrence started below the mollic epipedon within less than 50 cm below 

the chernic horizon and extended up to the lower part of the cambic or argic horizon. Abayneh 

(2003) classified the moisture regime of the area as udic and the temperature regime as isothermic 

within Proper-Woyna-Daga traditional agro-climatic belt with 200-240 days of LGP. Table 4.15 

elucidates the summarized classification of the Chernozems and their genetic neighbours, the 

Kastanozems, based on the FAO/IUSS-WRB (2015) and SSS (1999) classification.  

4.2.5.6. Kastanozems (Ustolls)  

Kastanozems are dry grassland mineral soils that have similar profiles to those of Chernozems, but 

with thinner and less dark mollic epipedons and show more prominent accumulation of secondary 

carbonates in their subsoil (FAO/IUSS-WRB, 2015). According to this author, their brown mollic 

epipedon of medium thickness rests in many cases over a brown to cinnamon cambic or argic 

horizon with secondary carbonates or a calcic horizon, in some cases also with secondary gypsum. 

They are soils with BS by AAc method of 50% or more from the soil surface to the calcic horizon 

or to the layer with protocalcic properties throughout. The calcic horizon or the layer with 
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protocalcic properties starts within 50 cm below the lower limit of the mollic horizon and, if 

present, above a cemented or indurated layer (FAO/IUSS-WRB, 2015).   

Accordingly, pedons KS02, KS08 and KS10 were classified as Luvic Kastanozems (Protocalcic, 

Protovertic) of the FAO/IUSS-WRB (2015) and Vertic Argiustolls of the SSS (1999) classification 

systems (Table 4.15). According to SSS (1999), Ustolls (suborder) are the more or less freely 

drained Mollisols of subhumid to semiarid climates that may have a cambic, argillic, kandic, 

petrocalcic or a natric horizon. They have soil temperature regimes warmer than cryic and soil 

moisture regimes of ustic or aridic. They do not have an albic horizon or any subhorizon of the 

albic horizon within 100 cm of the soil surface, or of an argillic or natric horizon with redox 

concentrations in the form of masses or concretions or both. Argiustolls (great group) are the 

Ustolls that have an argillic horizon in or bellow the mollic epipedon; but do not have a natric or 

petrocalcic horizon with its upper boundary within 150 cm of the soil surface or a duripan that has 

its upper boundary within 100 cm of the soil surface. Vertic Argiustolls are soils with clay texture 

class in their significant part, have expanding clays and deep cracks in normal years (SSS, 1999). 

The pedons in question (KS02, KS08 and KS10) had 28, 30 and 38 cm thick, mainly black to dark 

brown (moist) mollic epipedons respectively that rested in all cases over an argic subsurface 

horizon. Generally, they had BS of above 60% throughout their profile, whereby the KS02 had 

more than 90% BS in all horizons; and in most of their subsoil horizons also secondary carbonates 

in form of nodules within less than 50 cm below or starting within the mollic horizon. (Tables 4.3, 

4.5a and Appendix Table 7). Except in their bottom horizons (mainly Ck (Crk) and to some extent 

BCk) where amorphous colloidal materials appeared to exist, the clay mineralogy assessment data 

denoted the dominance of smectitic clay minerals as high-activity clays (Table 4.11). According to 

the test made with 10% during the profile description of the KS02, presence of carbonates was 

detected striating at the lower part of the mollic epipedon (at the transition from A1 to BAt) and 

there were grayish white nodules after about 35 cm depth from the soil surface up to about 210 cm 

depth, where the size of the irregularly shaped nodules increased to the size of rock fragments of 

stone size (6-20 cm diameter). In the KS10, the free carbonates were detected in the field only in 

the B and C horizons starting at about 50 cm depth from the soil surface, but with similar trend of 

the number of nodules and size diameter, though there were no stone sized masses encountered. In 

the KS08 profile, similar to the KS02, carbonates were detected at the lower part of the mollic 

epipedon in BAt horizon and their number and size increased similarly with depth to stone-size in 
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the BCk and Crk horizons. However, the highest calcium carbonate equivalent (20.9%) was found 

in the BCk horizon of KS10, which enabled to classify this horizon as calcic horizon. The highest 

sodium saturation up to 9% was also recorded in this profile and this was the only profile opened 

within the “rift valley” area below the “rift valley escarpment” border. The base saturation values 

above 100% were most likely due to the dissolution of secondary carbonates by the AAc analysis 

method (Yerima, 1993; Rowell, 1994; Kitchen, 2008). 

 

Table 4.15. Chernozems and Kastanozems classified according to SSS (1999) and  

                  FAO/IUSS-WRB 2015)           
 

           A.T.D. = Abrupt textural difference; P.C. = Protocalcic (secondary carbonates); P.V. = Protovertic horizon. 

 

4.2.5.7. Vertisols (Uderts)  

Vertisols are heavy clay soils with a vertic horizon within 100 cm depth from the soil surface and 

high proportions of swelling clays, and have at least 30% clay content between the soil surface and 

a vertic horizon throughout. They have shrink-swell cracks that start at the soil surface or at the 

base of the plough layer; or within 5 cm depth from the soil surface if there is a surface layer of 

strong granular structural elements with less than 10 mm size or within 3 cm depth from the soil 

surface if there is a surface crust (FAO/IUSS-WRB, 2015).  

Two profiles, namely KS01 and KS13 were identified as Vertisol profiles within the study area. 

The KS01 pedon with a very deep profile, was located in a rolling (10-30%, slope) landscape-

topography at the back slope position of the hill known as Guticha with site slope orientation in 

Pendon 

No. 

Diagnostic horizons Diagnostic 

properties 

Diagnostic 

materials 

Soil classification 

FAO/IUSS-WRB (2015) 
SSS(1999), 

Subgroup 
Epipedon Subsurface 

KS 03 
Chernic 

(Ah, A1, A2) 
Cambic, P.V. 

P.C., A.T.D. 

(Ah toA1) 
Calcaric 

Haplic Chernozem 

(Cambic,Geoabruptic, 

Protocalcic, Protovertic) 

Vertic Hapludolls 

KS 07 
Chernic 

(Ap, A1) 
Argic (Bt), 

P.V. 
P.C. Calcaric 

Luvic Chernozem 

(Protocalcic, Protovertic) 
Vertic Argiudolls 

KS 02 
Mollic 

(Ah, A1) 

Argic (BAt, 

Btk1, Btk2), 
P.V. 

P.C., 

A.T.D.(A1to

BAt) 
Calcaric 

Luvic Kastanozem 

(Protocalcic, Protovertic, 

Abruptic) 

Vertic Argiustolls 

KS 08 
Mollic 

(Ap, A1) 

Argic (BAt, 

Bt1), P.V. 
P.C. Calcaric 

Luvic Kastanozem 

(Protocalcic, Protovertic) 
Vertic Argiustolls 

KS 10 
Mollic 

(Ah, A1) 

Argic (BAt, 

Bt1), calcic 

(BCk), P.V. 

P.C. Calcaric 
Luvic Kastanozem 

(Protocalcic, Protovertic) 
Vertic Argiustolls 
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two directions, namely from south to north with 5-10% and from east to west with 10-15% slope 

gradient in a grass land area dominated by medium grass types and some acacia and broad leaved 

trees found sparsely scattered. A micro-topography with high hummocks and closely spaced 

cracks (0.2 -0.5 m apart) with 10-20 cm depth were also observed on the land surface around the 

pit location. In such topographic condition, it may be difficult to expect a Vertisol profile 

according to the most prevailing pedogenetic theories that state Vertisols are limited to slope 

ranges of 0-8%. However, according to Ahmad (1983) and SSS (1999), Vertisols may be 

encountered in landscapes with up to 15% or more slope gradients provided that other 

environmental factors of their formation are fulfilled. Additionally, the clay mineralogy 

assessment results indicated that the entire profile was dominated by smectitic (montmorillonites) 

clays (Table 4.11). On the other hand, the profile opened at the summit of the hill was also found 

to be a strongly Vertisol natured Planosol profile with strongly expressed stagnic color patterns 

influenced by a perched water table created over a strongly clayey B horizon with vertic 

properties, so that movement and deposition of finer materials from the summit and other upper 

parts of the back slope position might have influenced the development of this soil. Nonetheless, 

this pedon (KS01), could not be classified tentatively as any other taxonomic unit else except the 

Vertisol. The depthwise increasing clay content, wedge-shaped structural units and distinct to 

prominent slickensides of the horizons below the A1 confirmed the existence of a vertic horizon 

with some luvic behavior. The KS13 was found in a grass dominated level land with less than10% 

slope at a foot slope position with  convex slope form and also convex surface flow path way, in 

an undulating (5-10% slope) landscape-topography with a site slope gradient of  2-5 % from south 

to north and 5-10% from east to west. Contrary to the KS01 profile, there were signs of water 

saturation in two directions within the profile, namely the first from underground only up to the 

Btss1 horizon and the second above the same layer as perched water. The former seemed to be a 

lateral seepage of ground water from the upper landscape position that rose only up to 87 cm depth 

when measured from the soil surface, so that the perched water above and the ground water from 

beneath appeared to have sandwiched the Btss1 horizon. Closely spaced cracks (0.2-0.5 m apart) 

which were 2-5 cm wide and 10-20 cm deep were also observed in the surrounding crop lands. 

The A/E horizon was not a well expressed albic (E) horizon but rather a transitional horizon 

dominated by the morphological characteristics of the A horizon. But the abrupt textural change 

between the A/E and Btss1 denoted that clay translocation and ferrolysis might have also operated 
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to the extent that strong textural differentiation was created in the originally Vertisol profile, but 

not to the extent that  typical albic material (horizon) was formed. Moreover, the Btss1 and Btssg2 

had strongly expressed wedge-shaped structural units and slickensides, besides the fact that the 

B/Crg had also similar but less expressed forms of these features and the whole profile had 30% 

and more clay content throughout. Similar to the KS01 profile, the clay mineralogy assessment 

data indicated the dominance of smectitic clay minerals also in this pedon. Hence, the 

environmental conditions of the profile location, the clay content of the entire profile and the 

morphology of the B horizon indicated the existence of a Vertisol profile strongly influenced by 

gley and pseudogley features. Accordingly, the KS13 pedon was classified as Pellic Vertisol 

(Abruptic, Endogleyic, Epistagnic, Mollic ) of the FAO/IUSS-WRB (2015) and as an Aquic 

Hapluderts (subgroup) of the SSS (1999) US-Soil Taxonomy classification. The KS01 was 

classified as Pellic Vertisol (Calcaric, Mollic) of the FAO/IUSS-WRB (2015) and as Typic 

Haplluderts (subgroup) of the SSS (1999) classification, the respective classification of which was 

done as elucidated in Table 4.16 below for both pedons with Planosols as their pedogenetic 

neighbors. 

According to SSS (1999), Uderts (suborder) are Vertisols of humid areas without cryic soil 

temperature regime that have cracks that open and close depending on the amount of precipitation. 

Hapluderts (great groups) are the Uderts with pH values dominantly above 5.0 in the upper 50 cm. 

They typically have high base saturation, and some have diagnostic horizons including an argillic 

horizon. Aquic Hapluderts are soils that have aquic conditions and redoximorphic features within 

100 cm depth of the soil surface, but do not have a lithic contact within 50 cm from the soil 

surface. Typic Hapluderts are deep to very deep soils which are not saturated for significant period 

within 100 cm of the soil surface. 

4.2.5.8. Planosols (Albaqualfs)  

Planosols are soils with a coarse-textured surface horizon and an abrupt textural difference within 

100 cm depth from the mineral soil surface, and are common to seasonally waterlogged flat lands 

(FAO/IUSS-WRB, 2015). According to this author, they are soils that have stagnic propertiesin 

which the area of reductimorphic colors plus the area of oximorphic colors is 50% or more of the 

layer‟s total area directly above or below a layer 5 cm or more thick that has reducing conditions 

for some time during the year in the major part of the layer‟s volume that has reductimorphic 
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colors. In the Ethiopian highlands, Planosols occur in association with Vertisols in the lower parts 

of the landscape and with Nitisols in the higher reaches (FAO, 2001). However, many flat land 

soils commonly called as Wetera or Defo by the local people and generally as Vertisols by 

agricultural offices‟ extension workers in the highland areas of Arsi and elsewhere in Ethiopia 

appear not to be Vertisols, but rather either Planosols or Stagnosols, since such soils feel droughty 

earlier than the typical Vertisols by the onset of a dry season most probably as a result of the 

coarse textured surface layer that overlies the fine textured subsoil. 

Table 4.16. Vertisols and Planosols classified according to SSS (1999) and 

                   FAO/IUSS-WRB (2015) 

 

 

 

Pedon KS04 and KS12 were identified to be a type of Planosols that had a light colored and 

relatively coarse textured surface horizon above an argic horizon with pronounced vertic 

characteristics. In both profiles, there was an abrupt textural change from the AE to BAt in KS04 

and from Ah to EA or from EA to B/Et in KS12. The texture in EA and Ah was distinctly coarser 

than that in B/Et by KS12, but the textural class name in AE was the same as that of the BAt in 

KS04, though remarkable clay content difference was discernible. Generally, the textural class 

name in the Ah indicated in both profiles that there exists a distinct textural difference between the 

upper eluviated surface layers and the subsoil parts (Table 4.4). The argic horizon encompassed 

the BAt, Btss1and Bss2 horizons in the KS04 and the B/Et, Btss1 and Btss2 horizons in the KS12. 

Pedon 

No. 

Diagnostic   horizons Diagnostic  

properties 

Diagnostic 

materials 

Soil classification 

FAO/IUSS-WRB 

(2015) 

SSS (1999) 

Subgruops 
Epipedon Subsurface 

KS 01 

Mollic 

(Ah, A1, 

A2) 

Vertic Protocalcic Calcaric 
Pellic Vertisol 

(Calcaric, Mollic) 
Typic Hapluderts 

KS 13 
Mollic 

(Ah, A/E) 

Vertic 

(argic) 

Stagnic, 

gleyic, 

A.T.D. 

Mineral 

Pellic Vertisol 

(Abruptic, Endogleyic, 

Epistagnic, Mollic ) 

Aquic Hapluderts 

KS 04 
Mollic 

(Ah) 

Vertic 

(argic) 

A.T.D., 

stagnic 
Mineral 

Luvic Vertic Albic 

Mollic Planosol 

(Hypereutric) 

Vertic Albaqualfs 

KS12 
Mollic 

(Ah, EA) 

Vertic 

(argic) 

 A.T.D., 

stagnic 
Mineral 

Luvic Vertic Albic 

Mollic Planosol 

(Humic, Hypereutric) 

Vertic Albaqualfs 

A.T.D. =  Abrupt textural difference 
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In both profiles the color of the soil material, the abrupt textural change and the stagnic property 

indicated that both were profiles of a Planosol.  

Additionally, the CEC7 of the eluvial horizon in both profiles denoted also that the eluviation 

process had impacted also the exchange complex including the SOM of the soil, which was more 

noticeable in KS12 than in KS04. On the other hand, the clay mineralogy assessment data 

indicated the dominance of high-activity clays in general and smectitic minerals in particular 

probably with some admixtures of mainly chloritic and limited low-activity clays especially in 

their eluvial horizons, whereby the impact of surface-water-gleying is noticeable also here by the 

respective CEC7, SOM and CECclay values of the EA, B/Et, AE and BAt horizons (Tables 4.5a, 

4.5b and 4.11). Accordingly, both pedons were qualified to be classified as Planosols, namely as 

the Luvic Vertic Albic Mollic Planosol (Hypereutric) by KS04 and Luvic Vertic Albic Mollic 

Planosol (Humic, Hypereutric) by the KS12 of the FAO/IUSS-WRB (2015), and as Vertic 

Albaqualfs for both according to SSS (1999) of US-Soil Taxonomy classification (Table 4.16). 

According to SSS (1999), Aqualfs (suborder) are Alfisols that have aquic conditions within 50 cm 

of the soil surface for some time in normal years, and Albaqualfs (great group) are the Aqualfs that 

have seasonally perched ground water above a slowly permeable argillic horizon overlain abruptly 

by an albic horizon without transitional horizon between the two; and have a frigid, mesic, 

isomesic or warmer soil temperature regimes, but have no fragipan, duripan, a kandic or natric 

horizon. Vertic Albaqualfs (subgroup) are the Albaqualfs with high content of expanding clays 

and have cracks with 5 mm or more width, slickensides, wedge-shaped aggregates, or a linear 

extensibility of 6.0 cm or more between the soil surface and a depth of 100 cm or a densic, lithic 

or paralithic contact, whichever is shallower.  

4.2.5.9. Umbrisols (Dystrudepts)  

Umbrisols are soils with significant organic matter accumulation in the mineral surface soil and a 

low base saturation somewhere within the first metre (FAO/IUSS-WRB, 2015). According to this 

author, they have dark to dark brown umbric surface horizon that overlies in some cases a cambic 

subsurface horizon with low base saturation; and are common in mountainous regions of cool 

temperate areas including tropical and subtropical mountains with little or no moisture deficit 

(humid climates). They are the logical counterparts of soils with chernic or mollic epipedons such 

as the Chernozems, Kastanozems and Phaeozems.  
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The pedon identified as Leptic Umbrisol (Hyperhumic) of the FAO/IUSS-WRB (2015) and 

Humic Dystrudepts of the SSS (1999) classification within the study area, namely the KS19, was 

located in an afro-alpine vegetation zone (High-Wurch agro-climatic belt) where evergreen bush 

type Erica arborea L. (Asta, Sato) trees predominate in altitude ranges above 3700 masl, with 

more prevalence of the Giant lobelia species and tuft grasses in the upper altitude areas. The 

profile had black to dark grayish brown thick A horizon (32 cm) with average base saturation of 

below 25% by AAc method, which qualifies it for an umbric surface horizon with very high SOM 

content of in average above 15% (Ah+A1). The horizon below the umbric epipedon as a 

transitional A horizon (ACr) had also a base saturation of 13% and the whole profile had 

moderately acidic (5.4-5.6 pH) soil reaction (Tekalign, 1991). The profile was a sort of Regosol 

(Entisol) profile in terms of its horizon sequence and morphology up to the R-layer. In the SSS 

(1999) classification system, soils with udic soil moisture regime, umbric epipedon and freely 

drained profiles are categorized under the order of Inceptisols and the suborder of Udepts; so that 

marked discrepancy was observed in this case between the US-Soil Taxonomy SSS (1999) and the 

FAO/IUSS-WRB (2015). Udepts are the Inceptisols with a udic or perudic soil moisture regime 

and a soil temperature regime warmer than cryic. Dystrudepts (great group) are acidic Udepts that 

do not have free carbonates and a fragipan or duripan with its upper boundary within 100 cm 

depth of the soil surface; whereas Dystrudepts of steeper areas may have a shallow densic, lithic or 

paralithic contact. Humic Dystrudepts (subgroup) are the Dystrudepts with an umbric or mollic 

epipedon that is less than 50 cm thick (SSS, 1999). Despite the existing discrepancy, the subgroup 

of Humic Dystrudepts was considered as the approximate equivalent taxonomic unit of the Leptic 

Umbrisol (Hyperhumic) as the second level name of the RSG of the FAO/IUSS-WRB (2015). 

4.2.5.10. Regosols (Entisols)  

According to FAO/IUSS-WRB (2015), Regosols are very weakly developed mineral soils that 

have minimal profile development due to young age or/and slow soil formation which are 

extensive in eroding lands and accumulation zones, particularly in arid and semiarid areas and 

mountainous terrains. Regosols have no genetic subsurface horizons or are with the beginning of 

such horizons (Brady and Weil, 2014; FAO/IUSS-WRB, 2015). 

The pedons recognized as Regosols within the study area (KS11 and KS16) were located on a 

similar topographic position but at quite different range of elevation (agro-climatic belt). Pedon 
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KS11 was found at an altitude of 1980 masl (Lower-Woina-Dega agro-climatic belt) at the upper 

slope (shoulder) position of the “rift valley escarpment” with 10-15% slope in the north to south 

direction and 15-30% slope gradient in the west to east direction on a convex slope form and also 

convex flow path way, so that rapid runoff may take place in both directions. The KS16 was found 

at an altitude of 2965 masl (Proper-Dega agro-climatic belt) at a lower slope (foot slope) position 

of the “main body” of the western side of Mt. Chillallo in a steeply dissected (>30% slope) 

landscape-topography with 15-30% slope in the southwest to northeast direction and 30-60% 

slope in the south to north direction of the pit location. Both profiles had basically only the A and 

C master horizons, although the KS16 had practically no well discernible C horizon. The KS11 

had a C horizon that rests on a pumiceous rock, an AC and Ah horizons above the C horizon. Its 

Ah and AC were mollic type surface horizons in terms of soil color, OM content and base 

saturation (more than 68%). The KS16 had also a mollic type A horizon (Ah+A1) with abrupt 

textural difference from Ah to A1, and had on average more than 55% base saturation. In terms of 

their pH and clay mineralogy, the two pedons were found to be quite different, whereby in the 

KS11 the dominance of smectites was clearly observable, whereas in the KS16 the low-activity 

clays appeared to dominate in the surface horizon (Ah) though there existed an intergrading to 

mixed type mineralogy dominated by high-activity clays towards the bottom of the profile. This 

indicates the existence of pronounced climatic difference between their profile sites and therewith 

also between their development stage. On the other hand, the A/Ctr (A/Cr) of this horizon had 

somewhat a unique morphology that complicated the classification purpose (Section 4.2.4.9). 

Nonetheless, both pedons were classified as Regosols of the FAO/IUSS-WRB (2015) and Entisols 

(order) of the SSS (1999) classification systems, the precise classification of which was Leptic 

Regosol (Humic, Hypereutric) for the KS11 and Leptic Colluvic Vermic Regosol (Clayic, 

Geoabruptic, Hyperhumic,  Orthodystric) for the KS16 according to the FAO/IUSS-WRB (2015) 

classification. Had it been not for the Ah horizon that had a BS of more than 50%, the KS16 pedon 

could have been classified as an Umbrisol. The corresponding approximate equivalent taxonomic 

unit name of the SSS (1999) classification would be Typic Ustorthents (subgroup) for the KS11 

and Vermic Udorthents (subgroup) for the KS16 that belong to the suborder of Orthents. Orthents 

are the Entisols of recent erosional surfaces that may occur under any climate and vegetation. 

Ustorthents (great group) are the Orthents with ustic moisture regime and a soil temperature 

regime warmer than cryic. Typic Ustorthents are deep to moderately deep Ustorthents that do not 
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have ground water within a depth of 150 cm, clayey texture and high biologic activity (SSS, 

1999). Udorthents are the Orthents with udic soil moisture regime and a soil temperature regime 

warmer than cryic; and Vermic Udorthents are soils that have been completely reworked by 

animals, that distinct horizons cannot be identified.  

In summary, the identified soil groups (RSGs), represented diversified climatic and physiographic 

conditions created as a result of orographic effects and landform variability within the relatively 

small study area (KSW). Accordingly, 10 types of the FAO-WRB (2006) and/or FAO/IUSS-WRB 

(2015) RSGs (Alisols, Cambisols, Chernozems, Kastanozems, Luvisols, Planosols, Regosols, 

Retisols, Umbrisols, Vertisols) and five Orders (Alfisols, Entisols Inceptisols, Mollisols and 

Vertisols) of the US-Soil Taxonomy classification system, were identified. FAO/UNDP (1984a), 

identified about 21RSGs in Ethiopia, Abayneh (2003) identified Luvisols, Vertisols, Cambisols, 

Leptosols and Regosols in the Proper-Woina-Dega part of the KSWand Ahmed (2002) and 

ABRDP (2004), noted the existence of the main soil associations that include Leptosols, 

Cambisols, Vertisols, Luvisols and Nitisols within the present study area and its surroundings. 

Fritsche (2007) also reported on the occurrence of Humic Umbrisol (Andic Dystrudept) in areas 

around 3400 masl, Niti-Umbric Alisol (Andic Hapludalf) in elevation ranges of 3000-3400 masl, 

Mollic Cambisols in elevation ranges of 2600-3000 masl and Mazic Vertisols (Aridic Haplustert) 

in elevation ranges of 1800-2200 masl in the Rift Valley transect around lake Langano. However, 

the Rainfall Pattern Region of Fritsche (2007) survey area is totally different from that of the 

KSW. Within the study area that started in the “rift valley” area at an elevation of 1810 masl and 

ended on the eastern summit of Mt. Chillallo or the viceversa at an elevation of about 4000 masl, 

soils with different degree of leaching and weathering were encountered; whereby their degree of 

leaching and weathering increased with increasing altitude. Accordingly, their degree of leaching 

ranged from the least leached Kastanozems within the “rift valley” and around its escarpment 

border areas mainly in Lower-Woina-Dega agro-climatic belt, to the most leached Umbrisols and 

Alisols on the “main body” of Mt. Chillallo in agro-climatic belts that ranged from Upper-Dega to 

High-Wurch within the relative elevation difference of about 2190 meters. This relationship was 

described with the identified transitional forms of the major traditional agro-climatic belts within 

the KSW as elucidated in Figure 4.14.  
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Figure 4.14. Sequential soil-agro-climate relationshipof the identified RSGs,  

                      northwest aspect 
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4.2.6. Summary and Conclusion  

The results of the pedogenetic assessment and soil classification showed that the existing 

physiographic and climatic diversity that in turn induced variations in the vegetation type and the 

land-use and thereby also variation in the soil development was the main cause of the great 

variation observed in soil properties within a relatively small study area. Accordingly, several soil 

characteristics such as profile horizonation, effective soil depth, solum thickness, occurrence and 

sequence of genetic horizons and various other morphological, physical and chemical 

characteristics of the sampled pedons appeared to be strongly linked to these environmental 

conditions. For example, solum thickness appeared to be linked to the rainfall amount and slope 

gradient of the land surface; whereby soils with extremely thick B horizons and very deep profiles 

that exceeded the stipulated 200 cm before the C horizon appeared, were found to be common on 

the relatively flatter land surfaces around lower slope positions in areas with high annual rainfall 

amount, which might have been most likely due to the weathering intensity that goes with the 

rainfall amount and the cumulative nature of such locations.  

The occurrence of free carbonates within the profile showed strong relationship to altitude which 

could be confirmed also by the simple linear regression and correlation analysis made at 99% 

confidence level, so that the depth of their occurrence increased with altitude until they totally 

disappeared out of the profile in areas above 2550 masl. The trend in soil pH was in conformity 

with that of the secondary carbonates, so that the most alkaline soils were encountered in the 

lowest altitude areas and the most acidic soils in the highest elevation areas. Similarly, the degree 

of leaching (assessed in terms of PBS) of the soils of the study area increased with increasing 

altitude which could be testified by the simple linear regression and correlation analysis made for 

altitude and PBS relationship. This might have been most likely due to increasing annual rainfall 

amount and decreasing evapotranspiration that enabled the existence of sufficient water for 

leaching and chemical weathering within the soil profile, though the chemical weathering 

processes appeared to be less intensive when evaluated in terms of clay mineral composition. The 

acidic profile condition of these high altitude areas seemed not to be in a position to cause an 

advanced weathering of the high-activity clay minerals, so that they still dominated the clay 

fraction of the acidic soils. This may occur as a result of lower temperatures that slow down the 

chemical reactions when compared to the warm humid tropical areas where there is both high rate 

of weathering and leaching that causes the predominance of the low-activity clays in the clay 
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fraction of the soils such as Ferralsols of the FAO/IUSS-WRB (2015) classification system. 

Moreover, the occurrence of the main soil-forming processes and thereby that of the diagnostic 

soil characteristics (diagnostic horizons, properties and materials) was also found to be linked to 

the existing physiographic and climatic diversity. For example, mollic epipedons were 

encountered in the areas with elevation range of 1800 to about 3000 masl under ustic, udic and 

aquic soil moisture and isothermic and isomesic soil temperature regimes leaving the way for 

umbric epipedons in areas above 3000 masl. Except the abrupt textural difference and protocalcic 

properties, all the diagnostic properties identified were found under aquic soil moisture regime and 

isothermic and isomesic soil temperature regimes at lower slope and other flat topographic 

positions. Albic materials and related subsurface horizons were encountered also at similar 

topographic positions under aquic soil moisture and isothermic to isomesic soil temperature 

regimes mainly on grass dominated land surfaces. Calcaric materials were encountered mainly in 

the lower elevation areas below the Lower-Dega agro-climatic belt, primarily in ustic soil 

moisture and isothermic soil temperature regimes. Colluvial materials were found at the upper foot 

slope (pediment) of steep slopes in mountainous landscape-topography. Under otherwise similar 

topographic and agro-climatic conditions, more woody areas appeared to be predominated by soils 

with argic (argillic) subsurface horizons (excluding areas with steep slopes); and grass dominated 

areas were occupied mainly by soils with vertic or cambic subsurface horizons. In this regard, the 

main soil-forming processes that have been operating by the soil development of the lower altitude 

areas with Woina-Dega up to Lower-Dega agro-climates (below 2550 masl) seemed to be 

calcification accompanied by OM accumulation and humification (melanization), braunification, 

eluviation versus illuviation and lessivage, that led to the development of soils with brown 

carbonatic argic (argillic) and cambic subsurface horizons and mollic epipedons such as 

Cambisols, Chernozems,  Kastanozems and Luvisols. On the other hand, pedogenic processes 

such as ferrolysis and gleization were limited to hydromorphic sites irrespective of altitudinal 

variation (agro-climates).  By the soils of the higher altitude (above 2550 masl) areas with Proper-

Dega up to High-Wurch agro-climates, the dominant pedogenetic processes appeared to be 

intensive leaching (soluvation) accompanied by decalcification, lessivage, braunification, 

melanization, faunal pedoturbation and mass-wasting (solifluction), that led to the formation of 

soils such as Retisols and Alisols with non-carbonatic brown argic subsurface horizons and mainly 

umbric surface horizons; and very strongly leached Umbrisols. Depending on the topographic 
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position, slope gradient and moisture condition that limit their intensity, erosion and deposition, 

elutriation, lessivage, ferrolysis and gleization, melanization and braunification were probably the 

main pedogenetic processes common to soils of both areas.  

The identified soil groups (RSGs), represented diversified climatic and physiographic conditions 

created as a result of orographic effects (altitudinal variation) and landform variability within the 

relatively small study area. Accordingly, 10 RSGs (Alisols, Cambisols, Chernozems, 

Kastanozems, Luvisols, Planosols, Regosols, Retisols, Umbrisols, and Vertisols) of the FAO-

WRB (2006) and/or FAO/IUSS-WRB (2015) and five Orders (Alfisols, Entisols Inceptisols, 

Mollisols and Vertisols) of the US-Soil Taxonomy classification system were identified. Since the 

occurrence of the identified RSGs was related to the environmental conditions within the study 

area, their sequential presence along the agro-climatic variation or along the altitudinal transect 

from the lowest to the highest elevation was: in the Lower-Woina-Dega, Kastanozems and 

Hypereutric Regosols; in the Proper-Woina-Dega, Chernozems and Vertic Luvisols; in the Upper-

Woina-Dega to Lower-Dega, Planosols, Cambisols and Vertisols; in the Proper-Dega, Retisols 

and Regosols (Orthodystric); in the Upper-Dega, Umbric Alisols and in the High-Wurch, 

Umbrisols. On the other hand, the occurrence of Regosols appeared not to be linked to the 

altitudinal (climatic) variation within the study area, but rather seemed to be related to the slope 

gradient of the land surface since they were found on any steep land surface irrespective of the 

agro-climatic belt (azonal soils), though there was a great difference in terms of the degree of 

leaching between the low and high altitude area Regosols. In inference, the soil development 

within the study area seemed generally not to be so influenced by the type of parent material, but 

rather more by the climatic and physiographic factors. 

Conclusively, in the E.2.03-type Rainfall Pattern Region of the Arsi-Highlands, in the KSW, the 

general relationship observed between the traditional agro-climatic belts (altitudinal variation) and 

the trend in soil development indicated that the differences observed by the Ethiopian farmers 

mainly based on differences in elevation and air temperature in relation to their agricultural 

activities, is also valid for the trend in pedogenesis and soil groups identified (soil classification) 

within the study area. Therefore, by inference the Hypothesis of the research project that states 

“the existing diversity of environmental conditions implicates the existence of the spatial 

variations of soils” can be accepted.    
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     4.3. Land Suitability Evaluation         

4.3.1. Method of Land Suitability Classification and Mapping  

Land evaluation as a part of the process of land-use-planning is an interpretative way of land 

classification, the most common technique of which is the matching (comparison) of the land-use 

requirements with the resources offered by the land unit in question, based on the fact that 

different kinds of uses have different requirements. Land suitability classification is on the other 

hand the process of appraisal and grouping of a specific area of land in terms of its absolute or 

relative suitability for a specified kind of use, whereby separate classifications are made with 

respect to each kind of land-use considered as relevant to the area (FAO, 1983). In essence, the 

land suitability evaluation of the FAO-method is the assessment of land mapping units with 

respect to a defined land-use that is considered to be appropriate, whereby the process of land 

suitability classification of each land unit for each land-use type (LUT) comprises the following 

procedural components (FAO, 1983; Davidson, 1992): 

 Determining the actual (current) land characteristics (LC) values of the land units relevant 

to the LUTs. 

 Integrating the land characteristics values into the land qualities (LQs). 

 Identification of the land-use requirements (LURs) of the LUTs and matching the LQ 

values with the LURs to rate each LQ (determine its individual suitability class). 

 Combining the results of matching into composite land suitability classes as the basis for 

subsequent recommendations of alternative uses and management options (land-use 

planning). 

 

Physical land suitability classification method was preferred in this study since its outputs have 

relatively longer time validity as the evaluation is performed based on general physical terms 

without specific estimations of costs and returns (FAO, 1983). The overall suitability assessment 

(combination of individual suitability ratings) of the physical (qualitative) land suitability 

classification of the identified land mapping units was done based on the suitability rating (partial 

suitability assessment based on one LQ or partial set of LQs) using the simple limitation method 

(limiting conditions) according to the methods described in FAO (1983) based on the principle of 

the “Law of the Minimum” by applying matching tables, so that the suitability class is determined 

by the level (severity) of the most limiting (least favorable) diagnostic factor. This method was 

selected due to its simplicity and the fact that it leads mostly to an overall suitability assessment 

that lies on a cautious side, though it fails to take account of interactions between the diagnostic 
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land characteristics (FAO, 1983). Since the factor rating class, severity level and degree of 

limitation are conceptually the same (provided that degree of limitations are made land-use type 

specific) the expression “ factor rating class” (suitability range) was used for simplicity by all the 

matching tables to denote degree of limitation and the term “limitation” was used to indicate the 

negative effect of the respective LQ on the LUT in question, and the expressions slight (s2), 

intermediate (s3), severe (n1) and very severe (n2) were used to indicate the corresponding degree 

of limitations or severity levels.  

