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Abstract 
 

It is imperative to understand and predict the nature and distribution of soils along a given physiographic 

condition. However, the hitherto practices of collecting basic soil information at a site-specific level seem 

inadequate to ensure sustainable agricultural production via proper utilization and effective management of soil 

resources. Therefore, this research was conducted to characterize, classify, and map soils along the 

toposequence of the Qenberenaweti sub-watershed, Central Highlands of Ethiopia. A total of 91 auger 

inspections were made up to a 120 cm depth to define soil mapping units with their boundaries. Then, six pedons 

were opened at typical slope positions along the toposequence. The depth of the pedons varied between 135 and 

200+ cm, whereas the thickness of A-horizons showed an increasing trend down the slope by excluding the 

back-slope position. All the soils at the surface and subsurface horizons had clayey texture with pH ranging 

from 5.59 to 6.23 and 5.31 to 7.65, respectively. The OC contents throughout the entire horizons varied from 

0.22 to 2.03%. The highest CEC values were found at the middle slope position followed by pedons at the upper 

and bottom parts. The exchangeable cations of most pedons were in declining order of Ca, Mg, K, and Na 

except for the Mg dominance over Ca at the back slope and bottom depression. Hereby, six soil types were 

identified; and their distribution was mapped. The results of this research revealed that the extent of variations 

in key topographic features resulted in the formation, development, and distribution of diversified soils along 

the toposequence. Consequently, such detailed soil characterization, classification, and mapping work is vital 

for proper planning, management, and utilization of the soil resources at local topographic conditions. However, 

further research should be done to ensure sustainable agricultural production in the study area. 
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INTRODUCTION 

Soil is a gradually renewable dynamic natural 

resource (Jenny, 2012) whose extents of proper 

utilization and effective management determine 

the sustainability of agricultural production 

(Adugna, 2016). Generally, soil is classified as 

natural body on the basis of its characteristics 

(Nikiforova et al., 2019), and soils in a given 

group are believed to be homogeneous (Tursina, 

2012). Characterization of soils deals with the 

assessment of their morphological, physical, 

chemical, and mineralogical properties (Schaetzl 

and Thompson, 2015) while classification is the 

systematic categorization of soils into different 

groups at varying levels of generalization based 

on their overall properties (Ditzler, 2017; Buol et 

al., 2011). Besides, soil mapping is a process of 

creating a visual representation of the different 

soil types and their distribution within a specific 

geographic area (Wimalasiri et al., 2020; Kienast-

Brown et al., 2017).  

The action of characterization and classification 

is ultimate to all soil studies as it is a vital tool to 

reflect the real diversity of soils (Brevik et al., 

2016; Buol et al., 2011). It also links research 

results and their beneficial extension with field 

applications (Ayalew et al., 2015) by providing 

key information about soil properties and 

environmental conditions (Lufega and Msanya, 

2017). Hence, it helps in organizing of 

knowledge, ease of remembering of soil 

properties and understanding of relationships, 

having clear communication, and the best of 

technology transfer (Lufega and Msanya, 2017; 

Hartemink, 2015). According to Brevik et al. 
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(2016), characterization and classification of soils 

are done in the application of proper management 

practices, rehabilitation of degraded soils, and 

provision of a ready-made map legend for soil 

surveyors. Whereas, soil mapping aims to unravel 

deficiencies in our understanding of soil 

properties and processes both in time and space 

(Taha et al., 2019; Minasny and McBratney, 

2016). 

Toposequence is series of soils that vary 

primarily due to the topography as soil forming 

factor (Alves et al., 2024). This means each soil 

type in a toposequence exhibit distinctive 

characteristics that are directly related with the 

slope at typical components (crest, shoulder, back 

slope, foot slope, and toe slope) of a topography 

(Omokaro, 2023; Seifu and Elias, 2018). 

Moreover, topography is important in pedologic 

processes via determining the extent of water 

drainage and runoff, soil thickness and erosion 

potential, particle size distribution, reaction, and 

OM content (Omokaro, 2023; Begna, 2020). 