Accordingly, moderate suitability (S2) by suitability rating indicates a slight degree of limitation 

which is small but has detectable adverse effect on the land-use and hence indicates the s2 factor 

rating class (slight degree of limitation) or if expressed in terms of yield 40-80% of optimal yield 

in the absence of inputs required to counteract the limitations concerned. Marginal suitability (S3) 

indicates an intermediate degree of limitation that may have a substantial adverse effect on the 

land-use, but is unlikely to cause it to be impracticable or uneconomic and denotes the s3 factor 

rating class or in terms of yield 20-40% of optimal yield. Not suitable indicates a severe or very 

severe degree of limitation that may cause by the former case the land-use to be impracticable or 

uneconomic unless certain conditions are fulfilled, but may be surmountable in time and indicates 

the n1 factor rating class or less than 20% of optimal yield in the absence of inputs required to 

counteract the limitations concerned. The very severe degree of limitation corresponds to the n2 

factor rating class that denotes conditions which certainly cause the land-use to become 

impracticable or uneconomic as to preclude any possibility of successfully sustained use of the 

land. The s1 factor rating class (highly suitable or optimal) is by definition without any limitation 

and is given the value 80-100% of optimal yield in the absence of inputs. The factor rating classes 

n1 and n2 were used where deemed necessary to indicate conditions which were currently not 

suitable, but potentially suitable if certain improvement measures are applied to non-permanent or 

permanent limitations by n1; and conditions which are permanently not suitable due to permanent 

type of limitations that were beyond the current economic and technological capability of the users 

by the n2 factor rating class. The method of arithmetic procedures was also applied according to 

FAO (1983) where considered inevitable to combine the individual ratings into an overall 

suitability of groups of LURs or of a land mapping unit for a specific LUT.  

By the application of the arithmetic procedure for the suitability assessment of the individual LQs, 

groups of LQs (crop physiological requirements, management requirements and conservation 
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requirements) and the overall suitability, mainly the multiplication method was used by the 

presence of four and more different individual suitability ratings; whereby each factor rating class 

was assigned a specific value that ranges from 1.0 to 0.0, namely 1.0 for s1, 0.8 for s2, 0.5 for s3 

and 0.0 for n; and these were multiplied and the results compared with the scale of crop yields 

mentioned above to determine the respective suitability class. Accordingly, results of 0.8-1.0 

indicate the S1, 0.4-0.8 the S2, 0.2-0.4 the S3 and below 0.2 the N suitability class; as for example 

for five S2 assessments: (0.8)
5 

= 0.33 (S3 class). For the combination of only three or less different 

suitability classes and by the presence of an N assessment (class), only the Law of the Minimum 

was used in concurrence with the arithmetic procedure. However, since mechanical application of 

the arithmetic procedure may lead to results that conflict with common sense and objectively 

observable practical farming conditions, subjective judgment was also used where required, 

provided that the principle of the Law of the Minimum is not violated. It is noteworthy that 

lowercase letters were used to denote the factor rating classes (suitability ranges, severity levels) 

such as s1, s2 and n, whereas the uppercase forms of the same letters were used to indicate the 

land suitability classes (S1, S2, S3, N1, N2). The respective suitability subclasses were denoted by 

the commonly used subscripts of the small letter symbols that represent the LQs in question. 

 By the determination of the suitability class for the groups of LQs (LURs) and then the overall 

suitability, the suitability class of each LQ was determined first followed by the determination of 

the suitability class of the groups of LQs and lastly the overall suitability of the LMU is 

determined using the suitability classes of the groups of LQs based on the principle of limiting 

condition and by an arithmetic adjustment where deemed necessary. The overall suitability 

classification of each LMU for each LUT was performed in a manner that first a preliminary 

suitability assessment was undertaken based on the actual condition of the land unit as actual 

current suitability, which was followed by the assessment of the options of minor land 

improvement measures (to rectify the limitations) that result in an optional (conditional) current 

suitability rating on the account of the remaining uncorrected limitations. Mapping of the field 

survey data is performed using GIS-Software version ArcGIS-10.3 and the results of the 

suitability classification of the identified LMUs for the selected LUTs are depicted using tables. 
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4.3.2. Selection of the Land Utilization Types  

The land utilization types (crops) proposed in the research proposal for the land suitability 

evaluation were rain fed production of bread wheat (Triticum aestivum), faba beans (Vicia faba), 

teff (Eragrostis tef) and maize (Zea mays) at an intermediate level of inputs and management that 

indicates a low capital intensity but high labour intensity, without or with partial use of farm 

machineries and intensive use of animal power, continuous agricultural extension service backed 

application of fertilizers, improved seeds and some agrochemicals such as herbicides, fungicides 

and insecticides in order to attain sustainably substantial yields. However, after detailed survey of 

the study area regarding the current crop production practices and the potentials of different land 

units within the study area, maize was substituted by barley (Hordeum vulgare) which is the 

dominant crop especially in areas with altitude above 2400 masl and is the agricultural product 

used as a raw material by Assela Malt Factory which is established within the study area. Faba 

beans production was included since this leguminous crop is preferred by the farming community 

in most parts of the study area for rotation purpose, besides its remunerative current markets and 

nutritive value within the cereal-dominated crop production system of the study area.  

These crops were selected since they are the major crops of the study area and the country as well, 

which are also preferred for consumption by the local people and throughout the entire country, so 

that they have good market demands. Additionally, their seeds are locally available or can be 

easily obtained from the Ethiopian Seed Enterprise the main production, seed-processing and 

marketing center of which is found nearby the study area. The government policy also encourages 

the production of food crops, among which these are some of the priority crops. 

4.3.3. Identification of the Land Qualities and Diagnostic Land Characteristics           

 

Land quality is a complex attribute of land unit that indicates the ability of the land to fulfill the 

specific requirements of the land-use type and acts in a distinct manner in its influence on the 

suitability of a land for a specific kind of use. Any LQ may be expressed in a positive or negative 

way; and for each land-use requirement (LUR) there is a corresponding LQ and vice versa, 

whereby the LQ is the “supply” side of the “land-land-use equation” (FAO, 1983; Davidson, 

1992). According to FAO (1983), the LQs which are widely applicable to rain fed cropping 

systems include temperature regime, moisture availability, drainage condition (oxygen 

availability), rooting condition, nutrient supply, erosion hazard, soil workability and potential for 
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mechanization. In general, this author states that the LQs of moisture, temperature, oxygen, 

nutrients and rooting conditions (LQs of crop physiological requirement) must be usually assessed 

for all crops with other LQs selected according to the environment of the respective study area, 

level of the evaluation and its specific objectives.  

Land characteristics is also an attribute of a land unit that denotes the supply side and can be 

measured or estimated and hence used to describe the LQs by the suitability classification of land 

units, since the land qualities often cannot be directly measured by routine surveys. Therefore, the 

severity levels (degree of limitations, factor rating classes) of the LQs for the land units to be 

evaluated must be deduced (inferred) from one or more appropriate diagnostic land characteristics 

or diagnostic factors to rate the LQs and thereby the land suitability. Accordingly, LQs are 

measured or estimated in terms of diagnostic factors (diagnostic land characteristics) and hence 

the diagnostic factors are parameters that determine how suitable a land is for a given land-use 

type, so that they are considered as suitability class-determining factors (FAO, 1983; Davidson, 

1992). 

Based on these basic principles the selection of LQs considered as very important or relevant for 

the suitability classification of the identified land mapping units of the study area was performed, 

taken into consideration the availability of data with which the LQs were classified (rated) and that 

the LQs in question had critical values (adverse or favorable effects on the land-use type) within 

the study area. The laboratory analysis results and the information (data) gathered during the field 

survey and profile descriptions were used for the identification of the limiting values of the LQs 

which were presumed to affect the respective LUT. Accordingly the following land qualities 

considered to be relevant to the LUTs selected for the suitability classification of the identified 

land mapping units, i.e. the LQs that influence either the level of inputs required, or the magnitude 

of the benefits obtained or both; and the respective diagnostic factors were identified in a similar 

manner for the purpose (Table 4.17). 
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Table 4.17. Land qualities and diagnostic factors identified for the land suitability classification  

 

No. 

 

Land quality 

 

Diagnostic factors (land characteristics) 

 

Unit 

1 Temperature regime 
Growing period mean temperature 

Altitude range 

⁰
C 

masl 

2 

 

Moisture availability 

 

Length of growing period 

Total growing season rainfall 

days 

mm 

3 Oxygen availability Internal drainage class 

4 

 

 

Nutrient supply (soil fertility) 

 

 

Topsoil reaction 

Topsoil texture 

Topsoil SOM content 

pH 

class 

% 

5 Rooting condition Effective soil depth cm 

6 

 

Soil workability 

 

Topsoil texture 

Topsoil structure 

class 

class 

7 Erosion hazard Landscape topography (slope gradient) % 

 

4.3.4. Description of General Crop Environmental and Land-Use Requirements 

           

Crop environmental requirements are the general conditions of a land necessary for a successful 

production of a crop in question according to a specified production system (FAO/UNDP, 1984d 

and 1984e). Each crop has its specific environmental requirements that determine its performance 

(productivity) under specified management practices (Young, 1976), so that the assessment of the 

natural environmental requirements of crops (LUTs) selected for the suitability classification of 

the identified LMUs, should be considered as an integral part of their land suitability evaluation 

process. Since the environmental conditions in Ethiopia are distinctive in many ways, the crop 

environmental requirements should be related to the environmental conditions in Ethiopia as far as 

possible. Accordingly, the description of the general environmental requirements of crops selected 

for the land evaluation purpose was performed briefly with due consideration to the Ethiopian rain 

fed crop production conditions as elucidated in the sections ahead (Sections 4.3.4.1.- 4.3.4.4). 

 

4.3.4.1. Environmental requirements of teff production  

According to Tareke et al. (2013) and Alganesh (2013), in Ethiopia, teff can be grown in a wide 

range of environmental conditions and performs better than other cereal crops under adverse 
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climatic and soil conditions in areas with elevation ranging from 800 to 3200 masl. It is the most 

adapted cereal crop to extreme environmental conditions that include drought, water logging, 

higher and lower altitudes; though there is variation of tolerance among the local cultivars or 

improved varieties, whereby altitude ranges of 1700-2400 masl are considered as optimal and 

above 2800 masl as marginally suitable or unsuitable due to its less tolerance to frost hazard as 

altitude increases (FAO/UNDP, 1984e). According to these authors, teff can be grown in areas 

with 200-800 mm average annual rainfall. But 400-600 mm is said to be the optimum, though 

short season cultivars may give substantial yield even by 300 mm rainfall amounts. Soil pH 

ranges of 5.0-8.0 are tolerated and below 4.5 and above 8.0 are considered as unfavorable.  

According to (FAO/UNDP, 1984e), most local cultivars of teff mature within 90 to 110 days, 

whereas short season cultivars may mature within 45 to 60 days in the lowland areas and in 60 to 

70 days in the higher altitude areas, so that 45-120 days of growing period appear to be possible 

for teff production. Due to its shallow fibrous root system, teff can be grown on shallow soils with 

high-water holding capacity and hence soil depth of 25 to 50 cm is seen as sufficient under the 

traditional production system. This author continues that, though teff tolerates water logging, 

standing water is not tolerated; but tolerates also moderate salinity and sodicity (up to 4.0 

mmhos/cm EC and 15% ESP respectively) and generally needs fertile soils for good yields, 

despite the fact that excess nitrogen results in lush growth and lodging. Rotation with the 

leguminous crops helps to reduce the need of nitrogen fertilizer and to maintain soil structure. 

With its shallow root system, teff cannot withstand water erosion and this seems to be the reason 

why it is mainly produced on flat lands in valley bottoms and depressions in Ethiopia, in spite of 

the fact that such areas provide better workability and moisture conditions for the fine seeded teff.  

 4.3.4.2. Environmental requirements of bread wheat production  

 

According to Gooding and Davis (1997), FAO (2002) and Martin et al. (2006), wheat is an 

extremely adaptable crop that can grow from the Arctic Circle (66
⁰ 

N) to the Equator, and from 

sea level up to 3000 masl. However, it is most successful between the latitudes of 30
⁰
 and 50

⁰
 N 

and 25
⁰
 and 40

⁰
 S. Some wheat cultivars are even reported to be grown at 4570 masl in Tibet 

(FAO, 2002). Optimum temperature ranges are reported to be 13
⁰ 
C to 25

⁰
 C, 2-4

⁰ 
C are taken as 

minimum and 30-32
⁰ 
C as maximum growth temperature ranges (Gooding and Davis, 1997; FAO, 

2002). Some winter wheat types may tolerate low temperatures as low as negative 40
⁰ 

C
 
when 
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protected by snow and negative 32
⁰ 
C without snow protection; whereas some spring wheat types 

may tolerate temperatures as low as negative 9
⁰ 
C in the early stages of their growth without snow 

protection (Martin et al., 2006). Nevertheless, light frost may cause sterility in wheat that has 

headed or is about to head, and is poorly adapted to high rainfall accompanied by high 

temperatures since such conditions promote the development of wheat diseases, lodging and may 

interfere also with production activities such as threshing, storing and land preparation besides 

their strong accelerating effect of OM decomposition and nutrient leaching, especially nitrates 

(Martin et al., 2006). 

Best quality bread wheat is produced in areas where the winters are cold and summers are 

comparatively hot and by annual rainfall amounts ranging from 380 to 875 mm (FAO, 2002; 

Martin et al., 2006). Despite variations among different cultivars it is best adapted to well-drained 

fertile soils with silt and clay loam texture, but can also successfully be grown on heavy-textured 

(clay) and fine sandy loams; however does not yield well on vey sandy and poorly drained soils 

and soils with pH below 5.0 are not good tolerated (Gooding and Davis, 1997; Martin et al., 

2006). According to Hailu (1991), in Ethiopia, bread wheat can be grown in areas with altitude 

ranges of 1500 to 3000 masl and the most suitable areas fall between 1900 and 2700 masl; 

whereas annual rainfall amounts of 600-2000 mm are generally considered as conducive, though 

above 1000 mm rainfall is said to have negative impacts and hence not optimal for best yields. 

4.3.4.3. Environmental requirements for faba bean production  

According to Kay (1979), faba beans are subtropical or temperate crops that can be grown in areas 

with temperature ranges of 20-27
⁰ 
C during growing period; but require a fairly distributed rainfall 

of 650 to 1000 mm. Faba bean is one of the most widely grown pulse crops in the highlands of 

Ethiopia in rotation with cereals and is considered to be the least drought tolerant among the grain 

legumes, though it can be grown in areas with altitude ranges of 1800 to 3000 masl provided that 

rainfall is evenly distributed over the growing period (Tolera and Daba, 2006; Wondafrash et al., 

2006). According to Gemechu et al. (2006) and MOA (2014), faba beans can be grown in Ethiopia 

in areas with altitudes ranging from 1800 to 3000 masl by annual rainfall amounts of 700-1000 

mm or more. Well-drained deep and fertile soils are essential for higher yields and texturally silts 

and clay loams are required for good yields, though clays and sandy loams may also enable 

satisfactory yields provided that the soil pH is in the range of 6.0 to 7.0; whereas below pH 5.5, 
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growth is liable to suffer (Kay, 1979). Depending upon the cultivars and climatic condition faba 

bean matures in 90-220 days. 

4.3.4.4. Environmental requirements for barley production 

According to Bayeh and Berhane (2011) and Kemelew and Alemayehu (2011), barley belongs to 

cool temperate (cool season) crops adapted to high altitudes that thrive best in well-drained loam 

to light clay fertile soils and hence has chilling tolerance during its vegetative and grain filling 

growth stages. It grows in elevation ranges of 1500 to 3500 masl, the optimal elevation ranges 

being 2000-3000 masl and is probably the only cereal crop which is grown successfully in areas 

with elevation above 3000 masl and is often a dominant crop in areas above 2700 masl ( Bayeh 

and Berhane, 2011; Berhanu et al., 2011; Tolera et al., 2011).  According to FAO/UNDP (1984e), 

in Ethiopia, barley grows up to 3800 masl altitude and mean temperatures of about 7
⁰ 
C or less are 

also tolerated during the growing period. This author states that rainfall amounts in excess of 1200 

mm during the growing period cause lodging and susceptibility to diseases and by amounts below 

200 mm, moisture stress causes severe yield losses by most of the barley cultivars. Even 

distribution of rainfall is more important than total amounts since total amounts in more than 800 

mm during the growing season may result in yield losses. Land (local) races grown in the short 

rainy season (Belg or spring) are mostly early maturing types that ripe within 90-120 days; 

whereas some late maturing cultivars grown in the main rainy season (Kiremt) may need up to 175 

days for maturity; especially when grown in the higher altitude areas (Berhanu et al., 2011).  

Since barley is deep rooted, its main root can penetrate up to 1-2 m depth into the soil; however 

cannot tolerate water logging in comparison to wheat. Texturally, well-drained loams with neutral 

to mildly acidic reaction (pH 6.0-7.0) are considered as best for barley production and acid soils 

with pH below 6.0 are not good tolerated since it is generally sensitive to strong acidity, though 

there exist cultivars that also tolerate strong acidity; whereas it is known to tolerate even strong 

salinity (Martin, et al., 2006; Bayeh and Berhane, 2011; Hailu and Getachew, 2011). 

4.3.5. Description of the Land-Use Requirements of the LUTs  

Land-use requirement is a condition of land required (demanded) by a specific LUT for its 

successful and sustainable implementation. Land-use requirements are expressed in terms of LQs 

which are at the same level of generalization, whereby the LURs denote the demand side of the 
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“land-land-use equation” or it indicates what the land-use requires from the resource of the land; 

i.e, from the land quality which is the supply side of the equation (FAO, 1983; Davidson, 1992). 

Accordingly, LURs are generally categorized in relation to the selected LUTs in form of ranges of 

land resource conditions (suitability classes) as optimal or most favorable or highly suitable (S1) 

moderately suitable (S2), marginally suitable (S3) and not favorable or not suitable (N) being 

represented by respective small letter symbols (s1, s2, s3 and n) to denote the suitability ranges 

(severity levels, factor rating classes), which are matched with the corresponding LQs described in 

form of diagnostic factors (diagnostic criteria) to determine the suitability class (suitability rating) 

of a particular land unit for a particular LUT (FAO, 1983). Based on this principle three sets 

(groups) of LURs were identified for rain fed cropping systems so as to be used for each LUT, 

namely crop requirements (physiological requirements of a crop) that include the LQs temperature 

regime, moisture availability, oxygen availability, nutrient supply and rooting condition; 

management requirement which is represented by the LQ soil workability; and conservation 

requirement or requirements for the avoidance of land degradation being represented by the LQ 

erosion hazard (FAO, 1983). 

Since the LURs are expressed in terms of LQs, the LQs identified in Section 4.3.3 (Table 4.17) 

were applied on the basis of the above mentioned categorization principle of the LURs in the 

matching tables by factor ratings. The identification of the LURs was performed on the same 

grounds as that of the LQs in the preceding section according to FAO/UNDP (1984d and 1984e) 

as indicated in the Tables 4.18 to 4.21. Though there were ample data on several LQs and land 

characteristics which were obtained through field survey and laboratory analysis of soil samples, 

only those for which the data on the suitability ranges of the corresponding LURs were available, 

were used for the land suitability classification. Regarding the number of ranges of suitability 

(severity levels, factor rating classes) that determine the number of classes into which the 

respective LQ was classified, their number was limited only to the ranges s1, s2 and n where 

sufficient information existed for the corresponding diagnostic land characteristics, whereby the s2 

denotes a combination of the s2 and s3 (slight to intermediate limitation).   
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Table 4.18. Land-use requirements determined for the suitability evaluation of teff (Eragrostis tef)  

                    production  
 

E = Excessively drained; I = Imperfectly drained; P = Poorly drained; SE = Somewhat excessively drained; VP = Very poorly 

drained; W = Well-drained; Cbl = Black clay; L = Loam; SCL = Sandy clay loam; SL = Sandy loam; S = Sand; ZL = Silt loam. 

               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No. 
Land-use requirements identified 

Unit 
Factor rating classes (suitability ranges) 

Land quality Symbol Diagnostic factors s1 s2 n 

1 Temperature 

regime 

t 

Altitude range masl 1700-2400 1000-1700 

or 

2400-2800 

< 1000 

or 

>2800 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 

or 

20.0-25.0 

< 12.5 

or 

>25.0 

2 Moisture 

availability 
m 

Length of growing period days 90-120 45-90 < 45 

Total growing season 

rainfall 

mm 400-600 200-400 

or 

600-800 

< 200 

or 

> 800 

3 Oxygen availability w Internal drainage class I-W VP-P SE-E 

4 Nutrient supply 

(soil fertility) 

n 

Topsoil reaction pH 5.5-8.0 4.5-5.5 

or 

8.0-8.5 

< 4.5 

or 

> 8.5 

Topsoil texture  class ZL-Cb1 L-SCL S-SL 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 

5 Rooting condition r Effective soil depth cm >50 25-50 < 25 

6 Soil workability 

k 

Topsoil texture  class ZL-Cb1 L-SCL S-SL 

Topsoil structure  class ACr,AGr,FB1, 

MB1,FPr,FCo 

CB1,MPr, 

MCo,FP1 

CPr,CCo,MP1, 

CP1,Mas,Inc 

7 Erosion hazard e Slope gradient % 0-8 8-30 >30 
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Table 4.19. Land-use requirements determined for the suitability evaluation of bread wheat  

                     (Triticum aestivum) production  

 

ACr = All crumb structures; AGr = All granular structures; FBl = Fine blocky; FCo = Fine columnar; FPr = Fine prismatic  

MBl = Medium blocky; CBl = Coarse blocky; FPl = Fine platy; MCo = Medium columnar; MPr = Medium prismatic;  

CPr = Coarse prismatic; CCo = Coarse columnar; CPl = Coarse platy; MPl = Medium platy; Mas = Massive; Inc = Incoherent; 

Crd = Red clay; LS = Loamy sand; MW = Moderately well-drained. 

 

 

 

 

 

 

 

 

 

 

No. 
Land-use requirements identified 

Unit 
Factor rating classes (suitability ranges) 

Land quality Symbol Diagnostic factors s1 s2 n 

1 Temperature 

regime 

t 

Altitude range masl 2000-2600 1500-2000 

or 

2600-3000 

< 1500 

or 

> 3000 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 

or 

20.0-22.5 

< 12.5 

or 

> 22.5 

2 Moisture 

availability 
m 

Length of growing period days 120-150 90-120 < 90 

Total growing season 

rainfall 

mm 500-800 400-500 

or 

800-1200 

< 400 

or 

>1200 

3 Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E 

4 Nutrient supply 

(soil fertility) 

n 

Topsoil reaction pH 5.5-8.0 5.0-5.5 

or 

8.0-8.5 

< 5.0 

or 

> 8.5 

Topsoil texture  class L-Crd SL or Cbl S-LS 

Topsoil SOM % >3.0 1.0-3.0. < 1.0 

5 Rooting condition r Effective soil depth cm >100 25-100 < 25 

6 Soil workability 

k 

Topsoil texture  class L-Crd SL or Cb1 S-LS 

Topsoil structure  class ACr,AGr,FCo 

MB1,FPr,FB1 

CB1,MPr, 

MCo,FP1 

CPr,CCo,MP1 

CPl,Mas,Inc 

7 Erosion hazard e Slope gradient % 0-8 8-30 >30 
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Table 4.20. Land-use requirements determined for the suitability evaluation of barley (Hordeum  

                    vulgare) production  

 

SC = Sandy clay; ZC = Silty clay. 

 

 

 

 

 

 

 

 

 

No. 
Land-use requirements identified 

Unit 
Factor rating classes (suitability ranges) 

Land quality Symbol Diagnostic factors s1 s2 n 

1 Temperature regime 

t 

Altitude range masl  2000-3000 1500-2000 

or 

3000-3800 

< 1500 

or 

>3800 

 Growing period mean 

temperature 

⁰
C 12.5-17.5 7.5-12.5 

or 

17.5-22.5 

< 7.5 

or 

> 22.5 

2 Moisture 

availability 

m 

Length of growing 

period 

days 120-180 90-120 < 90 

Total growing season 

rainfall 

mm 400-800 200-400 

or 

800-1200 

< 200 

or 

>1200 

3 Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E 

4 Nutrient supply 

(soil fertility) 

n 

Topsoil texture  class  L-SC SL or ZC-Cbl S-LS 

Topsoil reaction  pH 5.5-7.3 5.0-5.5 

or 

7.3-8.5 

< 5.0 

or 

> 8.5 

Topsoil SOM % >3.0 1.0-3.0. < 1.0 

5 Rooting condition r Effective soil depth cm >100 

 

25-100 < 25 

 

6 Soil workability 

k 

Topsoil texture class class L-SC SL or ZC-Cbl S-LS 

Topsoil structure class class ACr,AGr,FBl 

MBl,FPr,FCo 

CBl, MPr, 

MCo, FPl 
CPr,CCo,MPl,

CPl,Mas,Inc 

7 Erosion hazard e Slope gradient % 0-8 8-30 > 30 
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Table 4.21. Land-use requirements determined for the suitability evaluation of faba bean  

                    (Vicia faba) production  

 

4.3.6. Identification of the Land Mapping Units  

Land mapping unit is any specified area of the earth‟s land surface which is mapped at whatever 

level of generalization in a classification system (Young, 1976). The extreme physiographic 

diversity of the study area could not permit except in few cases that the land mapping units 

identified for the land suitability evaluation and that of the taxonomic units coincide, so that the 

identification of the mapping units for the physical land suitability evaluation was performed 

primarily on the basis of existing external environmental conditions such as major landforms, 

landscape topography, and the altitudinal ranges identified during the field survey. In addition, 

internal drainage condition of the identified taxonomic units was taken as a categorizing criterion, 

whereas soil depth was not considered as criterion since almost all soils had adequately deep 

profiles. According to Young (1976), generally, landforms have a greater effect than soil 

characteristics in determining the suitability of land for arable use since land characteristics such 

as slope and site drainage are mostly considered as determinants of suitability. According to the 

traditional agro-climatic classification of Ethiopia, altitude ranges subsume variations in rainfall 

No. 
Land-use requirements identified 

Unit 
Factor rating classes (suitability ranges) 

Land quality Symbol Diagnostic factors s1 s2 n 

1 Temperature regime 

t 

Altitude range masl 2200-3000 1800-2200 

or 

3000-3200 

< 1800 

or 

>3200 

Growing period mean 

temperature 

⁰
C 12.5-17.5 10.0-12.5 

or 

17.5-20.0 

< 12.5 

or 

>20.0 

2 Moisture availability 

m 

Length of growing period days 120-150 90-120 < 90 

Total growing season 

 rainfall 

 

mm 

 

 

6500-900 

 

 

500-650 

or 

900-1200 

< 500 

or 

>1200 

3 Oxygen availability w Internal drainage            class W MW or SE VP-I or E 

4 Nutrient supply 

(soil fertility) 
n 

Topsoil texture class ZL-Crd L-SCL or Cbl S-SL 

Topsoil reaction pH 6.7-7.3 5.5-6.7 or 

7.3-8.0 

< 5.5 or 

> 8.0 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 

5 Rooting condition r Effective soil depth cm >100 50-100 <50 

6 Soil workability 

k 

Topsoil texture class ZL-Crd L-SCL or Cbl S-SL 

Topsoil structure class ACr,AGr,FBl, 

MBl,FPr,FCo 
CBl, MPr, 

MCo, FPl 

CPr,CCo,MPl, 

CPl,Mas,Inc 

7 Erosion hazard e Slope gradient % 0-8 8-30 > 30 
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amounts and air temperature, so that some aspects of agro-climate based grouping of the land units 

was also considered, whereby the traditional agro-climatic belts were largely integrated into the 

land suitability evaluation of the LMUs. Accordingly, land units with relatively uniform (similar) 

landform types and landscape topography were segregated as single land mapping unit and the 

altitude ranges of their spatial extent determined, whereby seven such land units were considered 

as the land mapping units within the entire study area. Procedurally, the major landform (Section 

4.1.1) of the land unit combined with landscape topography was used as the first and the 

altitudinal ranges as the second categorizing criterion. Internal drainage condition of the sampled 

pedons was applied as the third level criterion to segregate the land with otherwise similar first and 

second level differentiating environmental factors (Table 4.22). In the land mapping unit‟s code, 

the “M” stands for the mapping unit, the Arabic numbers for the combination of the landform and 

landscape topography, the lower case letters for the altitudinal ranges and the roman numbers for 

the drainage classes, respectively from left to right. The whole study area was categorized into five 

major landform-landscape topographic units, six altitudinal ranges and three internal drainage 

classes (Table 4.22 and Figure 4.15 and 4.16). In general, based on the soil properties and the 

identified major landforms (Section 4.1.1), the land units with similar management requirements 

and similar response to land improvement practices in relation to the envisaged land-use types, 

were aggregated as land mapping units for the suitability evaluation.     

Table 4.22. Land mapping units (LMUs) identified for land suitability evaluation 

S = Sloping land (1stlevel); SE = Medium-gradient escarpment zone (10-30%, 2nd level) or somewhat excessively drained;      

SH = Medium gradient hill (10-30%, 2nd level); T = Steep land (1st level); TM = High-gradient mountain (>30%, 2nd level);    

 LD = Depression (<10%, 2nd level); L = Level land (1st level); LL = Level plateau (2nd level ); SP = Dissected plain (2nd level );   

W = Well-drained; MW = Moderately well-drained; I = Imperfectly drained; R= rolling; G = gently undulating; U = Undulating;  

M = Mountainous.   

Land 

unit 

No. 

Pedons included 

Major landform and landscape 

topography 
Altitude 

range 

in masl 

Code 

Internal 

drainage 

class 

Code 

Land 

mapping 

unit code Landform 
Landscape 

topography 
Code 

1 KS02,KS10,KS11 S-SE R(10-30) 4 1810-2100 a W-SE I M4aI 

2 KS03,KS05,KS06,KS07 

KS08,KS09 

L-LL G –U (1-

10%) 

1 2100-2270 b W I M1bI 

3 KS01,KS04,KS12 SP-LD G-R (1-

15%) 

3 2270-2460 c I III M3cIII 

 

4 KS14 SP 

 

U-R (5-

30%) 

2 2220-2460 c W I M2cI 

5 KS13 S-SH U (5-10%) 2 2460-2650 d I III M2dIII 

6 KS15,KS17,KS16 S-SH R (10-30%) 4 2400-3000 e MW II M4eII 

7 KS18, KS19 T-TM M (>30%) 5 3000-4000 f SE-W I M5fI 
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Figure 4.15. Land mapping units of the land suitability evaluation 

  

Land mapping 

units 
Area (ha) 

Proportion 

(%) 

Rank in 

area coverage 

M1bI 1461.8 20.8 3
rd 

M2cI 692.6 9.9 4
th 

M2dIII 96.6 1.4 7
th 

M3cIII 194.5 2.8 6
th 

M4aI 263.6 3.7 5
th 

M4eII 1942.3 27.6 2
nd 

M5fI 2373.8 33.8 1
st 

Total 7025.2 100.00 ------ 

Table 4.23. Area coverage and relative proportions of the LMUs 
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Figure 4.16. Sequential LMUs and altitude relationship with corresponding landforms              
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4.3.7. Description and Characterization of the Land Mapping Units  

Fundamental to any land suitability evaluation procedure is the fact that different kinds of land-

uses (land utilization types) have different requirements and these requirements are matched 

(compared) with the corresponding LQs (the resources offered by the respective land unit). Since 

the land-use requirements (LURs) and LQs are at the same level of generalization, one is derived 

from the other in a manner that LURs are expressed in terms of LQs by the land suitability 

classification (FAO, 1983; Davidson, 1992). The main purpose of this section is to describe the 

actual (in-situ) land characteristics values of the identified land mapping units (Section 4.3.6) in 

relation to the identified LQs and respective diagnostic land characteristics or diagnostic factors 

(Section 4.3.3), as elucidated in the sections  ahead. The land characteristics values of the 

identified land mapping units were derived from the results of the field survey and laboratory 

analysis or they were derived (estimated) therefrom using the regression equations developed by 

FAO/UNDP (1984c) as indicated in Section 3.1.3, the characterization of which is depicted in the 

following sections for each land mapping unit based on the LQs and respective LC identified to be 

used in the land suitability classification.  

The determination of the values for each LC was performed as follows: 

      a. Altitude range, internal drainage class and slope gradient are directly taken from the field 

           survey data of the RSGs included in the respective land mapping unit. 

      b. Mean temperature range for the growing period was calculated using the regression equation 

          number (3.2) of Section 3.1.3, according to FAO/UNDP (1984c). 

      c. The range of the LGP is also calculated using the regression equation number (3.1) of the 

          same Section 3.1.3. 

      d. Total growing season rainfall was estimated based on the corresponding values from KARC 

          meteorological station according to Abayneh (2003) for the land mapping units clustered 

         around the KARC (M4aI, M1bI, M2cI, M3cIII); and using the same value from Assela 

         station for the land mapping units in the areas above 2400 masl (M2dIII, M4eII, M5fI). 

      e. The values of topsoil pH, SOM, texture and structure were calculated or estimated as 

          averages of the upper two vertical subdivisions of the master A horizon, namely the Ah or 

          Ap and the next horizon A1or AC, AE, EA or A/E as per the designations conducted in the 

          respective profiles of the pedons in question (Table 3.2). 

      f. As effective soil depth, the whole profile depth up to a hard rock or any other consolidated 

         material or generally up to the 200 cm depth by profiles with total depth exceeding 200 cm 

         without any consolidated layer, was taken. 

      g. The factor rating classes (suitability ranges) for the suitability ratings of each LC (LQ) were 

          compiled according to FAO/UNDP (1984d and 1984e). 
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4.3.7.1. Land mapping unit M4aI  

 

The land mapping unit of the first land unit (M4aI) encompasses a rolling to hilly landscape 

topography formed at a sloping medium-gradient escarpment zone landform (first landform) as 

part of the “rift valley” and its border areas, at the western end of the study area (KSW). It is 

dominated by a rugged topography that included elevation ranges of 1810-2100 masl, starting at 

the western end of the catchment where the Kulumsa river joins the Gonde river within the “rift 

valley”. The geographic extent of this LMU was from 08
⁰
 00

‟
 55.1” to 08

⁰
 02

‟
 17.1

”
 N and from 

039
⁰
 07‟ 29.7

”
 to 039

⁰
 09

‟
 02.6

”
 E and had a total area of 263.6 ha (3.7% of the study area) being 

the 5
th

 LMU in area coverage (Table 4.23). This LMU corresponds to the first soil mapping unit 

(SMU1) of the soil classification (Section 4.2.1). 

According to the traditional agro-climatic classification, this area belongs to the Lower-Woina-

Dega agro-climatic belt which is characterized by longer dry period than the moist period of the 

year. The local farmers classify this area generally as Kola agro-climate and categorize it to the rift 

valley area. Despite the absence of area specific climatic data to estimate the length of growing 

period, it is estimated to be shorter (175-188 days) than the growing period of the land mapping 

unit M1bI (200-240 days) that includes the KARC farm area, residentiary and offices, for which 

Abayneh (2003) calculated the LGP based on the meteorological data of Kulumsa Meteorological 

Station that was located in the KARC compound. 

This mapping unit consisted of three identified pedon sites, namely the KS02 and KS10 which 

were classified as Luvic Kastanozems and the KS11 of the Leptic Regosol. This pedons were 

characterized by well-drained (KS02, KS10) and somewhat excessively well-drained KS11 

profiles, generally with neutral topsoil reaction and base saturation above 60%. Due to its rugged 

topographic condition, the area was almost inaccessible to farm machineries and hence the whole 

farming activity of the area was dependent on animal power and human labor. The escarpment 

parts due to their steepness and the exposed rock areas were not used for crop production but used 

for grazing at present, despite the fact that the vegetation cover in this parts of the land unit was 

already largely diminished. The land characteristics determined for the suitability classification of 

this L MU are given in Table 4.24 below. 
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Table 4.24. Land characteristics of the land mapping unit M4aI  

 

Selected land qualities 

Diagnostic land characteristics 

(diagnostic factors) 

 

Unit 

 

Value 

 

Temperature regime Altitude range 

Growing period mean temperature 

masl 
o
C 

1810-2100 

17.8-19.5 

Moisture availability Length of growing period 

Total growing season rainfall 

days 

mm 

175-188 

600-700 

Oxygen availability Internal drainage class W-SE 

Nutrient supply 

(soil fertility) 

Topsoil reaction 

Topsoil  texture 

Topsoil SOM 

pH 

class 

% 

7.00 

L-SL 

4.00-6.50 

Rooting condition Effective soil depth cm 62-200+ 

Soil workability Topsoil structure 

Topsoil texture 

class 

class 

GRC-GR 

L-SL 

Erosion hazard Landscape topography (slope gradient) % 10-30 
                W = Well-drained; SE = Somewhat excessively drained; L = Loam; SL = Sandy loam; GRC = Granular crumb, very 

                 porous; GR = Granular, slightly porous.   

    

4.3.7.2. Land mapping unit M1bI  

The land mapping unit M1bI includes all the pedon areas located in a level land plateau (second 

landform) area that starts at the upper shoulder of the “rift valley escarpment” and extends up to 

the upper foot slope of Guticha hill-chain including all areas with gently undulating to undulating 

landscape topography and almost entirely accessible to farm machineries of any kind, so that 

economically able farmers of the area already use hired tractors and combine harvesters. The 

geographic extent of this LMU was from 07
⁰
 59

‟
 58.2” to 08

⁰
 02

‟
 17.1

”
 N and from 039

⁰
 07‟ 45.1

”
 

to 039
⁰
 11

‟
 08.1

”
 E and had a total area of 1461.8 ha (20.8% of the study area) being the 3

rd
 LMU 

in area coverage (Table 4.23). This LMU includes the SMU2 and SMU3 soil mapping units of the 

soil classification (Section 4.2.1), and belongs to one of the dominantly wheat producing areas of 

Arsi Zone where the senior wheat breeding research center of the country (KARC) is also situated. 

It encompasses the identified taxonomic units of Chernozems (KS03 and KS07), Vertic Luvisols 

(KS05, KS06, KS09) and Luvic Kastanozem (KS08) (the Luvisols being dominant in area 

coverage), which were generally characterized by well-drained deep soil profiles that had slightly 

acidic to neutral (Benton, 2003) topsoil reaction and base saturation above 60%. This LMU 

includes the KARC farm land, office and residential areas, the Kulumsa village, the Assela Malt 

Factory and the farm lands of the surrounding farming community. 
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Climatically, this area can be classified mainly as Proper-Woina-Dega traditional agro-climatic 

belt with an LGP of 200-240 days, mean annual rainfall of 788 mm (Abayneh, 2003) and an 

elevation range of 2100-2270 masl. The area was accessible through Addis Ababa-Assela main 

road (asphalt) and two non-asphalt all weather minor roads (Assela-Meki and Kulumsa-Akiya 

gravel roads). The land characteristics determined for the suitability classification of this LMU are 

given in Table 4.25 below. 

Table 4.25. Land characteristics of the land mapping unit M1bI  

       W = Well-drained; CL = Clay loam; C = Clay; GRC = Granular crumb, very porous; GR = Granular, slightly porous 

 

4.3.7.3. Land mapping unit M3cIII  

This land mapping unit was situated next to the M1bI in the southeastern direction from KARC 

towards Mt. Chillallo and started at the western back slope position of the hill locally known as 

Guticha, which was normally not a hill but one of the terrace type relief units alongside the slope 

of Mt. Chillallo area (third landform). Its elevation ranged from 2270 to 2460 masl, which was the 

smallest elevation range in comparison to that of the other LMUs. The geographic extent of this 

LMU was from 07
⁰
 58

‟
 48.5” to 07

⁰
 59

‟
 59.5

”
 N and from 039

⁰
 09‟ 35.5

”
 to 039

⁰
 10

‟
 30.7

”
 E and 

had a total area of 194.5 ha (2.8% of the study area) being the 6
th 

LMU in area coverage (Table 

4.23). On the other hand, this land unit can be considered as part of the foot slope position to the 

area of M4eII LMU and was generally dominated by soils with certain internal drainage problems 

that included PellicVertisol (KS01), and Vertic Mollic Planosols (KS04, KS12). This LMU 

corresponds to the SMU6 of the soil classification section. Though the main landscape topography 

Selected land qualities 

Diagnostic land characteristics 

(diagnostic factors) 

 

Unit 

 

Value 

 

Temperature regime   Altitude range    

  Growing period mean temperature 

masl 
o
C 

2020-2270 

17.0 

Moisture availability    Length of growing period    

  Total growing season rainfall 

days 

mm 

200-240 

700 

 Oxygen availability    Internal drainage  class W 

Nutrient supply  

(soil fertility) 

  Topsoil reaction 

  Topsoil texture  

   Topsoil SOM 

pH 

class 

% 

6.20-6.8 

CL-C 

2.60-6.75 

Rooting condition   Effective soil depth cm 123-200+ 

Soil workability   Topsoil structure  

  Topsoil texture  

class 

class 

GRC-GR 

CL-C 

Erosion hazard    Landscape topography (slope gradient) % 1-8 
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was of depression type, the western side of Guticha hill, where the KS01 was located, had a 

rolling topography. Despite the absence of area specific climatic data to estimate the LGP, its LGP 

(210-240 days)  can be considered as similar to that of the M1bI (200-240 days), but with more 

moist Upper-Woina-dega agro-climatic condition (ABRDP, 2004). Even though all the pedons 

had certain internal drainage problems, they were actually characterized by topsoil with slightly 

acidic to neutral soil reaction (Tekalign, 1991) and base saturation above 50%. The area was 

generally not accessible to farm machineries, so that the farming activities were based on animal 

power and human labour. The land characteristics determined for the suitability classification of 

this LMU are given in Table 4.26 below. 

Table 4.26. Land characteristics of the land mapping unit M3cIII  

 

Selected land qualities 
Diagnostic land characteristics 

(diagnostic factors) 
Unit 

 

Value 

 

Temperature regime Altitude range 

Growing period mean temperature 

masl 
o
C 

2270-2460 

16.0-17.0 

Moisture availability Length of growing period 

Total of growing season rainfall 

days 

mm 

210-240 

>700 

 Oxygen availability Internal drainage  class I 

Nutrient supply  

(soil fertility) 

Topsoil reaction 

Topsoil texture  

Topsoil SOM 

pH 

class 

% 

6.0-6.5 

L- CL 

1.70-6.65 

Rooting condition Effective soil depth cm 200+ 

Soil workability Topsoil structure  

Topsoil texture  

class 

class 

GRC- GR 

L- CL 

Erosion hazard Landscape topography (slope gradient) % 2-15 

CL = Clay loam; L = Loam; GRC = Granular crumb, very porous; GR = Granular, slightly porous; I = Imperfectly drained 

4.3.7.4. Land mapping unit M2cI  

M2cI indicates one of the few cases where a single taxonomic unit was used as a land mapping 

unit for land suitability evaluation due to its peculiar geographic location within the study area. 

This LMU corresponds to the SMU4 of the soil classification section. It is located at the northern 

border area of the KSW adjacently to the north of the land unit occupied by soils with internal 

drainage problems (M3cIII) within the same major landform (third landform), to the east of the 

level land mapping unit (M1bI). It is part of the terrace type landform that starts at the western 

upper back slope of the Guticha hill-chain that has an undulating to rolling landscape topography 

dissected by Kulumas river and some other permanent and non-permanent smaller streams. The 
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geographic extent of this LMU was from 07
⁰
 59

‟
 26.6” to 08

⁰
 00

‟
 57.2

”
 N and from 039

⁰
 09‟ 23.9

”
 

to 039
⁰
 11

‟
 49.5

”
 E and had a total area of 692.6 ha (9.9% of the study area) being the 4

th
 LMU in 

area coverage (Table 4.23). Its topographic position can be considered as a foot slope (lower 

slope) position to the M2dIII and M4eII land mapping units. This land unit was partially 

accessible to the farm machineries in its part to the northern side of Kulumsa river, so that farmers 

already use hired combine harvesters. Next to the land mapping unit of M1bI, it is a major wheat 

producing area within the KSW.The predominant taxonomic unit was identified to be a Vertic 

Cambisol with well-drained very deep profile, slightly acidic topsoil reaction and very high base 

saturation above 70%. The altitude of the entire area ranged from 2220 to about 2460 masl and 

was mainly within an Upper-Woina-Dega traditional agro-climatic belt with an LGP similar to 

that of M3cIII land mapping unit (210-240). The land characteristics determined for the suitability 

classification of this LMU are given in Table 4.27 below.  

Table 4.27. Land characteristics of the land mapping unit M2cI  

Selected land qualities 

 

Diagnostic land characteristics 

(diagnostic factors) 

 

Unit Value 

Temperature regime Altitude range 

Growing period mean temperature 

masl 
o
C 

2220-2460 

16.0-17.0 

Moisture availability Length of growing period 

Total growing season rainfall 

days 

mm 

210-240 

>700 

Oxygen availability Internal drainage  class W 

Nutrient supply  

(soil fertility) 

Topsoil reaction 

Topsoil texture  

Topsoil SOM 

pH 

class 

% 

6.50 

ZCL 

4.10 

Rooting condition Effective soil depth cm 200+ 

Soil workability Topsoil structure  

Topsoil texture  

class 

class 

GR 

ZCL 

Erosion hazard Landscape topography (slope gradient) % 5-20 

GR = Granular crumb, slightly porous; W = Well-drained; ZCL = Silty clay loam 

 

4.3.7.5. Land mapping unit M2dIII  
 
This land mapping unit denotes the second land unit dominated by a single taxonomic unit (KS13) 

that was characterized also by profile conditions with internal drainage problem. It occupied a 

moderately dissected plateau landform with mainly undulating landscape topography that had an 

elevation range of 2460 to 2650 masl mainly within Lower-Dega agro-climatic belt. Some sites 

had also a rolling topography, thereby being located at the northern border of the study area to the 
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north of M4eII LMU and as an upland part to the M2cI land mapping unit towards Mt. Chillallo 

(fourth landform). This LMU corresponds to the SMU5 of the soil classification (Section 4.2.1).  

The geographic extent of this LMU was from 07
⁰
 59

‟
 06.0” to 08

⁰
 00

‟
 03.9

”
 N and from 039

⁰
 11‟ 

49.5
”
 to 039

⁰
 12

‟
 46.0

”
 E and had a total area of 96.6 ha (1.4% of the study area) being the 7

th
 

(smallest) LMU in area coverage (Table 4.23). The area was accessible only through single gravel 

road that passed at its northern border, but hardily accessible to farm machineries due to its 

dissected (rugged) topography, so that the farming activities were based mainly on animal power 

and human labor. The predominant taxonomic unit was identified to be a PellicVertisol 

(Endogleyic Epistagnic,Mollic) which was characterized by more clayey subsoil than the surface 

layers besides the vertic nature of the entire profile, so that perched water could be created above it 

during the wet season, though an additional influence of laterally moving ground water was also 

observed directly above the parent rock layer around the bottom of the profile. The very deep 

profile of the pedon was characterized by slightly acidic topsoil and neutral to slightly alkaline 

subsoil (Benton, 2003) and had generally above 50% base saturation. Though no area specific 

climatic data was available, the LGP of this land mapping unit was computed to be longer than 

that of the M2cI (Tables 4.27 and 4.28) due to its higher elevations and more Daga agro-climatic 

condition. The effect of the altitudinal variation was also discernible by agricultural activities such 

as crop harvesting of the local farmers that was at least late by one week time than that of M1bI 

and also than the lower parts of the M2cI land mapping unit. The land characteristics determined 

for the suitability evaluation of this LMU are given in Table 4.28 below. 

Table 4.28. Land characteristics of the land mapping unit M2dIII 

 
Selected land qualities Diagnostic land characteristics (diagnostic factors) Unit Value 

Temperature regime Altitude range 

Growing period mean temperature 

masl 
o
C 

2460-2650 

14.6-16.0 

Moisture availability Length of growing period 

Total growing season rainfall 

days 

mm 

300-314 

>1130 

Oxygen availability Internal drainage  class I 

Nutrient supply  

(soil fertility) 

Topsoil reaction 

Topsoil texture  

Topsoil SOM 

pH 

class 

% 

6.18 

CL 

6.30 

Rooting condition Effective soil depth cm 181+ 

Soil workability Topsoil structure  

Topsoil texture  

class 

class 

GR 

CL 

Erosion hazard Landscape topography (slope gradient) % 5-15 
     I = Imperfectly drained; GR = Granular crumb, slightly porous; CL = Clay loam 
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4.3.7.6. Land mapping unit M4eII  

Mount Chillallo and its surrounding, as one of the highest relief features of Arsi Zone, can be 

considered as the compacted model of Arsi-Highlands and probably also of Ethiopia, where a 

remarkable diversity of landscape mainly due to different altitudinal and slope ranges and 

ruggedness of the topography, can be observed. This land mapping unit indicates one of the land 

units intimately linked to the “main body” (where the typical mountainous topography starts) of 

Mt. Chillallo that can be considered as the foot slope part of the mountain. This LMU corresponds 

to the SMU7 of the soil classification (Section 4.2.1). The geographic extent of this LMU was 

from 07
⁰
 57

‟
 13.0” to 07

⁰
 58

‟
 56.4

”
 N and from 039

⁰
 09‟ 42.7

”
 to 039

⁰
 13

‟
 33.7

”
 E and had a total 

area of 1942.3ha (27.6% of the study area) being the 2
nd

 LMU in area coverage (Table 4.23). It 

was relatively a large area that encompassed strongly rugged sloping landform (fourth landform) 

with rolling (10-30% slope) to hilly (15-30% slope) landscape topography dissected by many 

permanent and non-permanent streams, the origin of most of them being the Mt. Chillallo itself. 

Besides the streams that directly started at the “main body” of the mountain, there existed also 

other smaller closely spaced first and second order streams with dendritic pattern of distribution 

that led to high density of dissection and hence to a mainly narrow surface drainage spacing (100-

400 m valley width). Due to relatively rapid dissection pattern, a ridge and ravine relief mainly 

with a V-shaped valley floors characterizes this land unit. The elevation of the area as a whole 

ranged from 2400 to about 3000 masl, though some spots may have elevations higher or lower 

than this range. 

It can be inferred from the above explanation that the accessibility of this area to farm machineries 

is unthinkable. The use of animal power was even somewhat cumbersome, so that human labor 

was in more intensive use in this area. Despite all these difficulties of the agricultural production 

activities, the area was one of the main barley, faba beans and potato producing areas of the Arsi-

Highlands. The dominant taxonomic units were the Albic Glossic Retisols (KS15, KS17) and 

Leptic Regosol (KS16). The pH of the whole profile of the pedons indicated that soils are strongly 

to slightly acidic (Benton, 2003), but had generally topsoil base saturations above 50%. In spite of 

the fact that this area was very far away from the KARC where the meteorological data was 

recorded (about 8-15 km to the southeastern direction), it can be estimated from the altitudinal 

range that the LGP is longer (Table 4.29) than that of M1bI (200-240 days) and the dominant 

traditional agro-climate can be considered as  Dega-proper agro-climatic belt. The crop harvesting 
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time observed during the survey, which was late by 1-3 weeks than that of M1bI attests to this 

presumption. The land characteristics determined for the suitability classification of this LMU are 

given in Table 4.29 below. 

Table 4.29. Land characteristics of the land mapping unit M4eII  

    GRC = Granular crumb, very porous; CL = Clay loam; MW = Moderately well-drained. 

 

4.3.7.7. Land mapping unit M5fI 

This land mapping unit belongs to the Chillallo mountain itself since all the profiles of the pedons 

included (KS18, KS19) were located on the “main body” of Mt. Chillallo within an afro-alpine 

and subafro-alpine vegetation zone. This part of the study area occupies a steep land of high 

gradient mountain landform (fifth landform) with mountainous landscape topography (>30% 

slope) and with altitude ranges of 3000-4000 masl) and corresponds to the SMU8 soil mapping 

unit (Section 4.2.1). In reference to the Addis ababa-Goba main road, this was the most distant 

land mapping unit found at the south eastern end of the study area (about 20-30 km to the east of 

KARC). The geographic extent of this LMU was from 07
⁰
 54

‟
 16.0” to 07

⁰
 57

‟
 58.1

”
 N and from 

039
⁰
 12‟ 00.9

”
 to 039

⁰
 15

‟
 54.0

”
 E and had a total area of 2373.8 ha (33.8% of the study area) being 

the 1
st
 LMU in area coverage (Table 4.23). 

The dominant soil taxonomic units were the Leptic Umbrisol (KS19) and the Umbric Alisol 

(KS18), the Umbrisol being located in higher elevation area (3800 masl) than the Alisol (3100 

masl). The Umbrisol profile was characterized by strongly acidic (5.42 in the ACr horizon) to 

Selected land qualities 

Diagnostic land characteristics 

(diagnostic factors) 

 

Unit Value 

Temperature regime Altitude range   

Growing period mean temperature 

masl 
o
C 

2400-3000 

12.0-16.0 

Moisture availability Length of growing period 

Total growing season rainfall 

days 

mm 

300-330 

>1130 

 Oxygen availability Internal drainage  class MW 

Nutrient supply  

(soil fertility) 

Topsoil reaction 

    „‟     texture  

    „‟     SOM 

pH 

class 

% 

5.6-5.8 

CL 

10.0-14.2 

Rooting condition Effective soil depth cm 83-200+ 

Soil workability Topsoil structure  

Topsoil texture  

class 

class 

GRC 

CL 

Erosion hazard Landscape topography (slope gradient) % 10-30 
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moderately medium acidic (5.6 in the Ah) soil reaction (Benton, 2003) and base saturation below 

30% throughout; whereas the Alisol had moderately medium acidic pH throughout but on average 

a base  saturation slightly above 40%, though there existed the lowest value (21%) in the A1 

horizon. On the other hand, these soils had particularly the highest SOM contents throughout their 

moderately deep to deep profiles. The area was already demarcated fully as the part of the 

Chillallo-Galama Mountains Park, though a strong human intervention in form of grazing, forest 

clearing and burning was still prevalent throughout the entire land unit and other similar areas of 

Mt. Chillallo. According to the traditional agro-climatic classification, the lower parts belong to 

Upper-Dega (temperate), those parts above 3200 masl to the Wurch (alpine) and those above 3700 

masl to High-Wurch (frost zone) agro-climatic belts that had perhaps the longest LGP throughout 

the study area (Table 4.30). The land characteristics determined for the suitability classification of  

this LMU are given in Table 4.30 below. 

 

GRC = Granular crumb, very porous; L = Loam; CL = Clay loam; W = Well-drained; SE = Somewhat excessively drained 

 

 

 

 

 

 

Selected land qualities 

Diagnostic land characteristics 

(diagnostic factors) 

 

Unit Value 

Temperature regime Altitude range  

Growing period mean temperature 

masl 
o
C 

3000-4000 

7.0-12.0 

Moisture availability Length of growing period 

Total growing season rainfall 

days 

mm 

325-365 

>1130 

 Oxygen availability Internal drainage  class W-SE 

Nutrient supply  

(soil fertility) 

Topsoil reaction 

Topsoil texture  

Topsoil SOM      

pH 

class 

% 

5.5-5.8 

L-CL 

15.0-17.0 

Rooting condition Effective soil depth cm 55-113 

Soil workability Topsoil structure  

Topsoil texture  

class 

class 

GRC 

L-CL 

Erosion hazard Landscape topography(slope gradient) % >30 

Table 4.30. Land characteristics of the land mapping unit M5fI 
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4.3.8. Land Suitability Classification  

 

Land suitability classification is the process of appraisal and grouping of specific areas of land in 

terms of their absolute or relative suitability for a specified kind of use (FAO, 1983). The land 

suitability classification system according to the FAO (1983) encompasses structurally four 

categories (levels of generalization) of the land suitability classification, namely the first category 

as the suitability “order” that identifies whether a land is suitable (S) or not suitable (N); that is the 

“order” category has only two subdivisions. The second category the “class” serves to distinguish 

land types that differ in degree of suitability (S1, S2, S3, N1, N2) and the “subclass” as the third 

category enables to distinguish land types with the same degree of suitability but may differ in the 

nature of limitations (S2e, S2r, S3em, S3m, etc.). The fourth category the “unit” indicates lands 

with the same suitability subclass (the same limitation) but having minor differences in 

management and improvement requirements which are denoted by Arabic numbers written after a 

hyphen next to the subclass symbol as for example S2m-1, S2em-2, S3e-1,S3e-2, etc. and the 

same is applied to the N order classes and subclasses. The class S1 has normally no subclass as the 

land units with an S1 suitability rating have by definition no limitation (FAO, 1983). In this 

manuscript, since the subclasses are indicatives of the limitations that determine the suitability 

class in terms of the selected LQs, the kinds of limitations considered at the subclass suitability 

level are indicated by the suffixes of the symbols used to represent the LQs. Accordingly, for 

climatic limitations the LQ temperature regime (t) and the LQ moisture availability (m), for the 

wetness limitation the LQ oxygen availability (w), for the soil fertility limitation the LQ nutrient 

supply (n), for the conservation limitation the LQ erosion hazard (e), for the management 

limitation the LQ soil workability (k) and for the soil volume limitation the LQ rooting condition 

(r), are used throughout this manuscript. 

Regarding the number of classes of suitability under the “order” suitable, the use of three classes 

can be considered as optional since their number can be either reduced to two (S1, S2) or 

increased to three or more (S1, S2, S3) where circumstances require, though three classes are often 

observed in several survey reports and the “order” not suitable has normally only two classes, 

namely the N1 and N2 (FAO, 1983). In spite of the fact that many land qualities and the respective 

land characteristics considered as relevant were foreseen to be used based on the laboratory 

analysis results of the soils and the information gathered during the field survey (Section 4.3.3), 

only those LQs and LCs for which the information on the corresponding LUR were available were 
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used for the land suitability classification since there was hardly any information available for 

most of the criteria envisaged for the land suitability evaluation. On the other hand, regarding the 

information on the suitability ranges of the selected LQs and the respective LCs, only two severity 

levels have been recognized by the order suitable (S), namely the s1 and s2, thereby combining the 

s2 and s3 suitability ranges into the s2 since the LUR data available were not sufficient to describe 

all the suitability ranges, so that the separate classification of the marginal suitability (S3) was not 

possible, though this was indirectly considered by combining the individual ratings of the LQs into 

an overall suitability and by the ratings of the crop combinations. Thus, based on the above 

mentioned procedures of suitability classification, the identified land mapping units were 

evaluated separately for each LUT by comparing the suitability ranges (severity levels) determined 

for each LUT in Section 4.3.5, in Tables 4.18- 4.21 with the land characteristics values of each 

LMU of Section 4.3.7, as follows in the sections a head. 

4.3.8.1. Suitability classification of land mapping unit M4aI  

Based on the selected LQs and LURs (Sections 4.3.3 and 4.3.5), the suitability classification of the 

land mapping unit M4aI was undertaken separately for each LUT by the comparison of the LURs‟ 

suitability ranges ( severity levels) indicated in Tables 4.18- 4.21 with the land characteristics 

values described in Table 4.24 of Section 4.3.7.1 as follows in Tables 4.31a to 4.31f .The results 

of the suitability classification showed that this land unit was moderately to marginally suitable 

(S2) for teff, bread wheat and barley rain fed production owing to slight to intermediate degree of 

limitations of all land qualities (Table 4.31e and 4.31f); but marginally suitable (S3) for faba beans 

since almost all the LQs used for the crop physiological suitability ratings  resulted in S2 class and 

thereby to an S3 class of crop physiological suitability, so that by the application of the arithmetic 

procedure (Section 4.3.1), the overall suitability was reduced to S3 based on the principle of the 

Law of the Minimum. 

Except for the LGP, topsoil reaction, SOM and topsoil structure, the assessment of all the other 

land characteristics used as diagnostic factors (criteria) resulted in an S2 suitability class for faba 

beans and thereby reduced the crop physiological and overall suitability class to an S3 (marginal) 

through arithmetic computation. The suitability assessment for the crops‟ combination by which 

faba beans were considered as a leguminous rotation crop, indicated also that this land mapping 
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Table 4.31a. Suitability classification of M4aI LMU for teff production  

 

 E = Excessively drained; I = Imperfectly drained; P = Poorly drained; SE = Somewhat excessively drained; VP = Very poorly drained; W = Well-drained; Cbl = Black clay soil;  

        L = Loam; SCL = Sandy clay loam; SL = Sandy loam; S = Sand; ZL = Silt loam. 

 

  

Land-use requirements 
Unit 

 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 1700-2400 1000-1700 or 

2400-2800 

< 1000 or 

> 2800 

S1 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 or 

20.0-25.0 

< 12.5 or 

>25.0 

S1 

Moisture availability m 

Length of growing period  days 90-120 45-90 < 45 S1 

Total growing season 

rainfall 

mm 400-600 200-400 or 

600-800 

< 200 or 

> 800 

S1 

Oxygen availability w Internal drainage  class I-W VP-P SE-E S2 

Nutrient supply 

(soil fertility) 

 

 

n 

Topsoil reaction 

 

pH 

 

5.5-8.0 

 

8.0-8.5 or 

4.5-5.5 

> 8.5or 

< 4.5 

S1 

 

Topsoil texture   class ZL-Cbl L-SCL S-SL S2 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >50 25-50 < 25 S1 

Crop physiological suitability S2nw 

Management 

requirements (II) Soil workability k 

Topsoil texture  class ZL-Cbl L-SCL S-SL S2 

Topsoil structure 
class ACr, AGr, FBl 

MBl, FPr, FCo 

CBl, MPr, 

MCo, FPl 

CPr,CCo,MPl,

CPl, Mas, Inc 

S1 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2eknw 
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Table 4.31b. Suitability classification of M4aI LMU for bread wheat production  

 

 Crd = Red clay soil; Cbl = Black clay soil; E = Excessively drained; I = Imperfectly drained; P = Poorly drained; SE = Somewhat excessively drained;  

             VP = Very poorly drained; MW = Moderately well-drained; W = Well-drained; SL = Sandy loam; S = Sand; L = Loam; LS = Loamy sand. 
  

Land-use requirements 
Unit 

 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature 

regime 
t 

Altitude range masl 2000-2600 1500-2000 

or 

2600-3000 

< 1500 

or 

> 3000 

S2 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 

or 

20.0-22.5 

< 12.5 or 

> 22.5 

 

S1 

 

 

Moisture 

availability 
m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total growing season 

rainfall 

mm 500-800 400-500 or 

800-1200 

< 400 or 

> 1200 

S1 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S2 

Nutrient supply 

(soil fertility) 

 

 

n 

Topsoil reaction 

 

pH 

 

5.5-8.0 

 

5.0-5.5 or 

8.0-8.5 

> 8.5 or 

< 5.0 

S1 

 

Topsoil texture   class L-Crd SL or Cbl S-LS S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 25-100 < 25 S2 

Crop physiological suitability S2rtw 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-Crd SL or Cbl S-LS S1 

Topsoil structure class ACr, AGr, FBl 

MBl, FPr, FCo 

CBl, MPr, 

MCo, FPl 

CPr,CCo,MPl, 

CPl, Mas, Inc 

S1 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2ertw 
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Table 4.31c. Suitability classification of M4aI LMU for barley production  

  

 Cbl = Black clay soil; E = Excessively drained; I = Imperfectly drained; P = Poorly drained; SE = Somewhat excessively drained; VP = Very poorly drained; MW = Moderately 

well-drained; W = Well-drained; SC = Sandy clay;  SL = Sandy loam; S = Sand; L = Loam; LS = Loamy sand; ZC = Silty clay. 

  

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s1 s2 n 
Suitability 

class 

 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature 

regime 
t 

Altitude range masl 2000-3000 3000-3800 

or 

1500-2000 

< 1500 

or 

> 3800 

   S2 

Growing period mean 

temperature 

⁰
C 12.5-17.5 7.5-12.5 or 

17.5-22.5 

> 22.5 or 

< 7.5 

   S2 

 

 

Moisture 

availability 
m 

Length of growing period  days 120-180 90-120 <  90    S1 

Total  growing season 

rainfall 

mm 400-800 200-400 

or 

800-1200 

< 200 

or 

> 1200 

   S1 

Oxygen 

availability 

w Internal drainage  class MW-W I or SE VP-P or E    S2 

Nutrient supply 

(Soil fertility) 

 

n 

 Topsoil texture  class L-SC SL or ZC-Cb1 S-LS S1 

Topsoil reaction pH 5.5.7.3 5.0-5.5 or 

7.3-8.5 

< 5.0 or 

> 8.5 

   S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0    S1 

Rooting condition  r Effective soil depth cm > 100 25-100 < 25    S2 

Crop physiological suitability S2rtw 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-SC SL or ZC-Cb1 S-LS    S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr 

MCo,FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

   S1 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2ertw 
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Table 4.31d. Suitability classification of M4aI LMU for faba bean production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s1 s2 n 
Suitability 

class 

 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2200-3000 1800-2200  or 

3000-3200 

> 3200 or 

< 1800 

  S2 

Growing period mean 

temperature 

⁰
C 12.5-17.5 10.0-12.5 or 

17.5-20.0 

< 10.0 or 

>20.0 

S2 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90   S1 

Total  growing season 

rainfall 

mm 650-900 500-650 or 

900-1200 

< 500 or 

>1200 

  S2 

Oxygen availability w Internal drainage  class W MW or SE VP-I or E   S2 

Nutrient supply 

(Soil fertility) 

 

n 

 Topsoil texture  class ZL- Crd L-SCL or Cb1 S-SL   S2 

 

Topsoil reaction pH 6.7-7.3 5.5-6.7 or 

7.3-8.0 

< 5.0 or 

> 8.0 

  S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0   S1 

Rooting condition  r Effective soil depth cm > 100 50-100 < 50   S2 

Crop physiological suitability S3all 

Management 

requirements (II) Soil workability k 

Topsoil texture  class ZL-Crd L-SCL or Cb1 S-SL   S2 

Topsoil structure 
class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI, MPr, 

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

  S1 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 

S2 

Overall suitability (I x II x III) S3all 

Crd = Red clay soil; Cbl = Black clay soil; E = Excessively drained; I = Imperfectly drained; SE = Somewhat excessively drained; VP = Very poorly drained; MW = Moderately well-

drained; W = Well-drained; SL = Sandy loam; S = Sand; L = Loam; SCL = Sandy clay loam; ZL = Silt loam. 
 

  



316 
 

 

Table 4.31e. Summary of the current suitability classification of M4aI LMU for the selected LUTs 

No. 
Land-use requirements  

(land qualities) 
Symbol 

LUTs and their corresponding suitability rating classes Suitability class 

of crop 

combination Teff Bread wheat Barley Faba beans 

1 Crop physiological requirements: 

Temperature regime 

 

    t 

 

S1 

 

S2 

 

S2 

 

S2 

 

S2 

Moisture availability    m S1 S1 S1 S2 S2 

Oxygen availability  w S2 S2 S2 S2 S2 

Nutrient supply n S2 S1 S1 S2 S2 

Rooting condition r S1 S2 S2 S2 S2 

- Crop physiological suitability - S2nw S2rtw S2rtw S3all S3all 

2 Management requirements: 

Soil workability 

 

k 

 

S2 

 

S1 

 

S1 

 

S2 

 

S2 

Management suitability - S2 S1 S1 S2 S2 

3 Conservation requirements: 

Erosion hazard 

 

    e 

 

S2 

 

S2 

 

S2 

 

S2 

 

S2 

Conservation suitability  - S2 S2 S2 S2 S2 

- Overall suitability  - S2eknw S2ertw S2ertw S3all S3all 
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Table 4.31f. Summary of the current and optional overall suitability, types of limitations identified and proposed minor  

                       improvement options of M4aI LMU                   

 

LUTs 

Actual 

suitability 

class 

 Types of limitations identified Proposed minor improvement options 

Optional 

suitability 

class 

Teff 

production 
S2eknw 

Slight to intermediate limitations of  erosion hazard, 

workability, soil fertility and oxygen availability  

None recommended (beyond the capacity 

of users) 
S2eknw 

Bread-wheat 

production 
S2ertw 

Slight to intermediate limitations of erosion hazard, rooting 

condition, temperature regime and oxygen availability 

None recommended (beyond the capacity 

of users) 
S2ertw 

Barley 

production 
S2ertw 

The same as by bread wheat production None recommended (beyond the capacity 

of users) 
S2ertw 

Faba-beans 

production S3all 

All LQs had one or more diagnostic land characteristics that 

indicated slight to intermediate limitation and hence reduction 

of the suitability subclass to marginal suitability. 

None recommended (beyond the capacity 

of users) S3all 

Crops‟ 

combination 
S3all 

The same as by faba-beans production None recommended (beyond the capacity 

of users) 
S3all 

 

 



318 
 

 

unit was marginally suitable due to the permanent type slight to intermediate limitations related to 

all the LQs (Table 4.31f). Had it been not for the higher slope gradient (10-30%) of the landscape 

and the somewhat excessively drained profile condition of the soils, this land unit could have been 

rated as highly suitable (S1) for teff production. In general, this land mapping unit within the 

Lower-Woina-Dega agro-climate appeared to be moderately to marginally suitable (S2) for teff, 

bread wheat and barley, but marginally suitable (S3) for faba beans and combined rain fed crop 

production of the selected LUTs. The land unit was characterized with at least four slight to 

intermediate limitations by each LUT from the seven LQs selected, and since all were of 

permanent type and beyond the improvement capacity of the present users, no optional 

improvement measures could be proposed, so that the actual current and optional current 

suitability remained the same in all the cases. As it can be inferred from the outputs of the 

suitability classification, any sustainable future use of this land unit, demands strong attention to 

the soil and water conservation measures in relation to the rooting conditions and moisture 

retention.  

 

4.3.8.2. Suitability classification of land mapping unit M1bI  

 

The suitability classification of the land mapping unit M1bI was performed as depicted in Tables 

4.32a- 4.32f below, by matching the land characteristics values of Table 4.25 of Section 4.3.7.2 

with the LURs indicated in Tables 4.18- 4.21 in Section 4.3.5. The results indicated that this land 

mapping unit is highly suitable (S1) for teff and bread wheat but moderately to marginally suitable 

(S2) for barley and faba beans rain fed production and for the crops‟ combination as well, the 

major class-determining slight to intermediate limitations identified being soil workability by 

barley and soil fertility plus temperature regime (lower altitude ranges of the land mapping unit) 

by faba beans, which were all of permanent type (Table 4.32f). The actual and optional current 

suitability ratings remained the same by all LUTs due to the permanent type of the class 

determining limitations which were beyond the present technical and economic capacity of the 

users. Generally, this typically Woina-Dega (Proper-Woina-Dega) land mapping unit of the 

E.2.03 type third order Rainfall Pattern Region had the most favorable land resources for the 

production of the selected LUTs, so that future sustainable use of this land unit should give due 

consideration to more detailed investigation of the nature, availability and fate of the applied and 

native plant nutrients to crops grown and to conservation measures that enable to keep these fertile
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Table 4.32a. Suitability classification of M1bI LMU for bread wheat production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature 

regime 
t 

Altitude range masl 2000-2600 1500-2000  or 

2600-3000 

< 1500   or 

> 3000 

S1 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 or 

20.0-22,5 

< 12.5 or 

> 22.5 

S1 

 

Moisture 

availability 
m 

Length of growing period  days 120-150 90-120 <90 S1 

Total  growing season 

rainfall 

mm 500-800 400-500 or 

 800-1200 

< 400  or 

> 1200 

S1 

Nutrient supply 

(soil fertility) 
n 

 Topsoil texture  class L-Crd SL or Cb1 S-LS S1 

Topsoil reaction pH 5.5-8.0 5.0-5.5or 

8.0-8.5 

< 5.0 or 

 > 8.5 

S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S1 

Rooting condition  r Effective soil depth cm > 100 25-100 < 25 S1 

Crop physiological suitability S1 

Management 

requirements (II) 
Soil workability k 

Topsoil texture  class L-Crd SL or Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

 

CBI,  MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) Erosion hazard e Slope gradient % 0-8 8-30 > 30 S1 

Overall suitability (I x II x III) S1 

 Crd = Red clay soil; Cbl = Black clay soil; E = Excessively drained; I = Imperfectly drained; P = Poorly drained; SE = Somewhat excessively drained; VP = Very poorly drained; 

MW = Moderately well-drained; W = Well-drained; SL = Sandy loam; S = Sand; L = Loam; LS = Loamy sand. 
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Table 4.32b. Suitability classification of M1bI LMU for teff production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 1700-2400 1000-1700    

or 

2400-2800 

< 1000   or 

> 2800 

S1 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0  or  

20.0-25.0 

< 12.5 or 

> 25.0 

S1 

 

Moisture availability m 

Length of growing period  days 90.120 45-90 < 45 S1 

Total  growing season 

rainfall 

mm 400.600 200-400 or 

 600-800 

< 200  or 

> 800 

S2 

Oxygen availability w Internal drainage  class I-W VP-P SE-E S1 

Nutrient supply 

(soil fertility) 
n 

 Topsoil reaction  pH  5.5-8.0 4.5-5.5or 

8.0-8.5 

< 4.5or 

> 8.5 

S1 

 

Topsoil texture class ZL-Cb1 L-SCL S-SL S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 50 25-50 < 25 S1 

Crop physiological suitability S1 

Management 

requirements (II) 
Soil workability k 

Topsoil texture  class ZL-Cb1 L-SCL S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

 

CBI,MPr   

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) Erosion hazard e Slope gradient % 0-8 8-30 > 30 S1 

Overall suitability (I x II x III) S1 

  E = Excessively drained; I = Imperfectly drained; P = Poorly drained; SE = Somewhat excessively drained; VP = Very poorly drained; W = Well-drained; Cbl = Black clay soil;  

  L = Loam; SCL = Sandy clay loam; SL = Sandy loam; S = Sand; ZL = Silt loam. 
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Table 4.32c. Suitability classification of M1bI LMU for barley production   

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature 

regime 
t 

Altitude range masl 2000-3000 3000-3800  or 

1500-2000 

< 1500   or 

> 3800 

S1 

Growing period mean 

temperature 

⁰
C 12.5-17.5 7.5-12.5 or 

17.5-22.5 

< 7.5 or 

> 22.5 

S1 

 

Moisture 

availability 
m 

Length of growing period  days 120-180 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 400.800 200-400 or 

800-1200 

< 200  or 

>1200 

S1 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S1 

Nutrient supply 

(soil fertility) 
n 

 Topsoil texture  class L-SC SL or ZC-Cb1 S-LS S2 

Topsoil reaction pH 5.5-7.3 5.0-5.5 or 

7.3-8.5 

< 5.0 or 

> 8.5 

S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 100 25-100 < 25 S1 

Crop physiological suitability S1 

Management 

requirements (II) 
Soil workability k 

Topsoil texture  class L-SC SL or ZC-Cb1 S-LS S2 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

 

CBI,MPr 

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S1 

Overall suitability (I x II x III) S2k 

 Cbl = Black clay soil; E = Excessively drained; I = Imperfectly drained; P = Poorly drained; SE = Somewhat excessively drained; VP = Very poorly drained; MW = Moderately 

well-drained; W = Well-drained; SC = Sandy clay; SL = Sandy loam; S = Sand; L = Loam; LS = Loamy sand; ZC = Silty clay. 
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Table 4.32d. Suitability classification of M1bI LMU for faba bean production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors 
s 1 s 2 n 

Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

 I
) 

Temperature regime t 

Altitude range masl 2200-3000 1800-2200  or 

3000-3200 

< 1800   or 

> 3200 

S2 

Growing period mean 

temperature 

⁰
C 12.5-17.5 10.0-12.5 or 

17.5-20.0 

< 10.0 or 

>20.0 

S1 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 650.900 500-650 or 

900-1200 

< 500  or 

>1200 

S1 

Oxygen availability w Internal drainage  class W MW or SE VP-I or E S1 

Nutrient supply 

(soil fertility) 
n 

 Topsoil texture  class ZL- Crd L-SCL or Cb1 S-SL S1 

Topsoil reaction pH 6.7-7.3 5.5-6.7 or 

7.3-8.0 

< 5.0or 

> 8.0 

S2 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 100 50-100 < 50 S1 

Crop physiological suitability  S2nt 

Management 

requirements (II) 
Soil workability k 

Topsoil texture  class ZL-Crd L-SCL or Cb1 S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

 

CBI, MPr, 

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S1 

Overall suitability (I x II x III) S2nt 

  Crd = Red clay soil; Cbl = Black clay soil; E = Excessively drained; I = Imperfectly drained; SE = Somewhat excessively drained; VP = Very poorly drained; MW = Moderately 

well-drained; W = Well-drained; SL = Sandy loam; S = Sand; L = Loam; SCL = Sandy clay loam; ZL = Silt loam. 
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Table 4.32e. Summary of the current suitability classification of M1bI LMU for the selected LUTs  

No 
Land-use requirements 

(land qualities) 

 

Symbol 

LUTs and their corresponding suitability rating classes Suitability class 

of crop 

combination  
Teff Bread wheat Barley Faba beans 

1 Crop physiological requirements:  

Temperature regime  

 

t 

 

S1 

 

S1 

 

S1 

 

S2 

 

S1 

Moisture availability m S2 S1 S1 S1 S1 

Oxygen availability w S1 S1 S1 S1 S1 

Nutrient supply n S1 S1 S2 S2 S2 

Rooting condition r S1 S1 S1 S1 S1 

 Crop physiological suitability - S1 S1 S1 S2nt S1 

2 Management requirements: 

Soil workability  

 

k S1 S1 S2 S1 S1 

Management suitability - S1 S1 S2 S1 S1 

3 Conservation requirements: 

Erosion hazard 

 

e S1 S1 S1 S1 S1 

Conservation suitability  - S1 S1 S1 S1 S1 

- Overall suitability  - S1 S1 S2k S2nt S2knt 
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Table 4.32f. Summary of the current and optional overall suitability, types of limitations identified and proposed minor 

                       improvement options of M1bI LMU  

 

LUTs 

Current 

suitability 

class 

Types of limitations identified Proposed minor improvement options 

Optional 

suitability 

class 

Teff 

production 

S1 Only one non-class-determining slight to intermediate 

moisture limitation (higher growing season rainfall) 

Not required S1 

 

Bread wheat 

production 

S1 No limitation of any level identified Not required S1 

Barley 

production  

S2k Slight to intermediate soil workability limitation due 

to strongly clayey nature of the topsoil 

SOM enrichment S2k 

Faba beans 

production 

S2nt Slight to intermediate limitation of temperature 

regime due to lower altitude range of the land unit and 

soil fertility owing to lower pH of the topsoil  

Liming is possible to adjust the soil pH, 

though it seems not to be indispensable 

and has no upgrading effect on the land 

suitability class  

S2t 

Crops‟ 

combination 

S2knt Slight to intermediate limitation of soil workability, 

temperature regime and soil fertility identified by 

barley and faba beans production 

Liming ( but not indispensable) S2kt 
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 soils in place to be used by the coming generation. Moreover, the topographic condition of the 

entire land unit is conducive for the application of agricultural mechanization and hence a great 

opportunity for the intensification of the production system is most likely in this and similar 

surrounding areas that belong to one of the major bread wheat producing areas of the Arsi-

Highlands. 

 

4.3.8.3. Suitability classification of land mapping unit M3cIII 
 

Land mapping unit M3cIII, the land unit that encompassed waterlogged areas within Upper-

Woina-Dega agro-climatic belt, was evaluated as indicated in the Tables 4.33a- 4.33f below, by 

matching the land characteristics values of Table 4.26 with those of the land use requirements 

(crop environmental requirements) of each LUT elucidated in Section 4.3.5 in Tables 4.18- 4.21. 

Accordingly, this land mapping unit was moderately to marginally suitable (S2) for the LUTs of 

teff, bread wheat and barley rain fed production, but currently not suitable (N1) for the faba beans 

production mainly due to the internal drainage problem (water logging) of the soils as a severe 

limitation that can be tackled by surface drainage improvement measures such as the use of a 

simple farm implement known as the BBM, so that the use of this improvement measure would 

upgrade the land unit‟s suitability to a marginal suitability (S3) as optional suitability rating by 

faba beans rain fed production. However, the improvement of this limitation does not change the 

suitability rating of wheat and barley, since the permanent type slight to intermediate limitation of 

erosion hazard due to the comparatively higher slope gradient of some parts of the land unit 

remains. On the other hand, this land mapping unit could have been rated as highly suitable for 

rain fed teff production except for the slight to intermediate erosion hazard limitation. If the 

internal drainage problem is tackled by the soil surface drainage technology (BBM) as a minor 

improvement measure, yield increments are likely by wheat, barley and faba beans, and 

additionally upgrading of the optional suitability class is possible by faba beans rain fed 

production.  

Conclusively, the internal drainage limitation was not beyond the technical and economic capacity 

of the present users, whereas the erosion hazard limitation was a permanent type of limitation that 

even cannot be resolved through major land improvement measures under the present condition, 

so that only conservation measures that ensure the sustainability of the agricultural production as a  
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Table 4.33a. Suitability classification of M3cIII LMU for teff production  

  

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature 

regime 
t 

Altitude range masl 1700-2400 1000-1700 or 

2400-2800 

< 1000 or 

> 2800 

S1 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 or 

20.5-25.0 

< 12.5 or 

> 25.0 

S1 

 

Moisture 

availability 
m 

Length of growing period*  days 90-120 45-90 < 45 S1 

Total  growing season 

rainfall 

mm 400-600 200-400 or 

600-800 

< 200 or 

> 800 

S2 

Oxygen availability w Internal drainage  class I-W VP-P SE- E S1 

Nutrient supply 

(soil fertility) 
n 

 Topsoil reaction  pH 5.5-8.0 4.5-5.5 or 

8.0-8.5 

< 4.5 or 

> 8.5 

S1 

 

Topsoil texture class ZL-Cb1 L-SCL S-SL S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 50 25-50 < 25 S1 

Crop physiological suitability S1 

Management 

requirements (II) 
Soil workability k 

Topsoil texture  class ZL-Cb1 L-SCL S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

 

CBI,MPr,  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2e 

* The growing period of teff production should have been considered in two directions in the same manner as for altitude since very long LGP may implicate that  

    the rain period is extended so that rains during the harvesting time cause lodging and shattering of seed from standing teff. 
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Table 4.33b. Suitability classification of M3cIII LMU for bread wheat production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-2600 1500-2000  or 

2600-3000 

< 1500 or 

> 3000 

S1 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 or 

 20.0-22.5 

< 12.5 or 

> 22.5 

S1 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 500-800 400-500 or  

800-1200 

< 400 or 

> 1200 

S1 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S2 

Nutrient supply 

(soil fertility) 
n 

 Topsoil texture  class L-Crd SL or Cb1 S-LS S1 

 

Topsoil reaction pH 5.5-8.0 5.0-5.5 or 

8.0-8.5 

< 5.0 or 

> 8.5 

S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 100 25-100 < 25 S1 

Crop physiological suitability S2w* 

Management 

requirements (II) 
Soil workability k 

Topsoil texture  class L-Crd SL or Cb1  S-LS S1 

Topsoil structure  

 

 

class ACr,  AGr, FB1 

MB1, FPr,  FCo 

 

CBI,MPr   

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2ew 

* Though the crop physiological suitability class is S1 according to the arithmetic procedure applied in the other cases, the natural limitation of water logging would not 

     allow to rate this land unit as S1 in terms of crop physiological requirements, so that subjective decision is preferred in this case to rate as S2 based on the principle of  

     the law of the minimum. 
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Table 4.33c. Suitability classification of M3cIII LMU for barley production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-3000 3000-3800 or 

1500-2000 

> 3800  or 

< 1500 

S1 

Growing period mean 

temperature 

⁰
C 12.5-17.5 7.5-12.5 or 

17.5-22.5 

< 7.5 or 

> 22.5 

S1 

 

Moisture availability m 

Length of growing period  days 120-180 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 400-800 200-400 or 

800-1200 

< 200  or 

>1200 

S1 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S2 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil texture  class L-SC SL or ZC-Cb1 S-LS S1 

Topsoil reaction pH 5.5-7.3 5.0-5.5 or 

7.3-8.5 

< 5.0 or 

> 8.5 

S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 25-100 < 25 S1 

Crop physiological suitability S2w* 

Management 

requirements (II) 
Soil workability k 

Topsoil texture  class L-SC SL or ZC-Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

 

CBI,  MPr, 

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (Ix II x III) S2ew 

* The same as by bread wheat (Table 4.33b). 
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Table 4.33d. Suitability classification of M3cIII LMU for faba bean production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
(I

) 

Temperature regime t 

Altitude range masl 2200-3000 1800-2200 or 

3000-3200 

< 1800 or 

> 3200 

S1 

Growing period mean 

temperature 

⁰
C 12.5-17.5 10.0-12.5 or 

17.5-20.0 

< 10.0 or 

> 20.0 

S1 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 650-900 500-650 or 

900-1200 

< 500 or 

>1200 

S1 

Oxygen availability w Internal drainage  class W MW or SE VP-I or E N1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil texture  class ZL- Crd L- SCL or  Cb1 S-SL S1 

Topsoil reaction pH 6.7-7.3 5.5-6.7 or 

7.3-8.0 

< 5.0 or 

> 8.0 

S2 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 100 50-100 < 50 S1 

Crop physiological suitability N1w* 

Management 

requirements (II) Soil workability k 

Topsoil structure  class ACr, AGr, FB1 

MB1,FPr,  FCo 

CBI,  MPr 

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Topsoil texture  class ZL-Crd L-SCL or Cb1 S-SL S1 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) N1w 

* Since the water logging limitation can be alleviated (improved) using the BBM, which is a simple farm implement that improves water logging problem through 

     surface drainage, this suitability class can be improved. 
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Table 4.33e. Summary of the current suitability classification of M3cIII LMU for the selected LUTs  

No. 
Land-use requirements 

(land qualities) 

 

Symbol 

LUTs and their corresponding suitability rating classes Suitability 

class of crop 

combination  
Teff Bread wheat Barley Faba beans 

1 Crop physiological requirements:  

Temperature regime  

 

t 

 

S1 

 

S1 

 

S1 

 

S1 

 

S1 

Moisture availability m S2 S1 S1 S1 S1 

Oxygen availability  w S1 S2 S2 N1 N1 

Nutrient supply n S1 S1 S2 S2 S1 

Rooting condition r S1 S1 S1 S1 S1 

- Crop physiological suitability - S1 S2w* S2w* N1w N1w 

2 Management requirements: 

Soil workability  

k S1 S1 S1 S1 S1 

Management suitability - S1 S1 S1 S1 S1 

3 Conservation requirements: 

Erosion hazard 

e S2 S2 S2 S2 S2 

Conservation suitability  - S2 S2 S2 S2 S2 

- Overall suitability  - S2e S2ew S2ew N1w N1w 

* Even though the crop physiological suitability is an S1 class by arithmetic computation, the water logging limitation remains critical, so that subjective  

    decision based on the principle of the law of the minimum is preferred in this case. 
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Table 4.33f. Summary of the current and optional overall suitability, types of limitations identified and proposed minor  

                      improvement options of M3cIII LMU  

 

LUTs 

Current 

suitability 

class 

Types of limitations identified Proposed minor improvement options 

Optional 

suitability 

class 

Teff 

production 

S2e Non-class-determining slight to intermediate 

limitation of moisture availability (higher growing 

season rainfall) and slight to intermediate erosion 

hazard limitation. 

None recommended ( beyond the capacity 

of users) 

S2e 

Bread wheat 

production 

S2ew Slight to intermediate limitation of internal drainage 

(water logging) and erosion hazard (somewhat 

higher slope angle)  

Use of surface drainage technology (BBM) 

for yield increment without upgrading the 

suitability subclass. 

S2e 

Barley 

production  

S2ew The same as by bread wheat production The same to bread wheat production S2e 

Faba beans 

production 

N1w Severe (n1) limitation of internal drainage, (water 

logging) non-class-determining slight to 

intermediate limitation of soil fertility and class- 

determining slight to intermediate limitation of 

erosion hazard. 

Use of surface drainage technology to 

upgrade the suitability class to S3 

S3e 

Crops‟ 

combination 

N1w Severe limitation of water logging, non-class-

determining slight to intermediate limitation of soil 

fertility and class determining slight to intermediate  

limitation of erosion hazard. 

The same as faba beans production S3e 
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whole are foreseen (Tables 4.33f). Since this LMU is located in a pocketwise occurring depression 

type area that comes after the Guticha hill-chain within the KSW, it is not accessible to farm 

machineries under the present condition and hence the opportunity for agricultural intensification 

is limited.  

 

4.3.8.4. Suitability classification of land mapping unit M2cI   

 

           Tables 4.34a- 4.34f show the usual suitability classification procedure of the land mapping unit 

M2cI, which was one of the  few land units represented by a single taxonomic unit (KS14). The 

results of the suitability classification process denoted that this land unit within mainly Upper-

Woina-Dega agro-climatic belt was moderately to marginally suitable (S2) for all the selected land 

utilization types primarily due to the slight to intermediate erosion hazard limitation. The moisture 

limitation (somewhat higher rainfall during growing season) by teff and soil fertility limitation 

(somewhat lower topsoil pH) by faba beans rain fed production were additional slight to 

intermediate limitations; whereby the improvement of the moisture limitation for teff is beyond 

the existing technical and economic capability of the users as a whole. The soil fertility limitation 

due to somewhat lower pH for faba beans production can be improved through liming if deemed 

necessary, so that yield increments are possible without changing the optional suitability class of 

the land unit (Table 4.34f). Except for the slight to intermediate erosion hazard limitation, this 

land mapping unit could have been rated as S1 for the rain fed production of all the selected crops, 

and practically it was the second most productive land unit in respect to the selected LUTs next to 

the M1bI within the whole study area. The crops‟ combination suitability was also rated as S2e 

both by the actual and optional suitability rating without any change on the level of suitability. 

Summing up, this land mapping unit is probably the best when considered from the point of view 

of crop production in all aspects of the suitability evaluation except for the slight to intermediate 

erosion hazard limitation. Therefore, any sustainable use of this land unit in the futurity, should 

give a particular emphasis for soil and water conservation activities to save the productive soil, 

and technologies that enable to further improve productivity should be applied based on more 

detailed investigations of the nature and properties of the existing land resources.  However, the 

limited accessibility for farm machineries may limit the opportunity of intensification under the 

currently existing technological and economic capacity of the users. 
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               Table 4.34a. Suitability classification of M2cI LMU for teff production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 1700-2400 1000-1700 or 

2400-2800 

< 1000  or 

> 2800 

S1 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 or 

20.0-25.0 

< 12.5 or 

> 25.0 

S1 

 

Moisture availability m 

Length of growing period  days 90-120 45-90 < 45 S1 

Total  growing season 

rainfall 

mm 400-600 200-400 or 

600-800 

< 200 or 

> 800 

S2 

Oxygen availability w Internal drainage  class I-W VP-P SE- E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 5.5-8.0 4.5-5.5 or 

8.0-8.5 

< 4.5 or 

> 8.5 

S1 

 

Topsoil texture class ZL-Cb1 L-SCL S-SL S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 50 25-50 < 25 S1 

Crop physiological suitability S1 

Management 

requirements (II) Soil workability k 

Topsoil texture  class ZL-Cb1 L-SCL S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2e 
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         Table 4.34b. Suitability classification of M2cI LMU for bread wheat production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-2600 1500-2000 or 

2600-3000 

< 1500 or 

> 3000 

S1 

Growing period mean 

temperature 

⁰
C 15.0-20.0 12.5-15.0 or 

20.0-22.5 

< 12.5 or 

> 25.5 

S1 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 500-800 400-500 or 

800-1200 

< 400 or 

> 1200 

S1 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction  pH 5.5-8.0 5.0-5.5 or 

8.0-8.5 

< 5.0 or 

> 8.5 

S1 

 

Topsoil texture class L-Crd SL or Cb1 S-LS S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 100 25-100 < 25 S1 

Crop physiological suitability S1 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-Crd SL or Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III)  
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2e 
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Table 4.34c. Suitability classification of M2cI LMU for barley production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-3000 3000-3800 or 

1500-2000 

> 3800 or 

< 1500 

S1 

Growing period mean 

temperature 

⁰
C 12.5-17.5 7.5-12.5 or 

17.5-22.5 

< 7.5 or 

> 22.5 

S1 

 

Moisture availability m 

Length of growing period  days 120-180 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 400-800 200-400 or 

800-1200* 

< 200 or 

>1200 

S1 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction  pH 5.5-7.3 5.0-5.5 or 

7.3-8.5 

< 5.0 or 

> 8.5 

S1 

 

Topsoil texture class L-SC SL or ZC-Cb1 S-LS S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 100 25-100 < 25 S1 

Crop physiological suitability S1 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-SC SL or ZC-Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI, MPr 

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2e 

* As it can be observed within the KSW and throughout the Arsi-Highlands as well, this rainfall range should have been the s1 suitability range for barley production and  

    for faba beans. 

 

  



336 
 

 

Table 4.34d. Suitability classification of M2cI LMU for faba bean production  

 

Land-use  requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-3000 1800-2000 or 

3000-3200 

< 1800 or 

>3200 

S1 

Growing period mean 

temperature 

⁰
C 12.5-17.5 10.0-12.5 or 

17.5-20.0 

< 10.0 or 

> 20.0 

S1 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 <  90 S1 

Total  growing season 

rainfall 

mm 650-900 500-650 or 

900-1200 

< 500 or 

>1200 

S1 

Oxygen availability w Internal drainage  class W MW or SE VP-P or E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 6.7-7.3 5.5-6.7 or 

7.3-8.0 

< 5.5 or 

> 8.0 

S2 

 

Topsoil texture class ZL-Crd L-SCL or Cb1 S-SL S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 50-100 < 50 S1 

Crop physiological suitability S1 

Management 

requirements (II) Soil workability k 

Topsoil texture class ZL-Crd L-SCL or Cbl S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI, MPr, 

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2e 
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Table 4.34e. Summary of the current suitability classification of M2cI LMU for the selected LUTs  

No. 
Land-use requirements 

(land qualities) 

 

Symbol 

LUTs and their corresponding suitability rating classes Suitability 

class of crop 

combination  
Teff Bread wheat Barley Faba beans 

1 Crop physiological requirements:  

Temperature regime  

 

t 

 

S1 

 

S1 

 

S1 

 

S1 

 

S1 

Moisture availability m S2 S1 S1 S1 S1 

Oxygen availability  w S1 S1 S1 S1 S1 

Nutrient supply n S1 S1 S1 S2 S1 

Rooting condition r S1 S1 S1 S1 S1 

 Crop physiological suitability - S1 S1 S1 S1 S1 

2 Management requirements: 

Soil workability  

k S1 S1 S1 S1 S1 

Management suitability - S1 S1 S1 S1 S1 

3 Conservation requirements: 

Erosion hazard 

e S2 S2 S2 S2 S2 

Conservation suitability  - S2 S2 S2 S2 S2 

- Overall suitability  - S2e S2e S2e S2e S2e 
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Table 4.34f. Summary of the current and optional overall suitability, types of limitations identified and proposed minor  

                      improvement options of M2cI LMU  

 

LUTs 

Current 

suitability 

class 

Types of limitations identified Proposed minor improvement options 

Optional 

suitability 

class 

Teff 

production 

S2e Non-class-determining slight to intermediate 

limitation of moisture availability (higher growing 

season rainfall) and slight to intermediate erosion 

hazard limitation that determined the class 

None recommended, (beyond the 

capacity of the users). 

S2e 

Bread wheat 

production 

S2e Only moderate erosion hazard limitation  As by teff production S2e 

Barley 

production  

S2e The same as for bread wheat production 

 

As by teff  production S2e 

Faba beans 

production 

S2e Non-class-determining slight to intermediate soil 

fertility limitation (lower topsoil pH) and class 

determining slight to intermediate erosion hazard 

limitation. 

Liming is possible to raise the pH, but 

seems not to be indispensible 

S2e 

Crops‟ 

combination 

S2e Class-determining slight to intermediate erosion 

hazard limitation and non-class-determining moisture 

and soil fertility limitations 

As by teff production S2e 
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4.3.8.5. Suitability classification of land mapping unit M2dIII  

 

Land mapping unit M2dIII, the second land mapping unit with certain internal drainage problem 

was evaluated for the suitability of the selected LUTs as indicated in Tables 4.35a- 4.35f below 

using similar procedures of the preceding sections. The suitability classification results showed 

that this land mapping unit which was located mainly in the Lower-Dega agro-climatic belt, was 

moderately to marginally suitable (S2) for bread wheat and barley; currently not suitable (N1) for 

faba beans and permanently not suitable (N2) for teff rain fed production. The current non-

suitability for faba beans rain fed production was due to the severe internal drainage limitation of 

the soil that can be alleviated through minor improvement measure by using surface drainage 

technology (BBM), so that the optional suitability subclass can be upgraded to the S3, remaining 

with other permanent type slight to intermediate limitations of moisture (excess rainfall during 

growing period) and erosion hazard which determined also the suitability subclasses of barley and 

bread wheat (Table 4.35f). The land mapping unit was permanently not suitable for rain fed teff 

production due to very severe moisture limitation (excess rainfall during the growing season) that 

may cause stand lodging and seed shattering during harvesting. 

 

 However, what was observed practically during the field survey activity was in conflict with this 

suitability rating, since teff was one of the major cereal crops of this water logged area; especially 

brown colored teff cultivars commonly grown in the Dega agro-climatic areas of the Arsi-

Highlands were observed during the survey activity to perform well in the crop fields. Farmers of 

this locality and elsewhere used to tackle the prolonged rainy period at the end of the main rainy 

season (Kiremt) in most cases by late planting of teff. The moderate to marginal suitability (S2) 

for bread wheat and barley production also cannot be upgraded since the erosion hazard and 

moisture (excess rainfall) limitations were of permanent type, though the internal drainage 

limitation improvement through BBM application may aid for yield increments without changing 

the optional suitability rating. Nevertheless, the farmers of the area seemed to have well managed 

this problem by adjusting the time of planting and using crop cultivars more adapted to the 

climatic and soil conditions of the environment. The rugged topographic condition of the area is 

the other drawback for the further improvement of the whole production activity and for the 

intensification of the agricultural production under present technological and economic conditions.  
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Table 4.35a. Suitability classification of M2dIII LMU for teff production  

   

Land-use  requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 1700-2400 1000-1700 

or 

2400-2800 

< 1000 or 

> 2800 

S2 

 Growing period mean 

temperature 

0
C 15.0-20.0 12.5-15.0 or 

20.0-25.0 

< 12.5 or 

> 25.0 

S1 

 

Moisture availability m 

Length of growing period  days 90-120 45-90 < 45 S1 

Total  growing season 

rainfall 

mm 400-600 200-400 or 

600-800 

< 200 or 

> 800 

N2 

Oxygen availability w Internal drainage  class I-W VP-P SE-E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction  pH 5.5-8.0 4.5-5.5 or 

8.0-8.5 

< 4.5 or 

> 8.50 

S1 

 

Topsoil texture class ZL-Cb1 L-SCL S-SL S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >50 25-50 < 25 S1 

Crop physiological suitability N2m 

Management 

requirements (II) Soil workability k 

Topsoil texture  class ZL-Cb1 L-SCL S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr, 

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) N2m 
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Table 4.35b. Suitability classification of M2dIII LMU for bread wheat production  

 

   

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-2600 1500-2000 or 

2600-3000 

< 1500 or 

> 3000 

S1 

Growing period mean 

temperature 

0
C 15.0-20.0 12.5-15.0 or 

20.0-22.5 

< 12.5 or 

> 22.5 

S1 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 500-800 400-500 or 

800-1200 

< 400  or 

>1200 

S2 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S2 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 5.5-8.0 5.0-5.5 or 

8.0-8.5 

< 5.0 or 

> 8.5 

S1 

 

Topsoil texture class L-Crd SL- Cb1 S-LS S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 25-100 < 25 S1 

Crop physiological suitability S2mw 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-Crd SL or Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI, MPr,  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2emw 
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Table 4.35c. Suitability classification of M2dIII LMU for barley production  

    

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-3000 3000-3800 or 

1500-2000 

>3800 or 

< 1500 

S1 

Growing period mean 

temperature 

0
C 12.5-17.5 7.5-12.5 or 

17.5-22.5 

< 7.5 or 

> 22.5 

S1 

 

Moisture availability m 

Length of growing period  days 120-180 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 400-800 200-400 or 

800-1200 

< 200 or 

>1200 

S2 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S2 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction  pH 5.5-7.3 5.0-5.5 or 

7.3-8.5 

< 5.0 or 

> 8.5 

S1 

 

Topsoil texture class L-SC SL or ZC-Cb1* S-LS S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 25-100 < 25 S1 

Crop physiological suitability S2mw 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-SC SL or ZC-Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI, MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2emw 

* For barley, reddish clay (Crd) soils are more conducive than black clay (Cbl) soils, since barley is more sensitive to water logging than wheat in general. 
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Table 4.35d. Suitability classification of M2dIII LMU for faba bean production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature 

regime 
t 

Altitude range masl 2200-3000 1800-2200 or 

3000-3200 

< 1800 or 

>3200 

S1 

Growing period mean 

temperature 

0
C 12.5-17.5 10.0-12.5 or 

17.5-20.0 

< 10.0 or 

>20.0 

S1 

 

Moisture 

availability 
m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 650-900 500-650 or 

900-1200* 

< 500 or 

>1200 

S2 

Oxygen availability w Internal drainage  class W MW of SE VP-P or E N1 

Nutrient supply 

(soil fertility) 

 

n  Topsoil reaction  pH 6.7-7.3 5.5-6.7 or 

7.3-8.0 

< 5.5 or 

> 8.0 

S2 

 

Topsoil texture class ZL-Crd L-SCL or Cb1 S-SL S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 50-100 < 50 S1 

Crop physiological suitability  N1w 

Management 

requirements (II) Soil workability k 

Topsoil texture  class ZL-Crd L-SCL or Cb1 S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) N1w 

* This rainfall range should have been S1 rating class for faba beans since it responds similar to barley to rainfall amount; though altitude-wise it is more sensitive 

     to higher altitudes (lower temperatures) than barley. 
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Table 4.35e. Summary of the current suitability classification of M2dIII LMU for the selected LUTs  

No. 
Land-use requirements 

(land qualities) 

 

Symbol 

LUTs and their corresponding suitability rating classes Suitability 

class of crop 

combination  
Teff Bread wheat Barley Faba beans 

1 Crop physiological requirements:  

Temperature regime  

 

t 

 

S2 

 

S1 

 

S1 

 

S1 

 

S1 

Moisture availability m N2 S2 S2 S2 N2 

Oxygen availability  w S1 S2 S2 N1 N1 

Nutrient supply n S1 S1 S1 S2 S1 

Rooting condition r S1 S1 S1 S1 S1 

 Crop physiological suitability - N2m* S2mw S2mw N1w N2m 

2 Management requirements: 

Soil workability  

k S1 S1 S1 S1 S1 

Management suitability - S1 S1 S1 S1 S1 

3 Conservation requirements: 

Erosion hazard 

e S2 S2 S2 S2 S2 

Conservation suitability  - S2 S2 S2 S2 S2 

- Overall suitability  - N2m S2emw S2emw N1w N2m 
      * N2m is due to the permanent limitation of moisture availability, namely to much average total rainfall amount during the growing period in the main rainy season that  

          induces lodging and grain shattering during harvesting. 
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Table 4.35f.  Summary of the current and optional overall suitability, types of limitations identified and proposed minor 

                       improvement options of M2dIII LMU  

  

LUTs 

Current 

suitability 

class 

Types of limitations identified 
Proposed minor improvement 

options 

Optional 

suitability 

class 

Teff production N2m Non-class-determining slight to intermediate 

limitation of temperature ( higher altitude) and 

erosion hazard limitation and class-determining very 

severe limitation of moisture (higher growing 

season rainfall) 

None recommended 

(beyond the capacity of the users) 

N2m 

Bread wheat 

production 

S2emw Slight to intermediate limitations of moisture, 

internal drainage (water logging) and erosion 

hazard. 

Use of surface drainage technology 

(BBM) for yield increment without 

upgrading the suitability subclass 

S2em 

Barley production  S2emw The same as by bread wheat production The same as by bread wheat 

production 

S2em 

Faba beans 

production 

N1w Non-class-determining slight to intermediate 

limitations of moisture (higher rainfall during 

growing season) soil fertility (lower soil pH) and 

erosion hazard, and class-determining severe 

limitation of water logging 

 Use of surface drainage technology 

to upgrade the suitability class to S3, 

and liming, but not indispensable 

S3em 

Crops‟ 

combination 

N2m Class-determining very severe limitation of 

moisture, non-class-determining severe limitation of 

water logging and non-class-determining slight to 

intermediate limitation of erosion hazard 

The same as by bread wheat and 

barley  

 

N2m 
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4.3.8.6. Suitability classification of land mapping unit M4eII  

 

The land mapping unit M4eII, that encompassed mainly Proper-Dega agro-climatic belt was 

characterized by strongly rugged rolling landscape-topography. Its suitability rating for the 

selected LUTs was done as depicted in Tables 4.36a- 4.36f based on similar approaches of 

suitability classification of the foregoing topics. Accordingly, this land mapping unit was found to 

be moderately to marginally suitable (S2) for barley, bread wheat and faba beans rain fed 

production, but permanently not suitable (N2) for teff rain fed production and for the crop 

combination as well due to very severe moisture limitation (excess rainfall during growing 

season). The moderate to marginal suitability rating of bread wheat was due to slight to 

intermediate limitations of erosion hazard, moisture (too much rain fall during growing season) 

and temperature (too cold during the growing season) which were all of permanent type; whereas 

that of the faba beans was additionally due to slight to intermediate internal drainage limitation. 

The existing slight to intermediate internal drainage problem of the soils can be alleviated through 

surface drainage techniques mentioned in the preceding sections, even though this issue seems to 

be of no concern for the farmers of the area probably due to the higher slope of the landscape that 

facilitates good surface drainage. The slight soil fertility limitation due to lower pH values of the 

soils for faba beans can be tackled through liming if deemed necessary though this problem seems 

also not to be so critical at present.  

 

Had it been not for the higher slope gradient (erosion hazard) of the land surface of the area which 

is caused by the extreme ruggedness of the landscape-topography, this land unit could have been 

rated as highly suitable (S1) for barley production. Nevertheless, the area was already one of the 

major barley producing areas of the Arsi-Highlands, so that with stringent soil and water 

conservation measures, this land unit may be made sustainably very productive for barley 

production in the futurity by integrating improved varieties of barley, faba beans and other 

highland pulse crops such as field peas and lentils and rape seed from the oil crops as rotation 

crops, based on an integrated suitability classification that includes these rotation crops and 

livestock production. Though this land unit belongs to one of the main barley, faba beans, and 

white potatoes producing areas of the Arsi-Highlands, the topographic conditions have strongly 

limited its accessibility and exacerbated the land degradation problems which were already severe  
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Table 4.36a. Suitability classification of M4eII LMU for teff production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 1700-2400 1000-1700 or 

2400-2800 

< 1000 or 

> 2800 

S2 

Growing period mean 

temperature 

0
C 15.0-20.0 12.5-15.0 or 

20.0-25.0 

< 12.5 or 

> 25.0 

S2 

 

Moisture availability m 

Length of growing period  days 90-120 45-90 < 45 S1 

Total  growing season 

rainfall 

mm 400-600 200-400 or 

600-800 

< 200 or 

> 800 

N2 

Oxygen availability w Internal drainage  class I-W VP-P SE- E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 5.5-8.0 4.5-5.5 or 

8.0-8.5 

< 4.5 or 

> 8.5 

S1 

 

Topsoil texture class ZL-Cb1 L-SCL S-SL S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm > 50 25-50 < 25 S1 

Crop physiological suitability N2m 

Management 

requirements (II) Soil workability k 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI, MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Topsoil texture  class ZL-Cb1 L-SCL S-SL S1 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) N2m 
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Table 4.36b. Suitability classification of M4eII LMU for bread wheat production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-2600 1500-2000 

or 

2600-3000 

< 1500 or 

> 3000 

S2 

Growing period mean 

temperature 

0
C 15-20.0 12.5-15.0 or 

20.0-22.5 

< 12.5 or 

> 22.5 

S2 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 500-800 400-500 or 

800-1200 

< 400 or 

>1200 

S2 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction  pH 5.5-8.0 5.0-5.5 or 

8.0-8.5 

< 5.0 or 

> 8.5 

S1 

 

Topsoil texture class ZL-Crd SL-or Cb1 S-LS S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 25-100 < 25 S1 

Crop physiological suitability S2mt 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-Crd SL or Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2emt 
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Table 4.36c. Suitability classification of M4eII LMU for barley production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-3000 3000-3800 or 

1500-2000 

< 1500 or 

> 3800 

S1 

Growing period mean 

temperature 

0
C 12.5-17.5 7.5-12.5 or 

17.5-22.5 

< 7.5 or 

> 22.5 

S1 

 

Moisture availability m 

Length of growing period  days 120-180 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 400-800 200-400 or 

800-1200 

< 200 or 

> 1200 

S2 

Oxygen availability w Internal drainage  class MW- W I or SE VP-P or E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 5.5-7.3 5.0-5.5 or 

7.3-8.5 

< 5.0 or 

> 8.5 

S2 

 

Topsoil texture class L-SC SL or ZC- Cb1 S-LS S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 25-100 < 25 S1 

Crop physiological suitability S1 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-SC SL or ZC- Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI, MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2e 
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Table 4.36d. Suitability classification of M4eII LMU for faba bean production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2200-3000 1800-2200 or 

3000-3200 

< 1800 or 

> 3200 

S1 

Growing period mean 

temperature 

0
C 12.5-17.5 10.0-12.5 or 

17.5-20.0 

< 10.0 or 

> 20.0 

S1 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 650-900 500-650 or 

900-1200 

< 500 or 

>1200 

S2 

Oxygen availability w Internal drainage  class W MW or SE VP-P or E S2 

Nutrient supply  

(soil fertility) 

 

n  Topsoil reaction  pH 6.7-7.3 5.5-6.7 or 

7.3-8.0 

< 5.5 or 

> 8.0 

S2 

 

Topsoil texture class ZL-Crd L-SCL or Cb1 S-SL S1 

Topsoil SOM % > 3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 50-100 < 50 S1 

Crop physiological suitability S2mnw 

Management 

requirements (II) Soil workability k 

Topsoil texture  class ZL-Crd L-SCL or Cb1 S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) Erosion hazard e Slope gradient % 0-8 8-30 > 30 S2 

Overall suitability (I x II x III) S2emnw 
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Table 4.36e. Summary of the current suitability classification of M4eII LMU for the selected LUTs   

No. 
Land-use requirements 

(land qualities) 

 

Symbol 

LUTs and their corresponding suitability rating classes Suitability 

class of crop 

combination 
Teff Bread wheat Barley Faba beans 

1 Crop physiological requirements:  

Temperature regime  

 

t 

 

S2 

 

S2 

 

S1 

 

S1 

 

S2 

Moisture availability m N2 S2 S2 S2 N2 

Oxygen availability  w S1 S1 S1 S2 S1 

Nutrient supply n S1 S1 S1 S2 S1 

Rooting condition r S1 S1 S1 S1 S1 

- Crop physiological suitability - N2m S2mt S1 S2mnw N2m 

2 Management requirements: 

Soil workability  

k S1 S1 S1 S1 S1 

Management suitability - S1 S1 S1 S1 S1 

3 Conservation requirements: 

Erosion hazard 

e S2 S2 S2 S2 S2 

Conservation suitability  - S2 S2 S2 S2 S2 

- Overall suitability  - N2m S2emt S2e S2emnw N2m 
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Table 4.36f. Summary of the current and optional overall suitability, types of limitations identified and proposed minor  

                       improvement options of M4eII LMU  

 

LUTs 

Current 

suitability 

class 

Types of limitations identified Proposed minor improvement options 

Optional 

suitability 

class 

Teff 

production 

N2m Non-class-determining slight to intermediate limitation of 

temperature and erosion hazard and class- determining 

very severe limitation of moisture (too much growing 

season rainfall) 

None recommended (beyond the 

capacity of the users) 

N2m 

Bread wheat 

production 

S2emt Class-determining slight to intermediate limitations of 

temperature, moisture and erosion hazard (higher 

altitude, rainfall and slope angle) 

None recommended (beyond the 

capacity of the users). 

S2emt 

Barley 

production  

S2e Class-determining slight to intermediate limitation of 

erosion hazard and non-class-determining slight to 

intermediate limitation of moisture (higher growing 

season rainfall) 

The same as by bread wheat production S2e 

Faba beans 

production 

S2emnw Class-determining slight to intermediate limitations of 

moisture, internal drainage (moderately well drained) soil 

fertility (lower pH) and erosion hazard 

 Use of surface drainage technology and 

liming for yield increment without 

upgrading suitability class  

S2em 

Crops‟ 

combination 

N2m Non-class-determining slight to intermediate limitations 

of temperature, internal drainage, soil fertility and 

erosion hazard and very severe class-determining 

limitation of moisture 

The same as by teff, bread wheat and 

barley 

N2m 
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due to cultivation of steeper slopes, deforestation and overgrazing without any meaningful 

conservation measures applied. Hence, minimizing the accelerated soil erosion due to 

inappropriate tillage practices, deforestation and overgrazing, appeared to be a very urgent task at 

least to let the damages being caused to the soils and the environment as a whole, remain at the 

status they are at present. 

 

4.3.8.7. Suitability classification of land mapping unit M5fI  
 

The suitability classification of the land mapping unit located in the afro-alpine and subafro-alpine 

vegetation zone mainly within Wurch and High-Wurch and partially within Upper-Dega agro-

climatic belts of the study area at the southeastern end of the catchment is indicated in Tables 

4.37a - 4.37f below. The results of the suitability classification showed that this land mapping unit 

was permanently not suitable (N2) for all the LUTs selected primarily due to very severe 

limitation related to the LQ erosion hazard. The land unit was rated for teff as N2 due to three 

permanent very severe limitations, namely temperature, moisture and erosion hazard limitations, 

whereby all were found to be in excess of the permitted suitability ranges of rain fed teff 

production. Bread wheat production has got also very severe temperature limitation (too low 

temperatures during growing season) in addition to the erosion hazard which was common for all 

LUTs (Tables 4.37e and 4.37f). The land mapping unit could have been rated as S2 for rain fed 

barley production except for the very severe erosion hazard limitation caused by the extremely 

rugged and very steep topographic condition of the mountainous area. 

 

In general, the suitability classification process revealed that in such a high altitude mountainous 

area, only barley can be sustainably produced with strict conservation practices that keep the soils 

of this highly fragile environment in place, though also faba beans may be partially (only up to 

3200 masl elevation) produced under similar conservation measures. In spite of the fact that there 

were still illegal agricultural activities seen in this area, the entire mountainous region 

approximately above 2900 masl has been already demarcated into the Chillallo-Galama 

Mountain-Park  Project, the main objective of which is environmental and wild life conservation, 

particularly the most endangered Ethiopian Wolf (Key Kebero) and the Mountain Nyala wild 

animal species. Thus, as already started, the preference of such a very fragile area for Nature and 

Game Preservation appeared to be a stringent priority in the future and any recommendation for 

crop productions seems to be unjust.  
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Table 4.37a. Suitability classification of M5fI LMU for teff production  

 

 

  

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 1700-2400 1000-1700 or 

2400-2800 

< 1000 or 

>2800 

N2 

Growing period mean 

temperature 

0
C 15.0-20.0 12.5-15.0 or 

20.0-25.0 

< 12.5 or 

> 25.0 

N2 

 

Moisture availability m 

Length of growing period  days 90-120 45-90 < 45 S1 

Total  growing season 

rainfall 

mm 400-600 200-400 or 

600-800 

< 200 or 

> 800 

N2 

Oxygen availability w Internal drainage  class I-W VP-P SE- E S2 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 5.5-8.0 4.5-5.5 or 

8.0-8.5 

< 4.5 or 

> 8.5 

S1 

 

Topsoil texture class ZL-Cb1 L-SCL S-SL S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >50 25-50 < 25 S1 

Crop physiological suitability N2mt 

Management 

requirements (II) Soil workability k 

Topsoil texture  class ZL-Cb1 L-SCL S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 N2 

Overall suitability (I x II x III) N2emt 
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Table 4.37b. Suitability classification of M5fI LMU for bread wheat production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-2600 1500-2000 or 

2600-3000 

< 1500 or 

>3000 

N2 

Growing period mean 

temperature 

0
C 15.0-20.05 12.5-15.0 or 

20.0-22.5 

< 12.5 or 

> 22.5 

N2 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 500-800 400-500 or 

800-1200 

< 400 or 

>1200 

S2 

Oxygen availability w Internal drainage  class MW-W I or SE VP-P or E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 5.5-8.0 5.0-5.5 or 

8.0-8.5 

< 5.0 or 

> 8.5 

S1 

 

Topsoil texture class ZL-Crd SL-or Cb1 S-LS S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 25-100 < 25 S1 

Crop physiological suitability N2t 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-Crd SL or Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 N2 

Overall suitability (I x II x III) N2et 
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Table 4.37c. Suitability classification of M5fI LMU for barley production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2000-3000 3000-3800 or 

1500-2000 

< 1500  or 

>3800 

S2 

Growing period mean 

temperature 

0
C 12.5-17.5 7.5-12.5 or 

17.5-22.5 

< 7.5 or 

> 22.5 

S2 

 

Moisture availability m 

Length of growing period  days 120-180 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 400-800 200-400 or 

800-1200 

< 200  or 

>1200 

S2 

Oxygen availability w Internal drainage  class MW- W I or SE VP-P or E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 5.5-7.3 5.0-5.5 or 

7.3-8.5 

< 5.0 or 

> 8.5 

S1 

 

Topsoil texture class L-SC SL or ZC- Cb1 S-LS S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 25-100 < 25 S1 

Crop physiological suitability S2mt 

Management 

requirements (II) Soil workability k 

Topsoil texture  class L-SC SL or ZC- Cb1 S-LS S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 N2 

Overall suitability (I x II x III) N2e 
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Table 4.37d. Suitability classification of M5fI LMU for faba bean production  

 

Land-use requirements 

Unit 

Factor rating classes (suitability ranges) 
Suitability 

rating 

Group of  LURs Land quality Symbol Diagnostic factors s 1 s 2 n 
Suitability 

class 

 

C
ro

p
 p

h
y

si
o

lo
g

ic
al

 r
eq

u
ir

em
en

ts
 (

I)
 

Temperature regime t 

Altitude range masl 2200-3000 1800-2200 or 

3000-3200 

< 1800 or 

> 3200 

N2 

Growing period mean 

temperature 

0
C 12.5-17.5 10.0-12.5 or 

17.5-20.0 

< 10.0 or 

>20.0 

S2 

 

Moisture availability m 

Length of growing period  days 120-150 90-120 < 90 S1 

Total  growing season 

rainfall 

mm 650-900 500-650 or 

900-1200 

< 500 or 

>1200 

S2 

Oxygen availability w Internal drainage  class W MW of SE VP-P or E S1 

Nutrient supply 

(soil fertility) 

 

n 

 Topsoil reaction pH 6.7-7.3 5.5-6.7 or 

7.3-8.0 

< 5.5 or 

> 8.0 

S2 

 

Topsoil texture class ZL-Crd L-SCL or Cb1 S-SL S1 

Topsoil SOM % >3.0 1.0-3.0 < 1.0 S1 

Rooting condition  r Effective soil depth cm >100 50-100 < 50 S1 

Crop physiological suitability N2t 

Management 

requirements (II) Soil workability k 

Topsoil texture  class ZL-Crd L-SCL or Cb1 S-SL S1 

Topsoil structure  class ACr,  AGr, FB1 

MB1, FPr,  FCo 

CBI,  MPr  

MCo, FP1 

CPr,CCo,MP1 

CP1,Mas,Inc 

S1 

 

Conservation 

requirements (III) 
Erosion hazard e Slope gradient % 0-8 8-30 > 30 N2 

Overall suitability (I x II x III) N2et 
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Table 4.37e. Summary of the current suitability classification of M5fI LMU for the selected LUTs  

No. 
Land-use requirements 

(land qualities) 

 

Symbol 

LUTs and their corresponding suitability rating classes Suitability 

class of crop 

combination  
Teff Bread wheat Barley Faba beans 

1 Crop physiological requirements:  

Temperature regime  

 

t 

 

N2 

 

N2 

 

S2 

 

N2 

 

N2 

Moisture availability m N2 S2 S2 S2 N2 

Oxygen availability  w S2 S1 S1 S1 S1 

Nutrient supply n S1 S1 S1 S2 S1 

Rooting condition r S1 S1 S1 S1 S1 

- Crop physiological suitability - N2mt N2t S2mt N2t N2mt 

2 Management requirements: 

Soil workability  

k S1 S1 S1 S1 S1 

Management suitability - S1 S1 S1 S1 S1 

3 Conservation requirements: 

Erosion hazard 

e N2 N2 N2 N2 N2 

Conservation suitability  - N2 N2 N2 N2 N2 

- Overall suitability  - N2emt N2et N2e N2et N2emt 
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Table 4.37f. Summary of the current and optional overall suitability, types of limitations identified and proposed minor 

                      improvement options of M5fI LMU   

 

LUTs 

Current 

suitability 

class 

Types of limitations identified 
Proposed minor improvement 

options 

Optional 

suitability 

class 

Teff 

production 

N2emt Class-determining very severe limitation of temperature (too 

high altitude, too low temperature), moisture and erosion 

hazard( steeper slope) and non-class-determining slight to 

intermediate internal drainage(somewhat excessively drained) 

limitation   

None recommended (not 

required) 

N2emt 

Bread wheat 

production 

N2et Class-determining very severe limitations of temperature and 

erosion hazard similar to teff production and non-class-

determining slight to intermediate moisture limitation (higher 

growing season rainfall) 

None recommended (not 

required) 

N2et 

Barley 

production  

N2e Class-determining very severe limitation of erosion hazard 

(steeper slope) and non-class-determining slight to intermediate 

limitations of temperature and moisture  

The same as by bread wheat 

production 

N2e 

Faba beans 

production 

N2et  Class-determining very severe limitations of temperature and 

erosion hazard similar to wheat production and non-class-

determining slight to intermediate limitation of soil fertility 

(lower pH) 

The same as by bread wheat 

production 

N2et 

Crops‟ 

combination 

N2emt The same as by teff production, but with additional non- class-

determining slight to intermediate soil fertility limitation of 

faba beans production 

Not required  N2emt 
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4.3.9. Summary and Conclusion   

 
The results of the physical land suitability classification of the identified land mapping units for 

the selected crops and crops‟ combinations are summarized in Table 4.38. In general, the 

outcomes of the evaluation process revealed that all the LQs selected as relevant were bound with 

some kind of limitation, even though there were differences both in the degree and type of 

limitation among the evaluated LMUs and LUTs. Nevertheless, the LQs that had very severe 

limitations, the suitability assessment of which resulted either in the N1 or N2 suitability classes 

were: the temperature regime (too high altitude), moisture availability (too high rainfall), erosion 

hazard (steep slopes) and oxygen availability (water logging). The outputs of the overall suitability 

ratings were described in terms of actual current and optional current suitability of each land 

mapping unit, whereby the optional current suitability classes were determined by considering the 

minor improvement options which were within the limits of the technical and economic 

capabilities of the present users. The crops‟ combination was also treated in the same manner with 

a presumption that rotation effects of the individual crops within the cropping system would be 

better addressed. Accordingly, the first land mapping unit (M4aI), which was located within a 

Lower-Woina-Dega agro-climatic belt, had generally a moderate to marginal suitability (S2) for 

teff, bread wheat and barley, but a marginal suitability (S3) for faba beans with slight to 

intermediate limitations (s2) of all the land qualities selected for the purpose. Owing to the 

principle of the Law of the Minimum, the crops‟ combination was also rated as having marginal 

suitability with a suitability subclass similar to that of the faba beans production. The land unit 

was characterized with at least four slight to intermediate limitations by each LUT from the seven 

LQs selected, and since all were of permanent type and beyond the improvement capacity of the 

present users, no optional improvement measures could be proposed, so that the actual current and 

optional current suitability remained the same in all the cases. This implies that the rain fed crop 

production activities of this land unit is bound comparatively with unfavorable natural conditions 

that complicate the production processes and render it fragile, so that any sustainable future use of 

this land unit should give attention to the topographic, climatic and edaphic conditions that impact 

the production system with special focus on soil and water conservation measures. 

 

Land mapping unit M1bI, the land unit with relatively level topographic condition mainly within a 

Proper-Woina-Dega agro-climatic belt, was found to be highly suitable (S1) for bread wheat and 
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teff production, moderately to marginally suitable (S2) for barley and faba beans with only slight 

to intermediate soil workability limitation due to strongly clayey nature of the soils by barley 

production and slight to intermediate soil fertility (lower pH) and temperature limitation (lower 

elevation) by faba beans production. The suitability for crops‟ combination was also rated as 

moderately to marginally suitable (S2) due to slight to intermediate limitations of barley and faba 

beans rain fed production. The future sustainable use of this most favorable land unit demands as 

the first and foremost priority, keeping the productive soils in place for the coming generation. 

Secondly, a more detailed investigation of the land resources for further intensification of the 

production system are necessary, particularly since the topographic condition of the entire land 

unit is conducive for the application of agricultural mechanization besides its proximity to the big 

market centers of the region and the country as well.  

 

The third mapping unit (M3cIII) that encompasses areas with certain internal drainage problems 

within Upper-Woina-Dega agro-climatic belt was moderately to marginally suitable (S2) for teff, 

wheat and barley only with slight to intermediate soil conservation limitation for teff, but with 

additional slight to intermediate water logging limitation for wheat and barley. It is found to be 

currently not suitable (N1) for faba beans production due to the severe (n1) water logging 

limitation that can be alleviated by applying a surface drainage technology (BBM) so that the 

suitability class would be upgraded to marginal suitability (S3). The slight to intermediate water 

logging limitation by bread wheat and barley production can also be alleviated by using the same 

implement to increase crop yield without any change on the suitability class due to the remaining 

soil conservation limitation. In general, if the internal drainage problem is tackled by the soil 

surface drainage technology (BBM) as a minor improvement measure, yield increments are likely 

by wheat, barley and faba beans, and additionally upgrading of the optional suitability class is 

possible by faba beans rain fed production. Conclusively, the internal drainage limitation is not 

beyond the technical and economic capacity of the individual farmers, whereas the erosion hazard 

limitation is a permanent type of limitation that even cannot be resolved through major land 

improvement measures under the present condition, so that conservation measures that ensure the 

sustainability of the agricultural production as a whole are foreseen as prior land management 

practice. Since this LMU is located in a pocketwise occurring depression area that comes after the 

Guticha hill-chain within the KSW, it is not accessible to farm machineries under the present 

condition and hence the opportunity to agricultural intensification is limited.  
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Table 4.38. General summary of the physical land suitability classification of the LMUs for the selected LUTs  

 

 

No. 

LMU 

(code) 

Land utilization types and their overall suitability rating classes 

 

Teff 

 

Bread wheat 

 

Barley 

 

Faba beans 
Crops‟ combination 

Current 

actual 

Current 

optional 

Current 

actual 

Current 

optional 

Current 

actual 

Current 

optional 

Current 

actual 

Current 

optional 

Current 

actual 

Current 

optional 

 

1 

 

M4aI 

 

S2eknw 

 

S2eknw 

 

S2ertw 

 

S2ertw 

 

S2ertw 

 

S2ertw 

 

S3all 

 

S3all 

 

S3all 

 

S3all 

 

2 M1bI 

 

S1 

 

S1 

 

S1 

 

S1 

 

S2k 

 

S2k 

 

S2nt 

 

S2t 

 

S2knt 

 

S2kt 

 

3 

 

M3cIII 

 

S2e 

 

S2e 

 

S2ew 

 

S2e 

 

S2ew 

 

S2e 

 

N1w 

 

S3e 

 

N1w 

 

S3e 

 

4 M2cI 

 

S2e 

 

S2e 

 

S2e 

 

S2e 

 

S2e 

 

S2e 

 

S2e 

 

S2e 

 

S2e 

 

S2e 

 

5 

 

M2dIII 

 

N2m 

 

N2m 

 

S2emw 

 

S2em 

 

S2emw 

 

S2em 

 

N1w 

 

S3em 

 

N2m 

 

N2m 

 

6 M4eII 

 

N2m 

 

N2m 

 

S2emt 

 

S2emt 

 

S2e 

 

S2e 

 

S2emnw 

 

S2em 

 

N2m 

 

N2m 

 

7 

 

M5f I 

 

N2emt 

 

N2emt 

 

N2et 

 

N2et 

 

N2e 

 

N2e 

 

N2et 

 

N2et 

 

N2emt 

 

N2emt 
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The fourth land mapping unit M2cI which was located mainly within an Upper-Woina-Dega agro-

climatic belt, being predominated by a Vertic Cambisol as a single taxonomic unit, was the second 

most favorable land mapping unit uniquely and uniformly for all the selected LUTs. It was 

moderately to marginally suitable (S2) with only conservation limitation due to somewhat higher 

slope gradient and ruggedness of the landscape. Had it been not for this only limitation, this land 

unit could have been rated as highly suitable (S1) uniquely for all the selected LUTs, what makes 

it even better than the M1bI which had three types of limitations except by wheat and teff rain fed 

production. The crops‟ combination suitability was also rated as S2e both by the actual and 

optional suitability rating without any change on the level of suitability. Generally, this land 

mapping unit is probably the best when considered from the point of view of crop production in all 

aspects of the suitability evaluation except for the slight to intermediate erosion hazard limitation. 

Therefore, any sustainable use of this land unit in the futurity, should give a particular emphasis 

for soil and water conservation activities to save the productive soil, and technologies that aid to 

further improve productivity should be applied based on more detailed investigations of the nature 

and properties of the existing land resources. However, the limited accessibility for farm 

machineries may limit the opportunity of intensifying the agricultural production under the 

currently existing technological and economic capacity of the farming community of the area.  

 

The fifth land mapping unit M2dIII, the other land unit dominated by a single taxonomic unit that 

had also an internal drainage problem, was amazingly permanently not suitable (N2) for teff 

production owing to very severe (n2) limitation of moisture (very high growing season rainfall), 

and currently not suitable (N1) for faba beans due to severe (n1) water logging limitation that can 

rather be alleviated using the BBM, so that its suitability would be upgraded to marginal 

suitability (S3) as optional suitability rating remaining with slight to intermediate erosion hazard, 

moisture and soil fertility limitations. It is moderately to marginally suitable (S2) for bread wheat 

and barley production due to slight to intermediate limitations of soil conservation, moisture and 

water logging, though the water logging limitation may be mitigated by suing the BBM for yield 

increments without any change on the level of optional suitability class. Due to the very severe 

moisture limitation of teff production, the land unit is unfortunately rated as permanently not 

suitable (N2) for the crops‟ combination. However, the crop production activity can normally 

proceed by using teff cultivars or varieties adapted to such excess and prolonged moisture 

conditions or by the adjustment of the production activities (for example late planting) with the 
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rain distribution pattern as already observed by the production activities of the farmers of this and 

other similar areas. The rugged topographic condition of the area is another drawback for the 

further improvement of the whole production activity and for the intensification of the agricultural 

production under present technological and economic conditions. Such a topographic condition 

demands also special focus for soil conservation measures to make the whole agricultural 

production activity sustainable.  

 

The sixth land mapping unit mainly within Proper-Dega agro-climatic belt (M4eII), was 

permanently not suitable (N2) for teff production because of very severe moisture limitation 

similar to the M2dIII LMU (too much rainfall during the growing season) but moderately to 

marginally suitable (S2) for bread wheat and faba beans production with slight to intermediate 

limitations of moisture and soil conservation as common for both and additionally a slight to 

intermediate temperature limitation by wheat and soil fertility plus internal drainage limitation by 

faba beans production. As observed during the field survey, farmers of this area do not grow teff 

and they have witnessed that teff is not grown since long in the area. The internal drainage 

limitation by faba beans rain fed production can be mitigated by using BBM for yield increment 

without changing the level of optional suitability since the land remains with the other limitations, 

even though this issue seems to be of no concern for the farmers of the area probably due to the 

higher slope of the landscape that facilitates naturally good surface drainage. The land unit was 

moderately to marginally suitable also for barley production only with one slight to intermediate 

limitation of erosion hazard due to higher slope gradient of the whole landscape. Except for this 

only limitation, this land unit could have been rated as highly suitable (S1) for barley production. 

Nevertheless, the area is already one of the major barley producing areas of the Arsi-Highlands 

and hence with stringent soil and water conservation measures this land unit may be made 

sustainably very productive for barley production in the futurity by integrating improved varieties 

of barley and as rotation crops, pulses and oil crops based on comprehensive suitability 

classification that includes these rotation crops and livestock production. On the other hand, the 

topographic conditions coupled with higher rainfall of the area have exacerbated the land 

degradation problems which are already severe due to cultivation of steeper slopes, deforestation 

and overgrazing without any meaningful conservation measures applied.  Hence, minimizing the 

accelerated soil erosion due to inappropriate land-use practices appears to be a very urgent task at 
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least to let the damages being caused to the soils and the environment as a whole, remain at the 

status they are at present. 

 

The seventh land mapping unit (M5fI) which encompasses the afro-alpine and subafro-alpine 

vegetation zone (mainly Wurch and High-Wurch agro-climatic belt) of the study area, was 

basically permanently not suitable for all the selected LUTs. However, this land unit could have 

been rated as moderately to marginally suitable (S2) primarily for barley and next for faba beans 

production except for the very severe erosion hazard limitation due to the steeper topographic 

condition of the mountainous landscape. As practically observed during the soil survey activity, 

barley seemed to be the sole crop of this ecology, though very limited faba beans and lentils 

production was also encountered, which was but rather stricken already with severe land 

degradation due to extensive soil erosion and burning of the natural vegetation with no discernible 

effort of environmental protection. On the other hand, all the agricultural activities observed in this 

area were illegal activities since the area was already demarcated to the “Chillallo-Galama 

Mountain Park Project” so that any recommendation of crop production for this land unit is 

currently unjust. Since this area is most likely a recharge area for many permanent streams that 

originate from the “main body” of Mt. Chillallo and at its pediment positions, which are the main 

water sources for the agricultural community dwelling in the lower parts of the catchment and the 

surrounding areas, primarily measures that protect the existing natural vegetation and rehabilitate 

the parts already critically denuded, appeared to be of urgent priority without any delay. 

            

In summary, the land units within Proper-Woina-Dega up to Upper-Woina-Dega agro-climatic 

belts of the study area (M1bI and M2cI, 30.7% of the study area) with well-drained Luvisols, 

Kastanozems, Chernozems and Cambisols, as the dominant taxonomic units were found to be the 

most suitable for bread wheat and other LUTs. Generally, the lower parts of the study area 

appeared to be more conducive for teff and bread wheat and the upper parts for barley and faba 

beans rain fed production (Table 4.39). Teff was found to be more favored with decreasing 

altitude at least up to the 1810 masl as the lowest elevation within the study area except for 

edaphic and topographic limitations. Except for the steepness of the landscape-topography, the 

Proper-Dega (2550-3000 masl) and the Upper-Dega (3000-3200 masl) agro-climatic belts 

(M2dIII and M4eII, 29.0% of the study area) with Alisols, Retisols, Vertisols and Orthodystric 

Regosols as the dominant taxonomic units, were found to be the most favorable for barley rain fed 
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production followed by faba beans production. Barley seems generally to be the only crop that can 

be successfully grown within the Wurch and High-Wurch agro-climatic belts (M5fI), provided that 

the steeper slopes common to the landscapes of these areas are properly managed to sustain the 

production. Moreover, the predominance of topographic ruggedness within the KSW implicates 

that for the sustainable agricultural use of most LMUs, stringent soil and water conservation 

measures are the prerequisite; in addition to further suitability assessment for other crops widely 

grown in the area (especially rotation crops) in a manner that enables to sustain the integration of 

the existing mixed-farming system (live-stock rearing and crop production). This approach may 

aid to maintain soil fertility in the efforts to intensify the production system.  

In general, the physical land suitability evaluation results showed conformity to the traditional 

agro-climatic classifications of Ethiopian farmers and to the present crop production practices of 

the local farming community in terms of the selected LUTs in the E.2.03 type Rainfall Pattern 

Region of Arsi Zone in the KSW. However, further detailed study in this aspect seems to be of 

paramount importance to arrive at more reliable conclusion. 
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           Table 4.39. Summary of the current optional overall suitability classification of the LMUs for the  

                               selected LUTs in relation to the agro-climatic belts of the study area 

 

 

 

 

 

 

 

 

 

 

 

 

 

No. 
LMU 

(code) 

Altitude 

range in 

masl 

Dominant agro-climatic 

belt (name) 

Dominant RSGs 

identified 

LUTs and their current optional overall suitability classes 

Teff 
Bread 

wheat 
Barley 

Faba 

beans 

Crops‟ 

combination 

1 M4aI 1810-2100 Lower-Woina-Dega Kastanozems 

(KS02,KS10),  

Regosol (KS11) 

S2eknw S2ertw S2ertw S3all S3all 

2 M1bI 2020-2270 Proper-Woina-Dega Luvisols 

(KS05,KS06,KS09), 

Chernozems 

(KS03,KS07), 

Kastanozem (KS08) 

S1 S1 S2k S2t S2kt 

3 M3cIII 2270-2460 Upper-Woina-Dega Planosols 

(KS04,KS12), 

Vertisol (KS01) 

S2e S2e S2e S3e S3e 

4 M2cI 2220-2460 Upper-Woina-Dega Cambisol (KS14) S2e S2e S2e S2e S2e 

5 M2dIII 2460-2650 Lower-Dega Vertisol (KS13) N2m S2em S2em S3em N2m 

6 M4eII 2400-3000 Proper-Dega  Retisols 

(KS15,KS17),  

Regosol (KS16) 

N2m S2emt S2e S2em N2m 

7 M5fI 3000-4000 Upper-Dega, Wurch, 

High-Wurch 

Alisol (KS18),  

Umbrisol (KS19) 
N2emt N2et N2e N2et N2emt 
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5. GENERAL SUMMARY AND CONCLUSION  

In agrarian countries like Ethiopia, agriculture is not only the backbone of the national economy 

but also the base of the overall economic development. Hence, the future of the country‟s 

economic development would depend mainly on the efficiency of the agricultural sector that in 

turn depends on a comprehensive study and the wise use of the natural resources that include the 

mosaic of soils; despite the fact that due to natural environmental limitations and poor 

management practices, Ethiopian agriculture is yet generally characterized by extensive land 

degradation and low productivity.  

Environmental conditions such as geology (parent materials), climate, topography, biotic factors 

and land-use patterns are largely responsible for creating regional and local differences in soil 

characteristics. These in turn create variations in the agricultural potential of soils and related 

constraints that need detailed study in order to have adequate information on their 

morphological, physical, chemical, mineralogical and biological properties. This can be achieved 

only through detailed field surveys that enable the morphological descriptions of soils and the 

collection of representative soil samples for the subsequent characterization of the sampled soils 

which in turn is the basis for further pedogenetical interpretations, soil classification and the land 

suitability evaluation. However, there exists still the paucity of information on the detailed 

surveys (characterization, pedogenesis, classification and comprehensive compilations of the 

soils as well as land suitability evaluation) in Ethiopia in general and in Arsi and in KSW in 

particular. Research into these aspects would create the opportunity to understand and solve site 

specific problems related to the sustainability, effective utilization and management of the land 

resources, especially in relation to rain fed agricultural production which is yet the major 

agricultural land-use type of the country. Moreover, the efforts made by the Ethiopian farmers 

since long to classify their physiographically diversified production environments in relation to 

elevation and temperature differences as traditional agro-climates, should be reviewed also in 

order to professionally back the hitherto made  efforts, since scientific progresses made in this 

aspect may enhance the efficiency of agricultural extension system and research activities. 

Cognizant of this fact, the present study was initiated and carried out in KSW as part of the Arsi-

Highlands with the general objective to generate information through environmental and soil 

morphological description, soil characterization, genesis, classification and mapping as well as 
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land suitability evaluation for rain fed production of the major food crops of KSW. Accordingly, 

soils within the KSW were surveyed, described and sampled in the time from May 2012 to 

February 2015, characterized, pedogenetically assessed, classified, and the identified LMU‟s 

suitability for the major food crops of the study area (teff, bread wheat, barley and faba bean) 

evaluated. In the course of the field survey activity, nineteen (19) profile locations were 

identified based on a topographic map of 1:50,000 scale as a base map using free survey along 

altitudinal and latitudinal transects for sampling and description based on observable site and soil 

characteristics such as slope, topographic position, vegetation type, topsoil color, texture, etc., 

from which 103 bulk soil samples and 75 core soil samples were collected for chemical, physical 

and mineralogical analysis in the laboratory. Eight (8) rock samples were also collected from the 

bottom of the profile-pits for petrographic analysis.  

The chemical and physical laboratory analysis of the soil samples was carried out in Jije 

Analytical Testing Service Laboratory according to the standard analytical methods and 

procedures used in this laboratory. Petrographic analysis of the rock samples was conducted in 

the Central Geological Laboratory of Geological Survey of Ethiopia and in the Geological 

Laboratory of the Department of Earth Sciences of Addis Ababa University based on the 

standard analysis methods and procedures of these laboratories. Unfortunately, the mineralogical 

analysis of the soil samples could not be performed due to budget constraints and absence of 

laboratory with apposite mineralogical analysis methods and procedures, so that it was attempted 

to estimate indirectly only the dominant clay mineral types using the CEC7, ECEC, OC, clay 

content and pH values from the physico-chemical laboratory analysis results and the therefrom 

computed variable negative charge values and cation-exchange activity classes. 

The pedogenetic assessment and classification of the soils was conducted using the two most 

common morphogenetic classification systems, namely the US-Soil Taxonomy and the FAO-

WRB (FAO/IUSS-WRB) by integrating the information obtained through field survey activities 

and profile macromorphological description results with those from the laboratory analysis 

results of soil samples. The determination of the soil taxonomic classes was done based on the 

soil characteristics defined in terms of the diagnostic horizons, properties and materials identified 

for the purpose using the “Keys” to the respective classification system, primarily based on the 

FAO-WRB (FAO/IUSS-WRB) classification system. Accordingly, the nineteen (19) pedons 

described and characterized were categorized into ten (10) RSGs, which were again delineated 
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into eight SMUs of both compound and homogeneous type and seven LMUs due to the intricate 

pattern of the occurrence of the soils owing to the ruggedness of the landscape in the study area. 

This delineation into eight SMUs and seven LMUs was done mainly based on the relative 

physiographic homogeneity and regular pattern of occurrence of the identified soil taxonomic 

units and the respective landforms. Mapping of the identified SMUs and LMUs was done using 

ArcGIS 10.3 software version. 

The extreme physiographic diversity of the study area and intricate pattern of the occurrence of 

soils could not permit except in few cases that the identified soil taxonomic units  and the LMUs 

coincide, so that the identification of the LMUs for the land suitability evaluation was conducted 

primarily on the basis of the external environmental conditions such as the major landforms, 

landscape-topography and altitude ranges identified during the field survey activity, though 

internal drainage condition of the profiles of the pedons was included as additional 

differentiating criterion in areas with otherwise similar environmental conditions. Physical 

suitability classification method was preferred for the evaluation of the LMUs since its outputs 

have relatively longer time validity as the evaluation is done based on the general physical terms 

without specific estimation of costs and returns. The combination of the individual suitability 

ratings into an overall suitability class was done using the simple limitation method based on the 

principle of the Law of the Minimum, so that a suitability class was determined by the severity of 

the most limiting diagnostic factor. The selection of the land qualities (LQs) and diagnostic land 

characteristics presumed to be relevant for the suitability evaluation was conducted with due 

consideration to the availability of data with which the LQs were rated and that the LQs in 

question had critical values in relation to the selected LUTs within the study area. On the other 

hand, the selection of the LUTs, namely rain fed production of bread wheat (Triticum aestivum), 

teff (Eragrostis tef), barley (Hordeum vulgare) and faba bean (Vicia faba), was done based on 

the precondition that they are the major food crops of the study area which are also preferred for 

consumption by the local people and throughout the country as well, and hence have good 

market demands; the production of which is encouraged also by the government policy as among 

the major food crops of the country.  

With regard to the results of the present study, the environmental description within the study 

area showed that the great altitudinal variation and topographic ruggedness were the main cause 

of the micro-climatic differences and variation in landforms, vegetation types, and land-use 
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activities and thereby also of the strong variation in soil properties. Since the study area partially 

encompasses the “rift valley” and its border areas being extended up to the eastern summit of Mt. 

Chillallo, from the “rift valley escarpment” up to the “main body” of the mountain, there existed 

a repeating pattern of terrace type (stair-like) topography within certain rather irregular spatial 

intervals among which the Guticha hill-chain seemed to be the most prominent. This stair-like 

topography divides the subwatershed altitudinally into five (5) major landform units that have 

been the basis for the identification of the LMUs and the SMUs.  

The profile macromorphological description results also indicated that several soil characteristics 

such as the soil color, effective soil depth, horizonation, internal drainage, average clay content, 

etc., appeared to have been affected by the topographic ruggedness that the higher the slope 

gradient, the shallower, the more drained and the brighter (redder) were the soil profiles located 

within the same agro-climatic belt. Profiles with the lowest average clay content were also 

encountered on sites with high slope gradients. The color of the surficial horizons were generally 

black to dark brown, whereby the browning (reddening) of the soil materials increased with 

depth by the well-drained profiles at least up to the lower end of the B horizon indicating the 

increased coloring role of ferric oxides as a result of braunification as pedogenic process. Mottle 

colors were encountered only in profiles with hydromorphic properties in areas above 2300 

masl.. On the other hand, solum thickness appeared to be linked to the annual rainfall amounts 

(altitude) and slope gradient of the land surface, whereby profiles with extremely thick B 

horizons or very deep profiles that exceeded the stipulated 200 cm depth before the C horizon 

appeared, were encountered on the relatively flatter land surfaces of the high rainfall area. This 

might have been due to stronger weathering intensity and cumulative nature of such topographic 

conditions. Pedons in areas below 2900 masl altitude had generally granular to granular-crumb 

soil aggregates in their surface horizons and angular blocky to prismatic aggregates in their 

subsurface horizons except in the typical C horizons and Regosols; whereas the blocky or 

prismatic structures could not be observed in the subsoil of pedons in the mountainous areas 

above 2900 masl even if the respective solums were deep enough and had also relative clay 

accumulation. Moreover, pronounced faunal activity (earthworms and mole-rats) was observed 

in these areas, particularly very conspicuous earthworm type seen nowhere else till then. This 

unique phenomenon encountered in the mountainous areas above 2900 masl needs further 



314 
 

 

investigation to have a better understanding on the pedogenetical processes and soil fertility of 

such areas. 

The soil texture analysis results indicated that about 90% of the profiles opened had either 

subsoil with clay textural class or clayey texture throughout, whereby the clay content increased 

with depth with its maximum value (82%) in the argic B horizon, which may be attributed 

mainly to clay translocation from the upper horizons. Though such soils may be easily 

waterlogged during the wet season, except in some profiles with hydromorphic properties, 

almost all pedons had well-drained profiles, what may be either due to the aggregating effect of 

Ca-ions that dominated the exchange complex or due to the absence of excess moisture for 

percolation in the lower altitude areas. The trend in the bulk density values and that of the 

estimated total porosity had the opposite trend since increases in the bulk density values were 

followed by decreases in total porosity. In all but the KS08 profile, the bulk density values within 

the main root-zone (50 cm from the soil surface) for most field crops were generally not so high 

to the extent of restricting the root growth. The trend in the values of FC, and PWP showed 

conformity with the trend in clay content by increasing with clay content; whereas that of the 

AWC showed the opposite trend probably as a result of the increasing proportion of the finer 

pores in the clayey soil layers that hold the moisture at FC so tightly that plants cannot use it. 

Values of drainable (effective) porosity had also similar trends as that of the AWC.  

Soil organic matter and TN content of the topsoil increased with increasing altitude, whereby a 

positive correlation was detected between the parameter values of theirs and the altitude through 

simple regression and correlation analysis. This may be the result of OM accumulation owing to 

decreasing OM decomposition by increasing altitude due to decreasing temperature. Similar 

trend of a relationship was also observed between the altitude and the computed subsoil variable 

negative charge values; and the numerical values of the computed variable negative charge 

appeared mainly to be linked to that of the %SOM content, though the role of low-activity clays 

and amorphous colloids was not negligible. It is worth mentioning in this relationship that 

occurrence of the mollic epipedons was found to be limited to the altitude ranges below 3000 

masl leaving the way for the umbric epipedons in the higher elevation areas. In terms of the 

“master variable”, the soil pH, the soils of the study area were generally grouped into two, 

namely, those with non-acidic subsoil conditions which were located in the areas below 2550 

masl and those in areas above this elevation that had generally acidic profile conditions. 



315 
 

 

Accordingly, soil pH values and free carbonates occurrence showed a decreasing tendency with 

increasing altitude which could be confirmed by the existence of negative correlation between 

the respective values of altitude and that of %CaCO3 and pH. Even though there were strongly 

acidic soils with pH values as low as 5.15 within their profiles in these higher altitude areas, the 

problem of exchangeable aluminium could not be observed; which may be mainly due to the 

chelating effect of the high SOM content, though the exchangeable aluminium may be critical in 

the future if the crop production practices fail to maintain the SOM content at least to the level 

similar to that observed in this study. On the other hand, exchangeable aluminium might have 

been already critical in such high rainfall areas under crop production for many decades without 

soil management measures that replenish or maintain the SOM at judiciously higher levels; so 

that site specific investigations are of paramount importance to sustain the productivity of such 

environments.  Similarly, the values of CEC7, SEB and PBS tended to decrease with increasing 

altitude, whereby an inverse relationship was detected also between the altitude and these 

parameters through linear correlation analysis. However, Ca remained to be the most dominant 

cation of the exchange complex in all altitudinal ranges followed by Mg, which is to be rated as 

an opportunity from agronomic point of view. Manganese and iron nodules were observed only 

in the profiles of high rainfall area soils with hydromorphic properties. An assessment of the 

soils in terms of their degree of leaching based on their PBS has indicated an increasing tendency 

with increasing altitude. On average, soils in areas below 2550 masl showed a weak (50-70% 

BS) to very weak (70-100% BS) and those above 2550 masl from very strong (0-15% BS) to 

weak degree of leaching. Accordingly, the most leached profile was encountered at 3800 masl in 

the High-Wurch (above 3700 masl) and the least leached at 2050 masl in the Lower-Woina-Dega 

(1800-2100 masl) agro-climatic belt. 

Available P estimation by Olsen-extraction method indicated that most of the soils were 

characterized by low to very low P content, with the highest values either in the Ap or Ah 

horizons thereby decreasing generally with increasing depth and decreasing altitude, which 

indicates that the probable main source of P being the SOM. The simple linear regression and 

correlation analysis showed also the existence of a positive correlation between altitude and 

Olsen-P values, even though this may not indicate the existence of a causal relationship between 

the altitude and Olsen-P but rather a causal relationship between SOM and soil phosphorus 

content. The highest value (22 mg/kg) was encountered in a profile of crop-land (Ap of KS14) 
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already under cultivation for more than 30 years, what may be due to gradual accumulation of P 

in the surface layers as a result of repeated P-fertilizer application owing to the low mobility of P 

within the soil profile. The results of DTPA-extracted cationic micronutrients also showed a 

decreasing trend with depth with the highest record in the Ah horizon, which may be attributed 

to the redistributive role of vegetation from the deeper layers to the soil surface. The values of Zn 

and Cu contents were rated as low (0.3-2.5 and 0.3-4.0 respectively) to very low (< 0.2), so that 

their deficiency to crops seemed to be most likely. On the other hand, the values of extracted Fe 

were rated as high (5.1-220) and that of Mn as medium (1.0-20) to very high (>50) in most of the 

pedons and as low (0.3-0.9) to very low (<0.2) in some pedons; and hence Fe-deficiency seemed 

to be of no concern in the near future, though Mn-deficiency would not be exclusive in this area.  

The petrographic analysis results indicated that areas below 2300 masl were dominated by 

various pyroclastic rocks and deposits; whereas above this elevation, extrusive volcanic rocks 

such as andesites appeared to be prevalent, though the mountainous areas with steep slopes were 

found to have also colluvial materials in the lower slope positions. The outputs of the 

computations made to estimate the dominant clay mineral types of the pedons have indicated that 

high-activity clays such as smectites in general and montmorillonites in particular, predominate 

in soils below 2550 masl elevation areas in the Lower-Dega (2400-2550 masl) and the entire 

Woina-Dega (1800-2400 masl) agro-climatic belts, though some pedons with hydromorphic 

properties were found to have mixed type clays that include chlorites but also dominated by 

high-activity clays. Although soils in areas above 2550 masl, namely in Dega-Proper (2550-

3000 masl) to Higher-Dega (3000-3200 masl) and in Wurch (3200-3700 masl) to High-Wurch 

(>3700 masl) also seemed to have mixed type clay mineralogy dominated by high-activity clays, 

distinct proportions of the low activity clays such as kaolinites were estimated to exist.  

In general, the fact that the trend in the observed values of the CEC7, SEB, Olsen-extracted P and 

DTPA-extracted cationic micronutrients of the second group soils conforms to that of the SOM, 

implicates that the fate of the native fertility of the high elevation area soils of the KSW and 

thereby the sustainability of the crop production, would be dependent more on the maintenance 

of the SOM than in the first group soils (lower elevation area soils). In inference, despite the 

declining trend of soil pH with increasing altitude, the average topsoil pH and the absence of 

exchangeable aluminium problem and the dominance of exchangeable Ca and high-activity clays 

indicated that nearly all soils sampled for the study can be considered as suitable for the 
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production of most crops under their present condition, since pH range of 5.5-7.00 is generally 

taken as most conducive to promote the availability of plant nutrients.  

The pedogenetic assessment of the soils of the study area revealed that their degree of 

weathering and leaching increased with increasing altitude, which was observed in their PBS, 

free carbonates occurrence within profile, pH and clay mineral composition. On the other hand, 

the soil development within the study area seemed generally not to be so influenced by the type 

of parent material, but rather more by the climatic and topographic factors. Even though 

vegetation by itself is largely influenced by the climatic and topographic conditions, the 

relationship of soil development with the natural vegetation type within KSW is also noteworthy. 

Generally, under otherwise similar agro-climatic conditions, more woody areas appeared to be 

dominated by soils with argic (argillic) subsoils, whereas grass dominated areas were occupied 

mainly by soils with vertic or cambic subsurface horizons; so that Luvisols, Retisols, Alisols and 

other RSGs with argic subsurfaces were prevalent in more woody landscape parts and 

PLanosols, Vertisols and Chernozems or Kastanozems were prevalent on grass dominated 

landscape positions. The main pedogenetic processes typical to the soil development of the first 

group soils seemed to be calcification accompanied by OM accumulation (melanization), 

braunification, eluviation versus illuviation accompanied by lessivage and elutriation; whereas, 

soluvation, decalcification, lessivage, braunification, melanization, mass-wasting, elutriation and 

faunal pedoturbation seemed to be characteristic pedogenetic processes of the second group 

soils. Depending on the topographic position, slope gradient and moisture condition that 

influence their intensity, erosion versus deposition, elutriation, lessivage, gleization and 

ferrolysis, melanization and braunification appeared to be the most probable pedogenetic 

processes common to both soil groups. According to the general trend of the pedogenesis 

observed within the study area along the altitudinal transect from the lowest to the highest 

elevation, the least leached soils (Kastanozems) were encountered in the Lower-Woina-Dega 

(lowest part of KSW) within the “rift valley part” and its border escarpment areas; and the most 

leached ones (Umbrisols) in the High-Wurch agro-climatic belt. Between the two extremes, soil 

groups such as Luvisols, Chernozems, Planozols, Retisols and Alisols occupy the area in an 

increasing sequence of elevation; the Regosols being found anywhere on land surfaces with 

higher slope gradients. Soils with hydromorphic profiles were restricted mainly to landscape 

parts with lower slope gradient and depressions. The identified soil groups (RSGs), represented 
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diversified climatic and physiographic conditions created as a result of orographic effects 

(altitudinal variation) and topographic ruggedness. Accordingly, 10 RSGs (Alisols, Cambisols, 

Chernozems, Kastanozems, Luvisols, Planosols, Regosols, Retisols, Umbrisols, Vertisols) of the 

FAO-WRB (2006) and/or FAO/IUSS-WRB (2015) and five Orders (Alfisols, Entisols 

Inceptisols, Mollisols and Vertisols) of the US-Soil Taxonomy classification system, were 

identified within the relatively small study area. 

The results of the physical land suitability evaluation showed that all LQs selected (7 in number) 

as relevant had some kind of limitation, even though there were differences both in the degree 

and type of limitation among the evaluated LMUs and LUTs. Nevertheless, the LQs that had 

severe to very severe limitations were only temperature regime (too high elevation), moisture 

availability (too much growing season rainfall), erosion hazard (steep slopes) and oxygen 

availability (water logging); the suitability assessment of which resulted either in an N1 

(currently not suitable) or N2 (permanently not suitable) suitability classes. The outputs of the 

overall suitability ratings were presented in terms of an actual and optional current suitability for 

each LMU, whereby the optional current suitability classes were determined by considering the 

minor improvement options which were within the limits of the technical and economic 

capability of the present users. In general, with due consideration to the traditional agro-climatic 

belts, the LMUs within Proper-Woina-Dega up to Upper-Woina-Dega agro-climatic belt (M1bI 

and M2cI, 30.7% of the study area) were found to be the most suitable (S1 to S2) for bread 

wheat and all the other LUTs. The LMU of the Lower-Woina-Dega agro-climate (M4aI) had 

limitations by all LQs. The LMUs in the Proper-Dega (M2dIII and M4eII) were assessed to have 

an S2 suitability class for barley and bread wheat both by current actual and current optional 

suitabilities; whereas they were permanently not suitable (N2) for teff due to too much rainfall 

during the growing season. Nevertheless, the farmers of the area seemed to have well managed 

this problem by adjusting the time of planting and using teff cultivars more adapted to the 

environmental condition of this LMU; which seems to be also the proper aspect of future 

research in such areas. The M5fI (33.8% of the study area), the LMU within Upper-Dega up to 

High-Wurch agro-climatic belt, was assessed to be permanently not suitable for all LUTs mainly 

due to extremely high elevation and steep topography. Except for the steep slopes, the M4eII 

(Proper-Dega) could have been rated as an S1 and the M5fI as an S3 for barley production, 

which denotes that barley is the only crop that can be successfully grown in areas with extremely 
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high altitudes. The predominance of topographic ruggedness within the KSW implicates that for 

the future sustainable agricultural use of most LMUs, stringent soil and water conservation 

measures are the prerequisite, in addition to further suitability evaluation for other crops widely 

grown (especially rotation crops) in the area in a manner that enables to sustain the integration of 

the existing mixed-farming system (live-stock rearing and crop production) that may aid also to 

maintain soil fertility.  

In general, in the E.2.03 type Rainfall Pattern Region of Arsi Zone, in the KSW, the results of 

the environmental and profile macromorphological description, soil characterization, 

pedogenetic assessment, soil classification and the land suitability evaluation, have indicated that 

the differences observed by the Ethiopian farmers in their altitudinally varied environments since 

long in terms of temperature, vegetation types and animal races and thereby also in the land-use 

types, were found to be valid. However, this needs more detailed study that includes the other 

Rainfall Pattern Regions of the country for more reliable conclusion. In inference, the 

Hypothesis of the research project that states “the existing diversity of environmental conditions 

implicates the existence of the spatial variations of soils and differences in the land suitability 

and management practices” within the study area can be accepted. 
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Appendix Table 1. Description of the soil surface characteristics (rock outcrops, surface coarse 

fragments and 

                                 soil erosion)  
 

A = Active at present; AM = Wind erosion; R= Active in recent past; WA = Water and wind erosion; WR = Rill erosion; WS = 

Sheet erosion; S = Stones; M = Medium gravel; 

        B = Boulders; L = Large boulders; C = Coarse gravel; W = Water erosion.  

Profile 

No. 

Classification of rock outcrops Coarse surface fragments Soil erosion category, severity and activity 

Existence 

(amount) 

Surface 

cover (%) 

Distance 

between 

rocks in m 

Surface 

cover 

classes 

Surface 

cover in % 

Size class 

dimension 

(cm) 

Main category and type 
Severity 

class 
Activity Category Type 

KS 01 None - - - - - W WS Moderate A, R 

KS 02 Few 2-5 20-50 Common 5-15 S ( 6-20) W WS Moderate A, R 

KS 03 None - - None - - W WS Slight A, R 

KS 04 None - - None - - W WS Slight A, R 

KS 05 None - - None - - W WS, WR Moderate A, R 

KS 06 None - - None - - W WS Slight R 

KS 07 Very few 0-2 > 50 None - - W WS, WR Slight R 

KS 08 Few 2-5 20-50 Very few 0-2 S ( 6-20) WA WS,AM Moderate A, R 

KS 09 None - - None - - None - - - 

KS 10 None - - None - - W WS, WR Moderate A, R 

KS 11 Few 2- 5 20-50 Few 2-5 M (0.6-2) 

C (2-6) 

WA WR, AM Moderate A, R 

KS 12 None - - None - - W WS Slight A, R 

KS 13 None - - None - - W WS Slight A, R 

KS 14 None - - None - - W WS, WR Moderate A 

KS 15 None - - None - - W WS Moderate A, R 

KS 16 Few 2- 5 20-50 Few 2-5 C (2-6) 

S (6-20) 

W WS, WR Moderate A, R 

KS 17 None - - None - - W WS Moderate A, R 

KS 18 Common 5-15 5-20 Common 5-15 B (20-60) 

L (60-200) 

W WS Slight A, R 

KS 19 Common 5-15 5-20 Many 15-40 S (6-20) 

B (20-60) 

W WS, WR Slight A, R 
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Appendix Table 2.  Description of the soil surface characteristics (surface sealing and surface 

cracks)  

Profile 

No. 

Surface sealing (crust) situation Description of surface cracks‟ condition 

Existence 
Thickness 

in mm 

Consistence Existence Width in 

cm  

Distance 

between 

cracks in m 

Depth in cm  

KS 01 None - -  Medium 

(1-2) 

Close (0.2- 

0.5) 

Deep (10- 

20) 

KS 02 None - -  Fine (< 1) Close (0.2- 

0.5) 

Medium (2-

10) 

KS 03 None - -  Fine (<1) Close (0.2- 

0.5) 

Medium (2-

10) 

KS 04 None - - None - - - 

KS 05 None - - None - - - 

KS 06 None - -  Medium 

(1-2) 

Moderate 

(0.5-2.0) 

Medium (2- 

10) 

KS 07 None - -  Wide (2-

5) 

Close (0.2- 

0.5) 

Deep (10- 

20) 

KS 08 None - -  Wide (2- 

5) 

Close (0.2- 

0.5) 

Very deep ( 

> 20) 

KS 09 None - -  Medium 

(1- 2) 

Close 0.2- 

0.5 

Medium (2-

10) 

KS 10 None - -  Wide (2- 

5) 

Very close 

(<0.2) 

Deep (10- 

20) 

KS 11 None - - None - - - 

KS 12 None - - None - - - 

KS 13 None - -  Wide (2-

5) 

Close (0.2- 

0.5) 

Deep (10- 

20) 

KS 14 None - - None - - - 

KS 15 None - - None - - - 

KS 16 None - - None - - - 

KS 17 None - - None - - - 

KS 18 None - - None - - - 

KS 19 None - - None - - - 
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Appendix Table 3. Description of the soil surface characteristics (occurrence of salts and bleached 

sand, external drainage and flood  

                               condition)  

 

Profile 

No. 

Occurrence, coverage and thickness of 

salt cover 

Occurrence of bleached 

sand and coverage 
External drainage 

condition (runoff) 

Flooding condition 

Occurrence 
Surface 

cover in % 

Thickness 

in mm 
Occurrence 

Surface 

cover in % 

Flood 

frequency 

Flood 

duration 

in days 

Flooding 

depth in cm 

KS 01 None - - None - Rapid runoff None - - 

KS 02 None - - None - Rapid runoff None - - 

KS 03 None - - None - Slow runoff None - - 

KS 04 None - - None - Slow runoff None - - 

KS 05 None - - None - M. rapid runoff None - - 

KS 06 None - - None - M. rapid runoff None - - 

KS 07 None - - None - Slow runoff None - - 

KS 08 None - - None - Slow runoff None - - 

KS 09 None - - None - Slow runoff None - - 

KS 10 None - - None - M. rapid runoff None - - 

KS 11 None - - None - Rapid runoff None - - 

KS 12 None - - None - Slow runoff None - - 

KS 13 None - - None - M. rapid runoff None - - 

KS 14 None - - None - M. rapid runoff None - - 

KS 15 None - - None - Rapid runoff None - - 

KS 16 None - - None - Rapid runoff None - - 

KS 17 None - - None - Rapid runoff None - - 

KS 18 None - - None - Rapid runoff None - - 

KS 19 None - - None - Rapid runoff None - - 
            M. = Moderately 
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Appendix Table 4. Description of profile characteristics (effective soil depth, ground water and 

internal drainage condition)  

Profile 

No. 

Profile characteristics 

Effective soil depth in cm 

Moisture 

condition during 

sampling 

Ground water condition Internal drainage condition 

Depth in cm Quality 
Drainage 

classes 
Profile saturation condition 

KS 01 Very deep (>150) Slightly moist Very deep (>150) - W Never saturated 

KS 02 Very deep (>150) Slightly moist Not observed - W Never saturated 
KS 03 Very deep (>150) Dry Not observed - W  Never saturated 
KS 04 Very deep (>150) Slightly moist Not observed - I Saturated for short period in 

most years 
KS 05 Deep (100-150) Dry Not observed - W Never saturated 
KS 06 Deep (100-150) Moist Not observed - W Never saturated 
KS 07 Very deep (>150) Moist Not observed - W Never saturated 
KS 08 Very deep (>150) Moist Not observed - W Never saturated 
KS 09 Very deep (>150) Slightly moist Not observed - W Never saturated 
KS 10 Very deep (>150) Dry Not observed - W Never saturated 
KS 11 Moderately deep (50-100) Dry Not observed - S E Never saturated 
KS 12 Very deep (>150) Slightly moist Very deep(>150) Not known I Saturated for short period in 

most years 

KS 13 Very deep (>150) Moist Deep (100-150) Not known I Saturated for short period in 

most years 

KS 14 Very deep (>150) Slightly moist Not observed - W Never saturated 

KS 15 Very deep (>150) Slightly moist Very deep ( > 150) Not known M Rarely saturated 

KS 16 Moderately deep (50-100) Slightly moist  Not observed - SE Never saturated 

KS 17 Very deep (>150) Slightly moist Very deep (>150) Not known M Rarely saturated 

KS 18 Deep (100-150) Slightly moist Not observed - W Never saturated 

KS 19 Moderately deep (50-100) Slightly moist  Not observed - SE Never saturated 
I = Somewhat poorly drained; M = Moderately well-drained; SE = Somewhat excessively drained; W = Well-drained 
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Appendix Table 5.  Rock fragments and artifacts observed within profile  

Profile 

No. 

Location 

 in profile 

Depth 

in cm 

Rock fragments and artifacts observed within the profile 

Abundance 

in % 

Size classes 

Shape 
Nature of rock 

fragments 

Weathering state of rock 

fragments and artifacts Rock 

fragments 
Artifacts 

KS 01 Ah - BCkss 0 – 200+ No   rock fragments and artifacts were observed throughout 

KS 02 Ck 137 – 200+ Common   

(5-15) 

Stones 

sized 

None Sub-rounded Carbonate nodules Pedogenic carbonates 

KS 03 Ah - Bw 0 – 200+ No   rock fragments and artifacts were observed throughout 

KS 04 BCr 146 – 200+ Few (2-5) Stones None Angular Volcanic rock W 

KS 05 BCr 109 – 123+ Few (2-5) Stones None Angular and 

sub-rounded 

Weathered tuff and 

carbonate nodules 

W and pedogenic carbonates 

KS 06 BCtrk 97 – 126+ Few (2-5) Stones None Angular and 

sub-rounded 

Weathered tuff and 

carbonate nodules 

W and pedogenic carbonates 

KS 07 Ap - Cr 0 – 200+ No   rock fragments and artifacts were observed throughout 

KS 08 Crk 119 – 172 Common 

(5 -15) 

Stones None Angular and 

sub-rounded 

Weathered tuff and 

carbonate nodules 

W and pedogenic carbonates 

KS 09 Ah - Ck  0 – 200+ No   rock fragments and artifacts were observed throughout 

KS 10 Ah - Crk 0 – 200+ No   rock fragments and artifacts were observed throughout 

KS 11 Ah 0 – 18 Few (2-5) M None Angular Pumiceous material W 

 AC 18 – 33 Common 

(5-15) 

M and C None Angular Pumiceous material W 

 Cr 33 – 62 Many  

(15- 40) 

Stones and 

C 

None Angular Pumiceous material W 

KS 12 Ah - Btss 0 – 200+ No   rock fragments and artifacts were observed throughout 

KS 13 B/Ctrg  153-181+ Few (2-5) Stones None Angular Volcanic rock W 

KS 14 Ap - C 0 – 200+ No   rock fragments and artifacts were observed throughout 

C = Coarse gravel (2-6 cm); M = Medium gravel (0.6- 2 cm); W = Partially weathered, discoloration and loss of crystal form the 

outer part only. 
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Appendix Table 5.  (Continued)  

Profile 

No. 

Location 

 in profile 

Depth  

in cm 

Rock fragments and artifacts observed within the profile 

Abundance 

in % 

Size classes 
Shape 

Nature of rock 

fragments 

Weathering state of rock 

fragments and artifacts Rock fragments Artifacts 

KS 15 Ah - BC 0-200+ No   rock fragments and artifacts were observed throughout 

KS 16 Ah 0-15 Very few 

(0 – 2) 

F, M None Angular Various W 

 A1 15-52 Common 

(5-15) 

M, C None Angular Various W 

 A/Ctr 52-83 Many  

(15- 40) 

M, C, S None Angular Various W 

KS 17 Ah – B2 0-200+ No   rock fragments and artifacts were observed throughout 

KS 18 Ah 0-19 None - None - - - 

 A1 19-47 Very few  

(0- 2) 

M None Angular Various W, ST 

 Bt1 47-94 Few (2-5) M, C None Angular Various W, ST 

 B/Ctr 94-113 Common 

(5-15) 

M, C, S None Angular Various W, ST 

KS 19 Ah 0-16 Few (2-5) Fine gravel None Angular Various W, ST 

 A1 16-32 Common 

(5-15) 

F, M, C None  Angular 

and flat 

Various W 

 ACr 32-55+  Many 

(15- 40) 

C, S None  Angular 

and flat 

Various W 

F = Fine gravel (0.2- 0.6 cm); S = Stones (6-20 cm); ST = Strongly weathered (strongly discolored and tends to disintegrate under 

moderate pressure.   
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Appendix Table 6. Soil Structure and occurrence of coatings (cutanic concentrations)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth)  

in cm 

Soil structural condition Occurrence of coatings (cutans)  

Structure 

type (shape) 

Aggregate size 

 in classes (mm) 

Structural 

grades 
Abundance (%) Nature Contrast 

Form 

(continuity) 
Location 

KS 01 Ah 0 –14 GRC Fine (1- 2) Strong None - - - - 

 A1 14 – 33 GR Medium (2 -5) ST None - - - - 

 A2 33 – 58 SB Coarse (20 – 50) ST None - - - - 

 BA 58 – 109 AB Medium (10-20) ST Few (2 -5) SS Distinct Non-uniform P 

 Bss1 109 – 157 WAB Medium (20 – 50) ST Many (15-40) SS Prominent Continuous P 

 Bkss2 157 – 193 WAB Medium ST Dominant (>80) SS Prominent Continuous P 

 BCkss 193 – 200+ WAB Medium MO Dominant SS Prominent Continuous P 

KS 02 Ah 0 –13 GRC Medium (2-5) ST None - - - - 

 A1 13 – 28 GR Medium ST None - - - - 

 BAt 28 – 48 GR, SB Medium (10-20) ST Few Clay Faint Non-uniform P 

 Btk1 48 – 71 SB Coarse (20 – 50 ST Common (5-15) Clay Faint Continuous PV 

 Btk2 71 – 104 SB Coarse ST Many Clay Distinct  PV 

 BCtk 104 – 137 GR, SB Medium ST Common Clay Distinct Discontinuous P 

 Ck 137 – 200+ GRC Medium MO None - - - - 

KS 03 Ah 0 –13 GRC Fine ST None - - - - 

 A1 13 – 43 GR Medium ST None - - - - 

 A2 43 – 93 SB Medium ST Few Clay Faint Non-uniform P 

 BAk 93 – 113 AB Medium ST Common Clay Faint Discontinuous P 

 Bwk1 113 – 158 Prismatic Medium (20-50) ST Many Clay Distinct Continuous PV, PH 

 Bw2 158 – 200+ AB Medium ST Many Clay Distinct Continuous PH, PV 

KS 04 Ah 0 – 22 GRC Fine ST None - - -  

 AE 22 – 40 GR Medium ST None - - -  

 BAt 40 – 66 SB, WAB Medium ST Few Clay Distinct Discontinuous P 

 Btss1 66 – 99 WAB Medium ST Abundant (40-80) SS, C Prominent Continuous P 

 Btss2 99 – 146 WAB Medium ST Abundant SS, C Prominent Continuous P 

 BCr 146 – 200 SB,WAB Medium, Fine ST Common SS, C Distinct Non-uniform PV 
AB = Angular blocky; C = Clay (clay films); GRC = Granular-crumb; GR = Granular; SB = Sub-angular blocky; WAB = Wedge-

shaped angular blocky; MO = Moderate;  

ST = Strong; SS = Slickensides; P = Ped faces; PH = Horizontal ped faces; PV = Vertical ped faces. 
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Appendix Table 6. (Continued.)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) in 

cm 

Soil structure condition Occurrence of coatings (cutans)  

Structure 

type 

(shape) 

Aggregate size 

classes 

Structural 

grades 

Abundance 

(%) 
Nature Contrast 

Form 

(continuity) 
Location 

KS 05 Ah 0 – 22 GRC Fine ST None - - - - 

 A1 22 – 45 GR Medium ST None - - - - 

 Bt1 45 – 63 SB Coarse ST Common Clay Distinct Continuous PV 

 Bt2 63 – 109 AB, PR Coarse ST Abundant Clay Prominent Continuous PV, PH 

 BCr 109 – 123+ AB, SB Coarse, medium MO Abundant Clay Distinct Non-uniform PV 

KS 06 Ah 0 – 13 GRC Medium ST None - - - - 

 A1 13 – 27 GR Medium ST None - - - - 

 BAt 27 – 39 SB, AB Medium, coarse ST Common Clay Faint Discontinuous PV 

 Bt1 39 – 66 AB Coarse ST Abundant Clay Prominent Continuous PV, PH 

 Bt2 66 – 97 AB Coarse ST Abundant Clay Prominent Continuous PV, PH 

 BCtrk 97 – 126+ SB,AB Medium, coarse ST Many Clay Distinct Continuous PV 

KS 07 Ap 0 – 21 GRC Fine, medium MO None - - - - 

 A1 21 – 39 GR Medium ST None - - - - 

 Bt 39 – 97 AB Coarse ST Abundant Clay Distinct Continuous PV 

 B/Ctk 97 – 138 AB, SB Coarse ST Common Clay Faint Discontinuous PV 

 Cr 138 – 200+ GR Medium, fine WE None - - - - 

KS 08 Ap 0 – 16 GR Medium ST None - - - - 

 A1 16 – 30 GR Medium ST None - - - - 

 BAt 30 – 47 SB Coarse, medium ST Few Clay Faint Discontinuous P 

 Bt1 47 – 73 AB Coarse ST Many Clay Distinct Continuous PV,PH 

 B2 73 – 94 AB Coarse ST Abundant Clay Distinct Continuous PV,PH 

 BCk 94 – 119 SB Coarse, medium ST Common Clay Faint Discontinuous P 

 Crk 119 – 172+ GR Fine, medium WE None - - - - 

KS 09 Ah 0 – 18 GR Medium, fine ST None - - - - 

 A1 18 – 37 GRC Fine, medium ST None - - - - 

 BAt 37 – 58 SB Medium, coarse ST Few Clay Faint Discontinuous P 

 Bt1 58 – 76 AB Coarse ST Many Clay Distinct Continuous PV,PH 

 B2 76 – 106 AB Coarse ST Abundant Clay Prominent Continuous PV, PH 

 BCk 106 – 146 AB, SB Coarse, medium ST Common Clay Distinct Non-uniform PV 

 Ck 146 – 200+ GR Fine, medium WE, MO None - - - - 
      WE = Weak; PR = Prismatic. 
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Appendix Table 6. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Soil structure condition Occurrence of coatings (cutans)  

Structure 

type shape 

Aggregate size 

classes 

Structural 

grades 

Abundance 

(%) 
Nature Contrast 

Form 

(continuity) 
Location 

KS 10 Ah 0 – 14 GR Medium, fine ST None - - - - 

 A1 14 – 38 GRC Fine, medium ST None - - - - 

 BAt 38 – 58 SB Medium ST Few C Faint Discontinuous PV 

 Bt1 58 – 85 AB Coarse ST Many C Distinct, faint Continuous PV,PH 

 Bk2 85 – 112 AB Coarse ST Abundant C Distinct Continuous PV, PH 

 BCk 112 – 153 SB Medium ST Many C Distinct, faint Non-uniform PV 

 Crk 153 – 200+ GR Fine WE None - - - - 

KS 11 Ah 0 – 18 GRC Fine, medium ST None - - - - 

 AC 18 – 33 GRC Fine, medium ST None - - - - 

 Cr 33 – 62 GR Medium WE None - - - - 

KS 12 Ah 0 – 19 GR Medium ST None - - - - 

 EA 19 – 46 GR Medium ST None - - - - 

 B/Et 46 – 71 SB Medium ST Common C, SS Faint Discontinuous P 

 Btss1 71 – 135 WAB Coarse ST Dominant SS Prominent Continuous P 

 Btss2 135 – 200+ WAB Coarse ST Abundant SS Prominent Continuous P 

Ks 13 Ah  0 – 14 GR Medium ST N - -  - 

 A/E 14 – 39 GR, SB Medium ST F C Faint Discontinuous PV 

 Btss1 39 – 87 WAB Coarse ST D SS Prominent Continuous P 

 Btssg2 87 – 153 WAB Coarse ST D SS Prominent Continuous P 

 B/Ctrg 153 – 181+ WAB, SB Coarse, medium ST D, M SS Distinct Continuous P 

KS 14 Ap 0 – 16 GR Fine, medium MO None - - - - 

 A1 16 – 40 GR Medium ST None - - - - 

 Bw1 40 – 69 SB Coarse ST None - - - - 

 Bw2 69 – 106 SB Coarse ST Few C Faint Non-uniform PV 

 BC 106 – 160 SB Medium ST None - - - - 

 C 160 – 200+ GRC Fine WE None - - - - 

 

  



345 
 

 

Appendix Table 6. (Continued)  

Profil

e No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Soil structure condition Occurrence of coatings (cutans)  

Structure type 

shape 

Aggregate size 

classes 

Structural 

grades 

Abundance 

(%) 
Nature Contrast 

Form 

(continuity) 
Location 

KS 15 Ah 0 – 11 GRC Fine ST None - - - - 

 A1 11 – 34 GRC Medium ST None - - - - 

 BEt 34 – 50 GR, SB Fine ST Few C Faint Discontinuous PV 

 Bt1 50 – 100 SN, AB Fine ST Many C Distinct Continuous PV, PH 

 Bt2 100 – 157 AB, SN Fine ST Many C Distinct Continuous PV, PH 

 BC 157 – 200+ SB, SN Fine ST Common C Distinct, faint Non-uniform PV, PH 

KS 16 Ah 0 – 15 GRC Fine WE None - - - - 

 A1 15 – 52 GRC Fine MO None - - - - 

 A/Ctr 52 – 83+ SB Fine, medium ST None - - - - 

KS 17 Ah 0 – 19 GRC Fine, medium WE None - - - - 

 A1 19 – 39  GRC Medium MO None - - - - 

 BEt 39 – 66 GR, SB Medium ST Few C Faint Discontinuous PV 

 Bt1  66 – 102 SN, AB Fine ST Many C Distinct Continuous PV,PH 

 B2 102 – 200+ SN, AB Fine ST Abundant C Distinct Continuous PV,PH 

KS 18 Ah 0 – 19 GRC Fine WE None - - - - 

 A1 19 – 47 GRC Fine MO None - - - - 

 Bt1 47 – 94 GR Fine ST None - - - - 

 B/Ctr 94 – 113 SB, GR Medium, fine ST None - - - - 

KS 19 Ah 0 – 16 GRC Fine WE None - - - - 

 A1 16 – 32 GRC Fine MO, WE None - - - - 

 ACr 32 – 55+ GR Fine, medium ST None - - - - 
SN = Nuty sub-angular blocky 
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Appendix Table 7. Consistence state of soil materials and occurrence of mineral concentrations 

(nodules or concretions)   

Profile 

No. 

Horizon 

designation 

Moisture condition related consistence Mineral concentrations (nodules or concretions) observed 

Dry soil Moist soil 
Wet soil Abundance 

(%) 

Size class 

(in mm) 
Shape Nature Color Hardness 

Stickiness Plasticity 

KS 01 Ah  Hard Friable NST NPL None - - - - - 

 A1 Hard Firm SST SPL None - - - - - 

 A2 Very hard Very firm ST PL None - - - - - 

 BA Very hard Ex. firm VST VPL None - - - - - 

 Bss1 Very hard Ex. firm VST VPL Few (2-5) Medium 

(6-20) 

Irregular K White Hard 

 Bkss2 Very hard Very firm VST VPL Many (15-40) Medium Irregular K White Hard 
 BCkss Hard Firm ST PL Many Medium Irregular K White Hard 
KS 02 Ah Slightly hard V. friable SST SPL None - - - - - 

 A1 Slightly hard Friable SST SPL None - - - - - 

 BAt Hard Firm ST PL Few Medium Rounded K White Hard 
 Btk1 Very hard Very firm VT VPL Many Coarse Irregular K White Hard 
 Btk2 Very hard Very firm VST VPL Abundant 

(40-80) 

Coarse 

(>20) 

Irregular K Greyish Hard 

 BCtk Hard Firm ST PL Abundant Coarse Irregular K Greyish Hard 
 Ck Slightly hard Friable SST SPL Com. (5-15) Coarse Irregular K Greyish Hard 
KS 03 Ah Slightly hard V. friable SST NPL None - - - - - 

 A1 Hard Friable SST NPL None - - - - - 

 A2 Very hard Firm SST SPL None - - - - - 

 BAk Very hard Very firm ST PL Common Medium Rounded K White Hard, soft 

 Bwk1 Very hard Very firm ST PL Few Medium Rounded K White Hard, soft 

 Bw2 Very hard Very firm SST PL None - - - - - 
Com. = Common; Ex. = Extremely; K = Carbonates; NPL = Non-plastic; NST = Non-sticky; PL = Plastic; SPL = Slightly plastic; 

SST = Slightly sticky;  

ST = Sticky; VPL = Very plastic; VST = Very sticky; V. = Very;  
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Appendix Table 7. (Continued)  

Profile 

No. 

Horizon 

designation 

Moisture condition related consistence Mineral concentrations (nodules or concretions) observed 

Dry soil Moist soil 
Wet soil Abundance 

(%) 

Size class 

(in mm) 
Shape Nature Color Hardness 

Stickiness Plasticity 

KS 04 Ah  Soft Very friable SST NPL None - - - - - 

 AE Slightly hard Friable SST SPL None - - - - - 

 BAt Hard Firm ST PL None - - - - - 

 Btss1 Very hard Very firm VST VPL V. few Fine Rounded M Black
* Hard, soft 

 Btss2 Very hard Very firm VST VPL V. few Fine Rounded M Black
* Hard, soft 

 BCr Hard Firm VST PL None - - - - - 

KS 05 Ah Hard Friable SST SPL None - - - - - 

 A1 Very hard Firm ST PL None - - - - - 

 Bt1 Ex. hard Very firm VST VPL None - - - - - 

 Bt2 Ex. hard Very firm VST VPL None - - - - - 

 BCr Hard Firm ST PL Few Coarse Irregular K White Hard 

KS 06 Ah Hard Friable NST NPL None - - - - - 

 A1 Hard Firm SST SPL None - - - - - 

 BAt Very hard Very firm ST PL None - - - - - 

 Bt1 Very hard Very firm VST VPL None - - - - - 

 Bt2 Very hard Very firm VST PL None - - - - - 

 BCtrk Hard Firm ST SPL Few Coarse Irregular K White Hard 

KS 07 Ap Slightly hard Friable SST NPL None - - - - - 

 A1 Hard Firm ST SPL None - - - - - 

 Bt Very hard Very firm VST PL V. few Fine Rounded K White Hard, soft 

 B/Ctk Hard Very firm VST, ST PL Few Coarse Irregular K White Hard 

 Cr Soft Very friable NST NPL None - - - - - 

KS 08 Ap Slightly hard Friable SST NPL None - - - - - 

 A1 Hard Friable ST SPL None - - - - - 

 BAt  Very hard Firm ST SPL None - - - - - 

 Bt1 Very hard Very firm VST PL V. few Fine Rounded K White Hard, soft 

 B2 Very hard Very firm VST PL Few Medium Rounded K White Hard 

 BCk Hard Firm ST SPL Many Coarse Irregular K Greyish Hard 
 Crk Soft Friable NST NPL Abundant Coarse Irregular K Greyish Hard 

* The concretions are internally black and externally brownish; M = Manganese concretions. 
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Appendix Table 7. (Continued)  

Profile 

No. 

Horizon 

designation 

Moisture condition related consistence Mineral concentrations (nodules or concretions) observed 

Dry soil Moist soil 
Wet soil Abundance 

(%) 

Size class 

 (in mm) 
Shape Nature Color Hardness 

Stickiness Plasticity 

KS 09 Ah Slightly hard Friable SST SPL None - - - - - 

 A1 Slightly hard Friable SST, ST SPL None - - - - - 

 BAt Hard Firm ST PL None - - - - - 

 Bt1 Very hard Very firm VST VPL None - - - - - 

 B2 Very hard Very firm VST VPL None - - - - - 

 BCk Hard Firm ST PL Few Fine Rounded K White Soft 

 Ck Soft Very friable SST SPL Many Medium Irregular K Greyish Hard, soft 

KS 10 Ah Hard Friable SST SPL None - - - - - 

 A1 Hard Friable SST SPL None - - - - - 

 BAt Very hard Firm VFI ST None - - - - - 

 Bt1 Very hard Very firm ST PL None - - - - - 

 Bk2 Very hard Very firm ST PL Many  Medium Irregular K Greyish Hard 
 BCk Hard Firm ST PL Many Coarse Irregular K Greyish Hard 
 Crk Soft Very friable SST NPL Abundant Coarse Irregular K Greyish Hard 
KS 11 Ah  Slightly hard Friable SST SPL None - - - - - 

 AC Slightly hard Friable SST SPL None - - - - - 

 Cr Hard Firm NST NPL None - - - - - 

KS 12 Ah Slightly hard Friable SST SPL None - - - - - 

 EA Hard Friable SST PL Common Fine Rounded FM YR,BL Soft 

 B/Et Very hard Firm ST PL Common Fine Rounded FM YR,BL Hard 

 Btss1 Ex. hard Ex. firm VST VPL Few Fine Rounded M BB Hard 

 Btss2 Very hard Very firm VST VPL Few Fine Rounded M BB Hard 

KS 13 Ah Slightly hard Friable SST SPL None -  -  - 

 A/E Slightly hard Friable ST PL Many Very fine Rounded FM YR Soft 

 Btss1 Very hard Very firm VST VPL Common Fine Rounded FM, M BB,BR Hard 

 Btssg2 Very hard Very firm VST VPL Abundant Medium Rounded M BB Soft 

 B/Ctrg Slightly hard Firm ST PL Abundant Medium Rounded M BB,BL Soft 
BB = Bluish black; BL = Black; BR = Brown; FM = Iron and manganese; M = Manganese; YR = Yellowish red.  

 

Appendix Table 7. (Continued)  

Profile 

No. 

Horizon 

designation 

Moisture condition related consistence Mineral concentrations (nodules or concretions) observed 

Dry soil Moist soil 
Wet soil Abundance 

(%) 

Size class 

(in mm) 
Shape Nature Color Hardness 

Stickiness Plasticity 

KS 14 Ap Slightly hard Friable SST SPL None - - - - - 

 A1 Very hard Firm SST PL None - - - - - 

 Bw1 Very hard Firm ST PL None - - - - - 

 Bw2 Very hard Very firm ST PL None - - - - - 

 BC Very hard Firm ST PL None - - - - - 

 C Slightly hard Friable SST SPL None - - - - - 

KS 15 Ah Slightly hard V. friable SST SPL None - - - - - 

 A1 Slightly hard V. friable SST SPL None - - - - - 

 BEt Hard Friable ST PL Common Very fine Rounded FM BB* Both** 
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 Bt1 Very hard Firm ST PL Many Fine Rounded FM BB* Both** 
 Bt2 Very hard Firm ST PL Abundant Fine Rounded M BB Both** 
 BC Hard Friable ST PL Abundant Fine Rounded M BB Both** 
KS 16 Ah Soft V. friable NST NPL None - - - - - 

 A1 Slightly hard V. friable NST SPL None - - - - - 

 A/Ctr Hard Friable ST SPL None - - - - - 

KS 17 Ah Slightly hard Friable SST SPL None - - - - - 

 A1 Slightly hard Friable SST SPL None - - - - - 

 BEt Hard Firm ST PL Few Very fine Rounded FM BB* Both** 
 Bt1 Very hard Very firm ST PL Many Fine Rounded M BB Both** 
 B2 Hard Very firm ST PL Abundant Fine Rounded M BB Both** 
KS 18 Ah Soft V. friable NST NPL None - - - - - 

 A1 Soft V. friable NST SPL None - - - - - 

 Bt1 Soft V. friable SST PL None - - - - - 

 B/Ctr Slightly hard Friable SST PL None - - - - - 

KS 19 Ah Soft V. friable NST NPL None - - - - - 

 A1 Soft V. friable NST NPL None - - - - - 

 ACr Slightly hard V. friable SST SPL None - - - - - 
BB* = Externally brown bluish black concretions; Both** = Both hard and soft type concretions. 
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Appendix Table 8. Biological activity observed within the profile  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Plant roots abundance and size classes 
Other biological features  

and their biological activity 

Roots abundance Dominant  

size classes 

in mm 

Biological features  Biological 

activity  Description  No./dm
2
 per size class 

< 2mm/dm
2 

> 2mm/dm
2 

KS 01 Ah 0-14 Many > 200 > 20 Very fine (< 0.5) None - 

 A1 14-33 Many > 200 > 20 Very fine None - 

 A2 33- 58 Common 50-200  5-20 Very fine None - 

 BA 58-109 Common 50-200 5-20 Fine (0.5-2.0) None - 

 Bss1 109-157 Few 20-50 2-5 Fine  None - 

 Bkss2 157-193 Very few 1-20  1-2 Fine None - 

 BCkss 193-200+ None - - - None - 

KS 02 Ah 0-13 Many > 200 > 20 Very fine None - 

 A1 13-28 Many > 200 > 20 Very fine Filled borrows of mole rats Few** 

 BAt 28-48 Common 50-200  5-20 Very fine None - 

 Btk1 48-71 Common 50-200 5-20 Fine None - 

 Btk2 71-104 Few 20-50 2-5 Fine None - 

 BCtk 104-137 Few 20-50 2-5 Medium (2-5)* None - 

 Ck 137-200+ Very few 1-20 1-2 Coarse ( > 5)* None - 

KS 03 Ah 0-13 Many > 200 > 20 Very fine None - 

 A1 13- 43 Many > 200 > 20 Very fine None - 

 A2 43-93 Many > 200 > 20 Very fine None - 

 BAk 93-113 Common 50-200 5-20 Fine None - 

 Bwk1 113-158 Common 50-200 5-20 Fine None - 

 Bw2 158-200+ Few 20-50 2- 5 Fine, medium None - 

KS 04 Ah 0-22 Many > 200 > 200 Very fine Earthworm channels Common** 

 AE 22-40 Many > 200 > 200 Very fine None - 

 BA 40- 66 Common 50-200 5-20 Fine None - 

 Btss1 66-99 Few 20-50 2-5 Fine None - 

 Btss2 99-146 Very few 1-20 1-2 Coarse None - 

 BCr 146-200+ None - - - None - 

* Indicates tree roots; ** The term is analogous with the root abundance for the >2 mm/dm2 size class. 
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Appendix Table 8. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Plant roots abundance and size classes 
Other biological features and their 

biological activity 

Roots abundance Dominant  

size classes  

in mm 

Biological features 
Biological 

activity 
Description  No./dm

2
 per size class 

< 2mm/dm
2 

> 2mm/dm
2 

KS 05 Ah  0-22 Many  >200   >20 Very fine (< 0.5) None - 

  A1 22-45 Many >200 >20 Very fine None - 

 Bt1 45- 63 Common 50-200 5-20 Very fine None - 

 Bt2 63-109 Common 50-200 5-20 Fine (0.5-2.0) None - 

 BCr 109-123+ Few 20-50 2- 5 Fine None - 

KS 06 Ah 0-13 Many >200 >20 Very fine Earthworm channels Common 

 A1 13-27 Many >200 >20 Very fine New mole-rat borrows Few 

 BAt 27-39 Many >200 >20 Fine, medium Filled mole-rat borrows Few 

 Bt1 39-66 Common 50-200 5-20 Fine, medium None - 

 Bt2 66-97 Common 50-200 5-20 Medium, coarse None - 

 BCtrk 97-126+ Few 20-50 2-5 Coarse ( > 5) None - 

KS 07 Ap 0-21 Many >200 >20 Very fine Earthworm channels Common 

 A1 21-39 Many >200 >20 Very fine New mole-rat borrows Few 

 Bt 39- 97 Common 50-200 5-20 Fine None - 

 B/Ctk 97-138 Few 20-50 2-5 Fine None - 

 C 138-200+ Very few 1-20 1-2 Medium (2-5) None - 

KS 08 Ap 0-16 Many >200 >20 Very fine None - 

 A1 16-30 Many >200 >20 Very fine None - 

 BAt 30- 47 Common 50-200 5-20 Fine None - 

 Bt1 47-73 Common 50-200 5-20 Fine None - 

 B2 73-94 Few 20-50 2-5 Medium None - 

 BCk 94-119 Very few 1-20 1-2 Medium None - 

 Crk 119-172 None - - - None - 
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Appendix Table 8. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Plant roots abundance and size classes 
Other biological features 

 and their biological activity 

Roots abundance Dominant 

size classes 

in mm 

Biological 

features 

Biological 

activity 
Description  No./dm

2
 per size class 

< 2mm/dm
2 

> 2mm/dm
2 

KS 09 Ah  0-22 Many  >200   >20 Very fine (< 0.5) None - 

 A1 18-37 Many >200 >20 VF, F None - 

 BAt 37-58 Common 50-200 5-20 Fine (0.5-2.0) None - 

 Bt1 58-76 Common 50-200 5-20 Fine None - 

 B2 76-106 Few 20-50 2-5 Fine, medium None - 

 BCk 106-146 Very few 1-20 1-2 Medium (2-5) None - 

 Ck 146-200+ None - - - None - 

KS 10 Ah 0-14 Many  >200   >20 Very fine None - 

 A1 14-38 Many  >200   >20 Very fine None - 

 BAt 38-58 Many  >200   >20 Very fine None - 

 Bt1 58-85 Common 50-200 5-20 Fine, coarse None - 

 Bk2 85-112 Common 50-200 5-20 Coarse ( > 5) None - 

 BCk 112-153 Few 20-50 2-5 Coarse None - 

 Crk 153-200+ None - - - None - 

KS 11 Ah 0-18 Many >200 >20 Very fine None - 

 AC 18-33 Many >200 >20 Very fine None - 

 Cr 33-62 Common 50-200 5-20 Fine, very fine None - 

KS 12 Ah 0-19 Many >200 >20 Very fine None - 

 EA 19-46 Many >200 >20 Very fine None - 

 BEt 46-71 Common 50-200 5-20 Fine, very fine None - 

 Btss1 71-135 Few 20-50 2-5 Fine None - 

 Btss2 135-200+ Very few 1-20 1-2 Fine None - 

KS 13 Ah 0-14 Many >200 >20 Very fine None - 

 A/E 14-39 Many >200 >20 Very fine None - 

 Btss1 39-87 Common 50-200 5-20 Fine, very fine None - 

 Btssg2 87-153 Few 20-50 2-5 Fine None - 

 B/Ctrg 153-181+ Very few 1-20 1-2 Fine None - 
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Appendix Table 8. (Continued)  

Profile 

No. 

Horizon 

designation 

Thickness 

(depth) 

in cm 

Plant roots abundance and size classes 
Other biological features 

and their biological activity 

Roots abundance 
Dominant size classes 

in mm 
Biological features 

Biological 

activity 
Description  No./dm

2
 per size class 

< 2mm/dm
2 

> 2mm/dm
2 

KS 14  Ap  0-16 Many  >200  >20 Very fine (<0.5) None - 

 A1 16-40 Many >200 >20 Very fine None - 

 Bw1 40-69 Common 50-200 5-20 Fine (0.5-2.0) None - 

 Bw2 69-106 Few 20-50 2-5 Fine None - 

 BC 106-160 Very few 1-20 1-2 Fine None - 

 C 160-200+ None - - - None - 

KS 15 Ah 0-11 Many  >200  >20 Very fine Earthworm channels Common 

 A1 11-34 Many  >200  >20 Fine Earthworm channels Common 

 BEt 34-50 Many  >200  >20 Fine, medium None - 

 Bt1 50-100 Common 50-200 5-20 Medium (2-5) None - 

 Bt2 100-157 Few 20-50 2-5 Coarse, medium None - 

 BC 157-200+ Very few 1-20 1-2 Coarse (>5) None - 

KS 16 Ah 0-15 Many  >200  >20 Very fine, medium Earthworm channels Common 

 A1 15-52 Many  >200  >20 Very fine, medium Both* Few 

 A/Ctr 52-83 Common 50-200 5-20 Fine, coarse Filled mole-rat borrows - 

KS 17 Ah 0-19 Many  >200  >20 Very fine Earthworm channels Common 

 A1 19-39 Many  >200  >20 Very fine Both* Few 

 BEt 39-66 Common 50-200 5-20 Fine Filled mole-rat borrows Few 

 Bt1 66-102 Few 20-50 2-5 Fine, coarse None - 

 B2 102-200+ Very few 1-20 1-2 Fine, coarse None - 

KS 18 Ah 0-19 Many  >200  >20 Very fine, medium Earthworm channels Common 

 A1 19-47 Many  >200  >20 Very fine, medium Both* few 

 Bt1 47-94 Common 50-200 5-20 Fine, coarse Filled mole-rat borrows Few 

 B/Ctr 94-113 Common 50-200 5-20 Coarse None - 

KS 19 Ah 0-16 Many  >200  >20 Very fine, fine Earthworm channels Many** 

 A1 16-32 Many  >200  >20 Very fine, coarse Both* Common 

 ACr 32-55+ Common 50-200 5-20 Fine, coarse Both* Few 

Both* = Both earthworm channels and mole-rat borrows were observed. 
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        APPENDIX 2: IDENTIFIED DIAGNOSTIC HORIZONS, PROPERTIES 

                          AND MATERIALS 

 

2.1. DIAGNOSTIC SURFACE HORIZONS (EPIPEDONS) 

 
2.1.1. Mollic Horizon  

The mollic surface horizon (from Latin mollis, soft) is a friable well-structured, dark colored and relatively 

thick mineral surface horizon with high base saturation and moderate to high content of OM commonly 

found in grasslands (Miller and Gardiner, 2001; FAO/IUSS-WRB, 2015). Diagnostic criteria according to 

Buol et al. (2011) and FAO/IUSS-WRB (2015): 

a. Sufficiently strong structure not both massive, hard or very hard when dry and friable when 

    moist; and 

b. Base saturation by AAc >50% on weighted average throughout its entire thickness and soil 

    OC content > 0.6% and also ≥ 0.6% (absolute) more OC than the parent material, if a parent 

     material that has a Munsell color value of ≤ 4, moist, is present. 

c. A thickness of >10 cm if it directly overlies a continuous rock, technic hard material or a cryic, 

     petroduric, petrocalcic, petrogypsic or petroplinthic horizon, or ≥20 cm otherwise.  

d. Has one or both of the following: 

          - In slightly crushed samples, a Munsell color value of ≤ 3 moist, ≤ 5 dry, and a chroma of  

 ≤ 3 moist; or  

          - All of the following: 

      i. At least 40% (by mass) CaCO3 equivalent in the fine earth fraction and/or a texture 

         class of loamy sand or coarser; and 

     ii. In slightly crashed samples a Munsell color value of ≤ 5 and a chroma of ≤ 3, both  

          moist; and ≥ 2.5% soil OC.  

     

2.1.2.. Chernic Horizon  

A chernic horizon (from Russian chorniy, black) as a type of mollic horizon, is a relatively thick, well-

structured, very dark-colored surface horizon with high BS, high biological activity and moderate to high 

content of SOM and is identified by the following diagnostic criteria according to FAO/IUSS-WRB (2015). 

a. At least 20% fine earth fraction (by volume, weighted average) and ≥ 25 cm thickness; 

b. Soil OC content of ≥ 1% and granular or fine subangular blocky soil structure; and one or 

     both of the following: 

   - In slightly crushed samples, a Munsell color value of ≤ 3 moist, ≤ 5 dry, and a chroma of  

      ≤ 2 moist; or 

   - All of the following: 

   i. At least 40% (by mass) CaCO3 equivalent in the fine earth fraction and/or a texture 

      class of loamy sand or coarser; and 

   ii. In slightly crashed samples a Munsell color value of ≤ 5 and a chroma of ≤ 2, both  

       moist; and ≥ 2.5% soil OC. 

c. Base saturation by AAc >50% on weighted average throughout its entire thickness and 

    ≥1% (absolute) more OC than the parent material, if a parent material that has a Munsell color 

    value of ≤ 4, moist is present.  

 

2.2.3. Umbric Horizon  

An umbric horizon (from Latin umbra, shade) is a relatively thick, dark-colored surface horizon with low 

BS and moderate to high content of SOM with 20% OC as the upper limit, and has the following diagnostic 

criteria (FAO/IUSS-WRB, 2015). 
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a. Sufficiently strong structure not both massive, hard or very hard when dry; and 

b. Base saturation by AAc < 50% on weighted average throughout its entire thickness and soil  

    OC content of > 0.6% and also ≥ 0.6% more OC than the parent material, if a parent material 

     that has a Munsell color value of ≤ 4, moist is present. 

c. A thickness of >10 cm if it directly overlies a continuous rock, technic hard material or a  

     cryic, petroduric, petrocalcic, petrogypsic or petroplinthic horizon, or ≥20 cm otherwise. 

d. Has one or both of the following: 

          - In slightly crushed samples, a Munsell color value of ≤ 3 moist, ≤ 5 dry, and a chroma 

 of ≤ 3 moist; or  

          - All of the following: 

        i. In slightly crashed samples a Munsell color value of ≤ 5 and a chroma of ≤ 3, both  

           moist; and ≥ 2.5% soil OC. 

       ii. A texture class of loamy sand or coarser.  

 

2.2. DIAGNOSTIC SUBSURFACE HORIZONS 

2.2.1.. Argic (Argillic) Horizon  

The argic horizon is an illuvial subsurface horizon with distinctly higher clay content than the overlying 

horizon, and the term argic comes from the Latin word “argilla”, meaning “white clay” that has the 

following diagnostic criteria (FAO/IUSS-WRB, 2015). 

a. In soils with at least 40% clay in the eluvial horizon that formed in uniform parent material 

    and have a texture class of loamy sand or finer, the illuvial (argillic) horizon must have ≥ 8%  

    clay (absolute) according to SSS (1999) and FAO/IUSS-WRB (2015); and 

b. One or both of the following: 

          i. Has an overlying coarser textured horizon with all of the following: 

               - The coarser textured horizon is not separated from the argic horizon by a lithic 

                   discontinuity; and if the coarser textured horizon directly overlies the argic horizon, 

                    its lowermost subhorizon does not form a part of plough layer; and 

               - If the coarser textured horizon does not directly overlie the argic horizon, the  

                    transitional horizon between the coarser textured horizon and the argic horizon has a  

                    thickness of ≤ 15 cm; and 

               - If the coarser textured horizon has < 10% clay in the fine earth fraction, the argic 

    horizon has ≥ 4% more clay (absolute); and 

  - If the coarser textured horizon has ≥10% and < 50% clay in the fine earth fraction,  

   the ratio of clay in the argic horizon to that of the coarser textured horizon is ≥ 1.4; and 

  - If the coarser textured horizon has ≥ 50% clay in the fine earth fraction, the argic 

    horizon has ≥ 20% (absolute) more clay; or 

        ii. Has evidence of illuvial clay in one or more of the following forms: 

                - Oriented clay bridging between ≥ 5% of the sand grains; or clay coatings lining ≥ 5% 

                   of the surfaces in pores; or clay coatings covering ≥ 5% of the vertical and ≥ 5% of the 

                    horizontal surfaces of soil aggregates; or 

               - In thin section, oriented clay bodies that constitute ≥ 1% of the section; or 

   - A COLE (coefficient of linear extensibility) of ≥ 0.04, and a ratio of fine clay to the 

       total clay in the argic horizon greater by ≥ 1.2 times than that of the overlying coarser  

       textured horizon; and 

c. Both of the following: 

          i. The argic horizon does not form part of a natric horizon; and 

          ii. It does not form part of a spodic horizon, unless illuvial clay is evidenced by one or more  

              of the diagnostic criteria listed under “b.ii” here above; and 
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d. Has a thickness of 1/10
th 

or more of the thickness of the overlying mineral material, if present,  

    and one of the following: 

         i. At least 7.5 cm thickness (combined thickness if composed of lamrllae) if the argic horizon 

             has a texture class of sandy loam or finer; or at least 15 cm thickness.    

2.2.2.. Cambic Horizon  

A cambic horizon is a subsurface horizon formed by weathering of materials within the horizon rather than 

gaining materials through illuviation (Coyne and Thompson, 2006). It may show evidence of pedogenetic 

alteration through relative clay accumulation, some clay skins, carbonates and/or gypsium removal, bright 

color, etc., than the horizons above and below but not to the extent to qualify it as an argic (argillic), spodic, 

kandic or oxic horizon (Miller and Gardiner, 2001; Coyne and Thompson, 2006; FAO/IUSS-WRB, 2015). 

The term cambic is from the Latin word “cambiare”, meaning to “to change”. 

Diagnostic criteria according to FAO/IUSS-WRB (2015): 

a. It has a texture class of sandy loam or finer; or very fine sand or loamy very fine sand; and  

    absence of rock structure in at least 50% or more volume of the fine earth fraction. 

b. It shows evidence of pedogenetic alteration in one or more of the following: 

        - When compared to the directly underlying layer that is not separated from it by a lithic 

           discontinuity, a Munsell color hue of ≥ 2.5 units redder, moist; or a Munsell color 

chroma of ≥ 1 unit higher, moist; or a clay content of ≥ 4% (absolute) higher; or evidence 

of removal of carbonates or gypsum by one or more of the following: 

       i. At least 5% less carbonates or gypsum in the fine earth fraction; or if all coarse  

          fragments are completely coated with carbonates, some of these fragments in the 

          cambic horizon are partly free of coatings; or 

      ii. If the coarse fragments are coated with carbonates only on their underside, those in 

          the cambic horizon are free of coatings; and 

      - When compared to an overlying horizon that is not separated from it by a lithic 

         discontinuity, a Munsell color hue of ≥ 2.5 units redder, moist; or a Munsell color 

         value of ≥ 1 unit higher, moist; or a Munsell color hroma of ≥ 1 unit higher, moist; and 

c. Has a thickness of 15 cm or more. 

d. Does not form a part of a plough layer and does not form part of an anthraquic, argic, calcic,  

    duric, ferralic, fragic, gypsic, hortic, hydragric, irragric, mollic, natric, nitic, petrocalcic,  

     petroduric, petrogypsic, plaggic petroplinthic, pisolithic, plinthic, pretic, salic, sombric,  

     spodic, umbric, terric or vertic horizon.  
 

2.2.3. Vertic Horizon  

The vertic horizon is a clayey subsurface horizon that, as a result of shrinking and swelling, has 

slickenside‟s and wedge shaped soil aggregates; and has the following diagnostic criteria (FAO/IUSS-

WRB, 2015). 

a. Contains 30% or more clay; and one or both of the following: 

          - Wedge-shaped (sphenoid) structural aggregates with longitudinal axis tilted 

              between 10
⁰
 and 60

⁰
 from the horizontal in a ≥ 20% of the soil volume; or 

          -  Slickensides (pressure faces, polished and grooved clayey resurfaces) produced by  

               shrink-swell forces at ≥ 10% of the surfaces of soil aggregates; and  

b. Has a thickness of 25 cm or more and shrink-swell cracks. 

 2.2.4. Protovertic Horizon  

A protovertic horizon (from Greek protou, before and Latin vertere, to turn) has swelling and shrinking 

 clays, and ≥ 30% clay. 
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a. Morover, it has one or more of the following: 

      - Wedge-shaped (sphenoid) structural aggregates in ≥ 10% of the soil volume; or 

       - Slickensides at ≥ 5% of the surfaces of soil aggregates; or shrink-swell cracks; or a COLE of 

          ≥ 0.06 averaged over the depth of the horizon; and 

b. A thickness of ≥ 15 cm.  

2.2.5. Calcic Horizon  

The calcic horizon is a subsurface horizon common to aridic areas and belongs to a group of diagnostic 

horizons which are formed by the precipitation of soluble materials such as gypsic and salic and hence may 

occur anywhere in a soil profile (Troeh and Thompson, 1993). Such horizons occur often within one of the 

other diagnostic horizons in the subsurface, in parent materials and also in surface horizons by the process 

of wicking (capillary rise) from a ground water that contains appreciable amount of calcium bicarbonate 

(SSS, 1999; FAO/IUSS-WRB, 2015).  

Diagnostic criteria according to FAO/IUSS-WRB (2015): 

a. Calcium carbonate equivalent in the fine earth fraction of 15% or more; and has one or both of 

    the following: 

       - Secondary carbonates ≥ 5% (by vlume), or ≥ 5% (absolute by mass) CaCO3  

          equivalent in the fine earth fraction than that of the underlying layer 

          without lithic discontinuity between the two layers; and 

b. At least 15 cm thick and does not form part of a petrocalcic horizon.  

 

2.3. DIAGNOSTIC PROPERTIES 

 
 2.3.1. Abrupt Textural Difference  

An abrupt textural difference (from Latin abruptus, abrupt) is a very sharp increase in clay content within a 

limited depth range; and has the following diagnostic criteria (FAO/IUSS-WRB, 2015):  

At least 8% more clay in the underlying horizon as explained for the argillic horizon under “a”; and within 

≤ 5 cm, one of the following: 

      - Doubling of the clay content if the overlying layer (an epipedon or albic horizon) 

         has less than 20% clay; or 

     - Absolute increase of the clay content at least by 20% (absolute) if the overlying layer 

        has > 20% clay content.  

 

2.3.2. Albeluvic Glossae  

Albeluvic glossae (tonguing) is a penetration of a clay- and Fe-depleted bleached soil material into an argic 

or other underlying horizon along ped surfaces forming vertically continuous tongues (SSS, 1999; 

FAO/IUSS-WRB, 2015).  

Diagnostic criteria according to FAO/IUSS-WRB (2015): 

a. Tongues should have the color of the albic material; and  

b. They should have greater vertical (depth) dimension than horizontal (width) 

    dimensions, the horizontal dimensions being: 

             - 5 mm (0.5 cm) or more in an argic horizon that has a clay or silty clay texture class; or 

             - 10 mm or more in an argic horizon that has a texture class of silt, silt loam, silty clay 

                loam, loam, clay loam or sandy clay; or 

             - 15 mm or more in an argic horizon that has other texture classes; and 

c. The penetrations (tongues) should occupy ≥10% and ≤ 90% in both vertical and horizontal 

     sections within the upper 10 cm of the argic horizon; and  
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d. They start at the upper limit of the argic horizon and are continuous to a depth of ≥ 10  

      cm below the upper limit of the argic horizon; and do not occur within a plow layer. 

e. The stronger colored parts belong to the argic horizon and have a moist soil Munsell color hue  

    of 2.5 or more units redder, or a value of ≥ 1 unit lower, or a chroma of ≥ 1 unit higher, when 

    compared with the lighter colored parts; and 

f. The clay content of the stronger colored parts is higher than that of the lighter colored parts as 

    specified for the argic horizon.  

 

2.3.3. Retic Properties  

Retic properties (from Latin rete, net) denote the interfingerings (penetrations) of coarser-textured albic soil 

material into a finner-textured argic or natric horizon along ped faces, and no continuous albic horizon need 

be present in this case (SSS,1999; FAO/IUSS-WRB, 2015). The interfingering coarser-textured albic 

material is found as vertical and horizontal intercalations on the faces and edges of soil aggregates 

(FAO/IUSS-WRB, 2015). 

Diagnostic criteria according to FAO/IUSS-WRB (2015): 

a. The lighter colored parts consist of an albic material; and the stronger colored parts belong to an 

     argic or nitric horizon; and 

b. Compared with the lighter colored parts, the stronger colored parts have the following moist soil 

     Munsell color: 

     - A hue ≥ 2.5 units redder, or a value ≥ 1 unit lower, or a chroma ≥ 1 unit higher; and 

c. The lighter colored parts are ≥ 5 mm wide; and srart at the upper limit of the argic or natric 

     horizon; and occupy areas ≥ 10% and ≤ 90% in both vertical and horizontal sections within the 

     upper 10 cm of the argic or nitric horizon; and do not occur within a plough layer. 

d. The clay content of the stronger colored parts is higher than that of the lighter colored parts.  

 

2.3.4. Stagnic Properties  

A soil material develops stagnic properties if it is temporarily saturated with perched surface water, or was 

saturated in the past if now drained, for a period long enough to allow reducing conditions to occur that 

may range from a few days in the tropics to few weeks in other areas. The connotation stagnic comes from 

the Latin word “stagnare” meaning to stagnate (FAO/IUSS-WRB, 2015). 

Diagnostic criteria according to FAO/IUSS-WRB (2015): 

a. A mottled layer with two or more colors and one or both of the following:     

       - Mottles and/or concretions (nodules) with oximorphic (oxidizing) colors which are 

          predominantly inside soil aggregates; and are black, surrounded by lighter colored material,  

          or have a moist soil Munsell color hue ≥ 2.5 units redder than the surrounding material, and  

          a chroma ≥ 1 unit higher than the surrounding material; or 

      - Parts, the color of which is considered to be reductimorphic (reducing) that have moist 

         Munsell color value ≥ 1 unit higher and a chroma ≥ 1 unit lower than the surrounding  

          material or are predominantly around root channels, and if soil aggregates are present,  

          predominantly at or near the surfaces of the aggregates. 

b. A layer with albic material, the color of which is considered to be reductimorphic, or  

c. A combination of two layers, namely a layer with an albic material and a directly underlying 

    mottled layer with oximorphic colors.  
 

2.3.5. Gleyic Properties  

Soil materials develop gleyic properties if they are saturated with groundwater, or were saturated in the past 

if now drained, for a period long enough to allow reducing conditions to occur. However, there may be a 

layer with gleyic properties over a sandy layer without the influence of ground water. The term “gleyic” 

comes from the Russian word “Gley” meaning a mucky soil mass (FAO/IUSS-WRB, 2015). 
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Diagnostic criteria according to FAO/IUSS-WRB (2015): 

a. A layer with ≥ 95% (exposed area) having colors considered to be reductimorphic, that 

    have a moist soil Munsell color hue of N, 10Y, GY, G, BG, B, PB, or a hue of 2.5Y or 5Y 

    with chroma of ≤ 2.  

b. A layer with > 5% (exposed area) mottles of oximorphic colors, which are predominantly 

    around root channels and at or near the surfaces of aggregates, if aggregates are  

    present; and have moist Munsell color hue ≥ 2.5 units redder than the surrounding material, and  

    a chroma ≥ 1 unit higher than the surrounding material; or 

c. A combination of two layers, namely a layer with oximorphic colors and a directly underlying 

    layer with reductimorphic colors.  
 

2.3.6. Protocalcic Properties  

Protocalcic properties indicate carbonates derived from soil solution which are precipitated in place from 

soil solution rather than inherited from a parent material or other sources such as dust; and as a diagnostic 

property, they should be permanent and present in significant quantities with one or more of the following 

diagnostic criteria (FAO/IUSS-WRB, 2015). 

a. Secondary carbonates either may disrupt the soil structure or fabric forming masses, nodules, 

    concretions or spheroidal aggregates (white eyes); or  

b. Occupy ≥ 5% of the soil volume with masses, nodules, concretions or spheroidal aggregates 

     that are soft and powdery when dry; or 

c. If present as coatings, they cover 50% of the structural faces, pore surfaces, or the underside of  

    rocks or cemented fragments; or they form permanent flaments (pseudomycelia).  

  

2.4. DIAGNOSTIC MATERIALS 

2.4.1. Calcaric Materials  

Calcaric materials (from Latin calcarius, containing lime) are soil materials that effervesce strongly with 

the addition of 1M HCl (10% HCl) into the fine earth, and apply to materials that contain 2% or more 

CaCO3 equivalent inherited from parent material (FAO/IUSS-WRB, 2015). 

Diagnostic criteria according to (FAO/IUSS-WRB, 2015): 

a. They are soil materials that do not disrupt the soil structure or fabric, and do not belong to 

     nodules, masses, concretions or spheroidal aggregates (white eyes) that are soft and powdery  

     when dry; and 

b. They do not belong to soft coatings of structural faces or pore surfaces, and do not form 

     permanent filaments (pseudomycelia).  

 

2.4.2. Colluvic Materials  

Colluvic material (from Latin colluvio, mixture) is a heterogeneous mixture of soil materials (parent 

materials) formed by a process known as “mass wasting” which indicates the movement of materials 

(stones, gravel and finer materials) down slope, mainly by the effect of gravity when the material in 

questions is weakened by being saturated with water (Miller and Gardiner 2001; Brady and Weil, 2014; 

FAO/IUSS-WRB, 2015). Though colluvium is often intermixed with alluvium, colluvium is unsorted since 

gravity can move large particles as easily as small ones and is common to mountainous areas or below 

hillsides where steep slopes produce landslides or due to gradual movement of water saturated materials 

down slope (Troeh and Thompson, 1993).  
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Diagnostic criteria according to (FAO/IUSS-WRB, 2015): 

a. It is found on slopes, foot slopes, fans or similar relief positions, and is not of fluvial, lacustrine 

     or marine origin; and 

b. If it buries a mineral soil, it has a lower bulk density than the buried soil material.  

 

2.4.3. Mineral Materials  

A mineral material is a soil material that has less than 20% (by mass) soil organic carbon in the fine earth 

fraction (FAO/IUSS-WRB, 2015): 

2.4.4. Albic Material  

Albic material (from Latin albus, white) is a predominantly light-colored soil material from which OM 

and/or free iron oxides have been removed, or in which the oxides have been segregated to the extent that 

the color of the horizon is determined by the color of the sand and silt particles than by coatings on these 

particles (FAO/IUSS-WRB, 2015). 

Diagnostic criteria according to (FAO/IUSS-WRB, 2015): 

a. An albic material is a fine earth that has in ≥ 90% of its volume, a dry soil Munsell color with a 

    value of 7 or 8 and a chroma of ≤ 3; or a value of 5 or 6 and a chroma of ≤ 2; and 

b. Has in ≥ 90% of its volume, a moist soil Munsell color with a value of 6, 7 or 8 and a chroma of 

     ≤ 4; or a value of 5 and a chroma of ≤ 3; or a value of 4 and a chroma of ≤ 2; or 

c. A value of 4 and a chroma of 3 if the color is derived from parent material that has a hue of 5YR  

    or redder, and the chroma is due to the color of uncoated silt and sand grains.  
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APPENDIX 3: ENVIRONMENTAL AND SOIL PROFILE 

                         DESCRIPTION FORMAT AS ADAPTED FROM FAO  

                         GUIDELINES FOR SOIL DESCRIPTION (2006) 

 

 
3.1. GENERAL SITE INFORMATION, REGISTRATION AND LOCATION:  

       - Date of description  

       - Profile No. 

       - Author(s) 

       - Location: 

             - Region, Zone, Woreda, Kebele, Site local name, Distance from reference point 

                 - Coordinates 

                 - Elevation 

3.2. SOIL FORMING FACTORS (ENVIRONMENTAL DESCRIPTION): 

       - Site (atmospheric) Climate and Weather Condition 

             - Soil Climate: Soil moisture regime, Soil temperature regime 

       - Relief (Landform and Topography) of the Site 

       - Land-use and Vegetation 

       - Parent Materials 
3.3. SOIL PROFILE DESCRIPTION 

       - Soil Surface (Site) Characteristics 

       - Profile Characteristics 

       - Horizon Morphological Description (Macromorphology) 

3.4. FIELD SOIL CLASSIFICATION AND SOIL SAMPLE LABELING 

       - Diagnostic surface horizons (epipedons) 

       - Diagnostic subsurface horizons 

       - Diagnostic properties 

       - Diagnostic materials 

       - Identified phases and limitations 

       - Identified soil type: 

             - FAO-WRB (2006) or FAO/IUSS-WRB (2015) 

             - US-Soil Taxonomy, SSS (1999) 

             - Local identification (name) 

       - Soil sample labeling: 

             - Profile (Pit): number, Coordinates, Site altitude in masl 

                  - Local site name 

                  - Local name of the soil 

                  - Name of owner of the land (field) 

                  - Horizon (layer): number and designation of vertical subdivisions 

                  - Layer (horizon) depth (thickness): from _____cm to _____cm 

                  - Sample number 

                  - Name of sampler (Surveyor) 

                  - Date of sampling  
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APPENDIX 4. FIELD SURVEY AND PROFILE DESCRIPTION GUIDE 

 
A tentative guide for field assessment recordings to be used for field observation activity was 

compiled according to Rowell (1994), FAO (2006a), Soukup et al. (2008a), and Buol et al. (2011), 

the details of which is presented as follows below. 

 

4.1. SELECTION OF A REPRESENTATIVE SITE 

I. Before going into the field for survey and soil sampling, it is decisive to gain as much 

     information as possible about the area and the soils. This can be achieved using various 

      publications or documents produced by local and national surveys and different organizations  

     engaged in the land development in relation to the respective study area, such as existing  

     topomaps, aerial photographic maps, etc. and by consulting institutions engaged in the 

     development aspects of the area. 

II. First and foremost, permission is required to go into the area and carry out the survey since 

     without permission the current work may be obstructed and future investigators refused  

     permission.  

III. Since the understanding of the whole landscape aids the understanding of the distribution of 

       soils, walk into the area in the way that you can view a vast part of it in more than one 

       direction. 

IV. Selection of the sampling site should consider the following: 

       a) Sites with excessive disturbance such as positions of old roads, old settlement areas, where  

           river or field drain dredging have been dumped and areas close to old and present roads, 

           present paths, tracks, gateways, homesteads, etc. should be excluded.  

      b) The outer 10 m of the headlands of arable fields must be excluded.  

      c) Sites of straw, dung, household garbage and fertilizer accumulations, different organic 

          residue burning and dumping sites, dredging dumping sites, etc. must be avoided.  

      d) Old field boundaries where hedge bank or border has been removed should be excluded.  

      e) Uncultivated or virgin sites should be given priority for pit (profile) excavation.  

      f) To determine the pit location, make a number of borings using screw auger or other 

           portable equipment to make borings to establish the general properties of soils such as  

           color, texture, consistence, etc. and identify the most representative site (location) for 

           sampling (pit opening) based on the topographic position and slope of the site.  

      g) After you have determined the pit location, cleaning of the site and if possible laying a 

          polythene sheet alongside the pit before digging is necessary.  

4.2. PIT (PROFILE) PREPARATION 
I. Open (excavate) the pit in a way that enables you the pit face (side) to be photographed, 

      observed and sampled, face towards the sun rays.  

II. The size (dimension) of the pit should be (1x2x2x) or (2x2x2) m in the order of width, length 

      and depth (Soukup et al., 2008a).  

III. By excavation, if the site is grass covered, cut quadrilateral turfs and place them on a 

       polythene sheet according to the order of their excavation in order to put them back according 

      to their natural order when work is completed.  

 

IV. Keep the turfs, the top and subsoil layers‟ soil separately in order to replace them back to their 
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      original position at the end of the profile description. 

V. For easy entry and exit, steps should be prepared on one side of the pit and shoring may be 

      necessary in soils with strong vertic property.  

VI. Beware that the vegetation on the side to be photographed should be visible and avoid multiple 

       knife marks on the face (side) of the profile‟s layers and keep away any other equipment out 

      of the view; and avoid walking (standing) on this side to minimize disturbance.  

VII. By taking a meter reading, be sure to have the meter in the pit in a way it is directed towards 

       the face of photographer and the meter scales should be clearly visible. 

VIII. To minimize (avoid) contamination of layers, cleaning of the profile before the 

       commencement of the description should be done from the surface downwards.  By dry soils 

      additional cleaning of the layers face with small hand brush is necessary. 

IV. If the pit is to be left opened over night, it should be either fenced or covered with wooden 

       boards, so that animals or people will not fall into it and for day time a warning symbol (rope, 

      banner) should be placed around the pit.  

X. When work is completed, the turfs and the soil from each layer should be replaced according to 

       their natural sequence and treaded (compacted) down after each step of refilling the layers and 

      especially strongly at the end.  

 

4.3. PROFILE DESCRIPTION AND SOIL SAMPLING 

I. Record the general site information (location, registration, other relevant environmental 

     informations) according to the description manual used. 

II. Record the depth of the profile (pit) prepared and effective soil depth.  

III. Mark the approximations of soil horizons‟ boundaries on the profile with a knife by marking 

     the depth where differences in color, structure, texture, cementation, ped coatings, nodules, 

      concretions or other redoximorphic features, roots and voids (pores) distribution, carbonates‟ 

      content, etc. are observable as initial approximations of the horizon boundaries since relocation 

     of the horizon boundaries may be required after detailed study 

IV. By horizon thickness (depth) measurement, any litter horizon such as the O-horizon must be 

      measured separately upwards starting at the uppermost top of the upper mineral horizon (often 

     A or E); for example, 0-2 cm, 0-5 cm, etc. Thenceforth, the thickness (depth) of other 

      mineral horizons is measured downwards starting at the upper most mineral horizon such as A, 

     E or any uppermost horizon as for example 0-5 cm, 0-10 cm, 10-20 cm, 20-35 cm, etc. 

V. By any qualitative or semi-quantitative description, consider describing the deeper horizons 

     first, for incase the upper layers‟ soil may suddenly be dislodged during the description. 

VI. Sampling for undisturbed soil samples (core sampling) especially if the soil is dry, should be 

     done from top downwards by removing the shattered soil first after each step of sampling to 

      avoid contamination. But, disturbed samples can be taken from bottom upwards after sampling 

      the A- or any uppermost horizon with its subhorizons first separately using two polythene bags 

     (double) for each sample. However, bottom-to-top sampling is generally recommended to 

     reduce the potential of cross-contamination during sampling (Soukup, et al., 2008a). 

VII. Core samples should be taken at about field capacity moisture content to avoid soil shattering 

      by dry soil and compaction by wet soil, and should be wrapped with plastic or be put in plastic 

     bags to prevent evaporation and damage during transport. 

VIII. Storage of core samples should be done at about 0-4
⁰ 
C to reduce faunal activity.  

 

N.B. Sample for thin section preparation must be of undisturbed type, for example structural 
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      blocks, clods or monolith; and by taking clods, at least two clods from different areas of the 

     horizon are needed, whereby their upper and lower side within the profile must be carefully 

     marked and wrapped with waterproof materials and put into protective containers. Labeling 

      should be done on both sides of the containers (cores) and if possible from inside and outside.  

IX. Any sampling must avoid the horizon boundaries (borders) unless otherwise prescribed 

      differently, and should focus around the center of the horizon from the whole horizon surface 

     of the four faces to make the sample representative.  

X. By taking bulked sample (disturbed sample), soil taken from all four faces of the horizon must 

     be bulked, and the core sampling should focus around the center of the horizon (layer). 

     For horizons with distinct materials such as tongues of an E-horizon into a Bt-horizon, 

      separate sampling is necessary by noting the relative volume percentage of each. But beware 

     not to sample Krotovina materials as they cause great bias by analysis.  

XI. By Vertisols with gilgai surface topography, both the high and low areas should be sampled 

      since they represent the extremes in the cyclic morphology of Vertisols (Soukup et al., 2008a).  

XII. After taking any sample, the taken sample must be carefully labeled and kept away in a safe 

     condition.  

XIII. Labeling must be done on a relatively hard and clean paper using indelible (permanent) 

      marker (pen) or preferably a pencil for on paper labeling, and one label should be put between 

      the inner and outer bag to avoid contact with soil. The second label should be attached to the 

     2
nd 

(inner) bag in a way it is covered by the polythene sheet in order to prevent contact with 

     water (wetness). Polythene sheets used must be of 8-mil thickness or double bagging is 

     recommended. Labeling should include pit and sample No., horizon depth and designation, 

     date, sampler and any other information deemed necessary.     

N.B. Don‟t write on the polythene bag for labeling, as the script may disappear during transport 

     and handling.  

XIV. Soil color description should be done both for dry and moist soil if the soil is dry at the time 

      of description using Munsell soil color chart (book).  If the soil is wet, only the moist soil color 

     description can be done under a constant direct sunlight condition outdoors.  

XV. By soil sample treatment that may disturb the natural structural units (peds), such as crushing,  

     rubbing, etc, it must be specified as addendum or remarks.  

XVI. For mineralogical analysis, after the pretreatment of the soil samples that are taken from the 

     field, about 5-10 g clay (< 2 m fraction) is sufficient for clay mineral analysis. 

XVII. In case it is necessary to determine the gravel weight of a bulked sample in a field, the 

      sample can be screened with clean 3 mm door screen being followed by a 2 mm screen in the 

     laboratory.  

XVIII. By texture analysis, volcanic ash soils high in amorphous clay-sized materials content are 

     very resistant to dispersion, particularly after air- or oven-drying, and clay content 

      determination should be done at field moisture and at pH 3 or at above pH 9. Oxic soils should 

     be treated differently since dispersion using conventional procedures is not reliable. 

4.4. RULES FOR HORIZON DESIGNATION 

I. The master horizons are designated according to the ABC system of horizon nomenclature 

      using the capital letters such as O, A, E, B, C, R and K. These designations indicate according 

     to FAO (2006a) and Buol et al. (2011) the following: 

 

O: Represents soil layers dominated by organic materials in the early stage of decomposition that 
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      have been derived from plants and animals and have accumulated on top of either mineral or 

     organic soil surface and are characteristic for forests. 

A: Indicates a mineral horizon darkened by the accumulation of humified organic matter 

      intimately mixed with the mineral fraction that has mostly granular, crumb, granular-crumb or 

     subangular blocky structural aggregates. It is found ether bellow an O layer or at the soil 

     surface and is not dominated by the characteristics of E or B horizons. 

E: Is usually an eluviated mineral horizon, but not necessarily, lighter in color than the A and O 

      above it and B horizon bellow it. It is common in high rainfall areas, especially under forests. 

B: Indicates horizons formed bellow an A, E or O horizons and characterized mainly by 

      obliteration of the original rock structure and its accumulation of pedogenetic illuvial colloids 

     (carbonates, silicate clays, sesquioxides, humus and other translocated soil materials) and  

      mostly characterized by blocky, prismatic or columnar structural aggregates. The A, E and B 

     or any two of these together are known as solum (pedogenetic soil).  

C: Is a horizon composed of mainly unconsolidated materials yet in the process of pedogenesis 

     (sedimentary or pyroclastic deposits, saprolite, etc.) that is little affected by pedogenetic 

     processes and lucks properties of the horizons above it (O, A, E and B). 

R: Indicates hard bedrock underlying the unconsolidated regolithic material above it.   

II. Vertical subdivisions of the master horizons are designated by Arabic numerals that directly 

     follow the capital letters as for example A1, A2, B1, B2, O1, O2, etc.  

III. On the other hand, Arabic numerals in front of the master horizon letters (prefixed numbers) 

      indicate lithologic discontinuity, i.e. a change in parent material type (significant, dramatic) 

     change in particle size distribution and mineralogy). 

      In this case, the number 1 is not used for the upper horizon (layer) found above the layer with 

     different material (the 2
nd

 or lower), while it is taken as understood and hence the prefixing 

     starts always from the next (2
nd

) layer as for example 2B2, 2B3, 2C1, 2C3, etc. to indicate 

     where the change occurred. 

IV. Transitional master horizons are denoted by two capital letters as seen below. 

     AB: is a transitional horizon between A and B, but more like A than B and if BA the  

           vice versa.  

     A/B: is a transitional (combination) horizon that would qualify as A except for inclusions  

            < 50% by volume of material that would qualify as B and if B/A the vice versa.  

V. Suffixes of lower case letters are used to designate subordinate distinctions (specific features,  

     subordinate or major departures) within the master horizons. In case there are vertical 

     subdivisions of a master horizon, the Arabic numbers follow the suffixes as for example in  

      Cg2, Cm1, Bg2, Btk1, etc., but with the exception of the Ap, which is written as Ap1, Ap2, 

     while these are indirectly considered as A1 and A2 (FAO, 2006a).  

     In the absence of vertical subdivisions, lower case suffixes follow directly the capital letter 

      designations as: Bt, Btg, Bh, Ah, Ap, Bz, Cy, Bs, Bhs, Bk, Cm, etc, and there is a rule or a 

     convention for their usage.  

In the absence of vertical subdivisions, lower case suffixes follow directly the capital letter 

designations as: Bt, Btg, Bh, Ah, Ap, Bz, Cy, Bs, Bhs, Bk, Cm, etc, and there is a rule or a 

convention for their usage, which is stated as follows.  

More than one lower case letters can be used with one capital letter of master horizon designation.  

But, in doing so, the following rules (conventions) must be followed.  

      a) The letters a, e, h, i, r, s, t, v, and w are always written first, and none of them are used in 

         combinations with the exceptions of Bhs and Crt.  

      b) If more than one lower case letters are used in combination and a horizon is not buried, the 
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          letters: c, f, g, m, v, x and z are written last.  

     c) For buried soils, the “b” is written last, unless field or laboratory data indicates horizon 

          features formed after the burial of the respective horizon (layers).  For example if a 

          carbonate accumulates in the Bt after burial, the designation would be Btbk.  

      d) For the B-horizon, the “t” has always precedence over w, s, and h and these letters are never 

          used in combination with “t”.  

      e) If “t” is used with any other lower case letter, then the “t” must come first as in Btg, Btk,  

          Btb,Btss, etc., unless needed for a defined explanatory purpose.  

N.B. Due to the strong irregularity of the horizon boundaries in most cases, average thickness 

     values were recorded and only a layer with minimal average thickness of 10 cm was 

      considered as a soil horizon for interpretation. 

 

4.5. IDENTIFYING BURIED LAYERS 

According to FAO-WRB (2006a), where a soil is buried under new material, the following rules 

apply:  

I. The soil is considered as buried if the overlying new material is 50 cm or more thick and hence 

      the new material is classified at the first level, or if the new material fits the requirements of an 

     RSG other than Regosol, it is classified at the first level.  

II. The overlying new material and the buried soil are classified as one soil if both together qualify 

       as Histosol, Technosol, Cryosol, Leptosol, Vertisol, Fluvisol, Gleysol, Andosol, Stognosol, 

      Planosol or Arenosol. 

III. In all other cases, the buried soil is classified at the first level 

IV. If the overlying soil (new material) is classified at the first level, the buried soil is to be 

      recognized with the Thapto-specifier (b).  

V. If the buried soil is classified at the first level, the overlying material is indicated with the 

      Novic-qulifier (nv).   
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APPENDIX 5. HAND TEXTURING GUIDE FOR ESTIMATING  
                         SOIL TEXTURAL CLASSES IN THE FIELD 

 

According to Rowell (1994), Gupta (2005), Lakew et al. (2005), FAO (2006a) and Brady and 

Weil (2014), the soil textural classes can be estimated in the field using the following hand 

texturing procedure that enables also to roughly estimate the clay content in percent. For the 

estimation of the textural classes using one‟s hand (fingers and palm), the soil must be in a moist 

to weak wet state and be free of gravel and other constituents >2 mm size (diameter), so that it can 

be easily handled (FAO,2006a) and  performed as follows. 

a) Take a handful (about 25 g) fine earth (soil with < 2 mm particle size) from a soil sample or a 

     soil horizon to be tested, add slowly little amounts of water and mix (knead) it very well and 

     stop adding water as soon as the soil starts to stick to the fingers (sticky point) being putty-like. 

    To get a feel for the amount of clay a ball of properly moistened soil should be squeezed 

     between the thumb and the side of forefinger trying to make a ribbon as long as possible until it 

    breaks from its own weight (Brady and Weil, 2008).  

b) Then try to form (manipulate) the wet soil into different shapes for example by rolling into a  

     wire (ribbon) with about 7 mm diameter thickness (about the diameter of a pencil) and perform 

    the following. 

 

5.1. FOR SOILS WITH MORE SANDY NATURE 
 

A soil with significant content of sand feels rough, gritty, cannot be formed and makes a grinding 

noise when rubbed near one‟s ear (Brady and Weil, 2008); and 

i. If the moist soil feels very gritty and is not possible to roll into wire with 7 mm diameter and can 

     only be heaped into a pyramid or if it doesn‟t remain in a cohesive ball (mass) and falls apart 

     when squeezed without staining the fingers, then the soil is texturally a sand (S) with <5% clay 

    content. 

ii. If it feels very gritty but remains in an easily broken cohesive mass (ball) when squeezed 

    without forming a wire (as it easily falls apart), slightly staining the fingers (adheres very 

    slightly at least to one finger), then it is a loamy sand (LS) with <12% clay content. 

iii. If it feels prominently gritty with audible grinding noise, definitely stains the fingers, adhering 

     slightly at least to one finger and rolls into an easily broken short, thick cylinder of about 7 mm 

     diameter and ≤2.5 cm  length before it breaks, then it is a sandy loam (SL) with <10% clay 

    content.  

 

5.2. FOR LOAMY SOILS 

 

General precondition: 

High silt content makes the moist soil sample feel smooth and silky, with little stickiness or 

 resistance to deformation and is weakly formable. If it is moderately cohesive and can be rolled  

into a wire (cylinder) of 3-7 mm diameter thickness (about ½ the diameter of a pencil) , but the 

wire breaks when trying to form into a ring with 2-3 cm diameter thickness or breaks off  when the 

ribbon is about 2.5 cm length and adheres to the fingers staining them appreciably, then the soil 

would be more of loam and may be one of the following (FAO, 2006a; Brady and Weil, 2008).   
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i. If it is neither very gritty nor very smooth, moderately grainy (without significant sandy feel) 

     and grinding noise not clearly audible, forms a wire of 3-7 cm but cracks when trying to form 

     the wire into a U-shape, the soil is a loam (L) with 8-27% clay. 

ii. If it is significantly smooth with some grains to feel but no grinding noise audible, moderately 

     cohesive (somewhat sticky), adheres to the fingers staining them, has buttery (soapy) feel with 

    flaky surface, the soil  is silt loam (ZL) with <10% clay. 

iii. If there are no grains to feel and has a very soapy feel (characteristic soapy feel), the soil is silt 

     (Z) with clay content <12%.  

iv. If it is very grainy, with audibility of grinding noise and not so sticky, adheres to the fingers, 

    has rough and ripped surface after squeezed between the fingers, the soil is a clay rich sandy 

    loam (SL) with 10-20% clay content. 

v. If it is not grainy and no grinding noise audible, distinctly floury, has a rough and ripped 

     surface after squeezing between fingers and is somewhat sticky, the soil is again a clay rich silt 

    loam (ZL) with 10-27 % clay. 

vi. If it is grainy to very grainy (gritty), with audibility of grinding noise and significant sandy 

    feel, sticky, can form ribbons with 2.5-5 cm length and has moderately shiny surface after 

    squeezing between the fingers, but its ribbons crack when formed into a ring of 2-3 cm 

    diameter or a U-shape, the soil is sandy clay loam (SCL) with 20-35% clay. 

 

5.3. FOR SOILS WITH MORE CLAYEY NATURE 

 
General precondition:  

Clay soils is generally sticky, formable to ribbons longer than 5 cm and  has high plasticity and 

shiny surface after squeezing between fingers. If it is possible to form a wire of 3 mm diameter 

(about ½ the diameter of a pencil) into a ring with 2-3 cm diameter without cracks, is cohesive, 

sticky and has moderately shiny to shiny surface when squeezed between the fingers, then the soil 

may fulfill the following textural classes (FAO, 2006a; Brady and Weil, 2008). 

i. If it is very grainy (gritty) and grinding noise audible, it is sandy clay (SC) with 35-55% clay. 

ii. If it is not so grainy but with some grains to feel, grinding noise not clearly audible, feels very 

     smooth, has moderate plasticity and moderately shiny surface when squeezed, it is a clay loam 

    (CL) with 30-40% clay. However, the ring may crack often. 

iii. If it is highly plastic and has shiny surface when squeezed, it is clay (C) with 40-60% clay. 

iv. If no grains can be seen and felt, has soapy feel, has low plasticity and the ring slightly cracks, 

    it is a silty clay loam (ZCL) with 30-40% clay. 

v. If it is extremely sticky, without soapy feel and smoothness but has shiny surfaces, it is heavy 

     clay (HC) with more than 60% clay. If it feels very smooth with significant soapy feel, highly 

    plastic and has moderately shiny surface, it is silty clay (ZC) with 40-60% clay. 

N.B: Since texture determination may depend on clay mineralogical composition, such field 

    texture estimation may underestimate the clay content of kaolinite dominated soils and 

    overestimate smectite dominated ones as the former is stickier and the latter more plastic. 

    However, texture-class determination by textural feel of many tropical soils can be considerably 

    different from that of particle size analysis due to formation of stable microaggregates of silt 

     and sand size from clay by the action of binding materials such as Fe- and Al-oxides and SOM 

    (FAO, 2006a).  
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