However, any patterns of soil association along a 

toposequence is not necessarily repeated with the 

topography in the landscape (Bonfatti et al., 

2020; Ogban et al., 2019). Because soils with 

identical parent material, existing within a 

uniform climatic condition, and affected by 

similar soil-forming factors may still have varied 

characteristics due to local relief, internal 

drainage, and/or geomorphic attributes (Tunçay 

and Dengiz, 2020; Gruber et al., 2019). Hence, 

the concept of toposequence is a useful analytical 

tool in describing the outline of soil 

characterization, classification, and mapping for 

sustainable agricultural production and land use 

management (Seifu and Elias, 2018; Brevik et al., 

2016).  

Soil genesis and distribution  in Ethiopia are 

influenced by agro-ecological zones 

accompanied by geology, topography, 

vegetation, and climatic variability 

(Weldegerima, 2024; Regassa et al., 2023). For 

instance, different soil units like Acrisols, 

Cambisols, Fluvisols, Leptosols, Luvisols, 

Nitisols, Vertisols, and Umbrisols with various 

qualifiers have been identified in the country (Ali 

et al., 2024; Tufa et al., 2021). The country has a 

long history of collecting basic information on 

soil characterization which is either limited to 

some selected potential areas or done with 

shallow observations and wider generalizations 

(Megarsa, 2023; Nyssen et al., 2019). 

Furthermore, the available soil maps in the 

country are dominantly small-scale and represent 

scattered areas which hinder site-specific soil 

interpretation and utilization (Seifu et al., 2023; 

Debele, 2018). Accordingly, detailed soil survey 

and mapping are imperative for better 

understanding and prediction of soil types and 

distribution at local physiographic variability 

level (Abdu et al., 2023; Megarsa, 2023; Fekadu 

et al., 2018). 

Variation in the physiography of agricultural 

lands has an enormous influence on soil 

properties and plant production (Abdu et al., 

2023; Laekemariam et al., 2016). Consequently, 

the absence of inclusive evidence on the nature of 

soils at the level of local variability is often a key 

factor limiting the development of Ethiopian 

agriculture (Seifu and Elias, 2018; Tamene et al., 

2017), as it does particularly around the study 

area (Cherinet, 2017). Acquiring comprehensive 

soil information while doing an in-depth 

characterization and classification at local 

topographic condition or watershed level is 

important to make proper utilization and 

management of soils for sustaining food 

production, rehabilitating degraded land, and 

tackling site-specific soil related problems 

(Mathewos and Mesfin, 2024; Bedadi et al., 

2023). Therefore, this study was conducted to 

characterize, classify, and map the soils along a 

toposequence of Qenberenaweti sub-watershed, 

Central highlands of Ethiopia. 
 

MATERIALS AND METHODS 

Description of the Study Area  

The study was conducted in Qenberenaweti sub-

watershed which is located between 09° 33ʹ 50ʺ 

and 09° 35ʹ 03ʺ N latitude and 39° 32ʹ 50ʺ and 39° 

33ʹ 54ʺ E longitude (Figure 1). It is found at about 

120 km northeast of Addis Ababa on the way to 

Debre Berhan and 18 km from the Chacha town 

of Angolelana Tera district, North Shewa zone of 

Amhara National Region State. The site covers a 

total area of 317 hectares on a plateau of the 

central Ethiopian highland system with 

elevations ranging between 2808 and 2960 

meters above sea level (m.a.s.l).
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Figure 1. Location and altitude map of the study area 

 

The rainfall distribution is bimodal, short (March to 

April) and long (June to September) rainy seasons, 

with mean annual precipitation of 928.5 mm. The 

mean annual temperature is 14.2 ℃ having monthly 

averages of 15.6 ℃ in May and 12.9 ℃ in October, 

respectively (Figure 2). Generally, the area falls under  

the Tepid to Cool Sub-Moist Mid-Highland agro-

ecological zone (MoARD, 2005); and has Cambisols, 

Leptosols, and Vertisols as major soil types (ATDAO, 

2017). 

 

Figure 2. Mean monthly rainfall and temperature of the study area 
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Selection of Soil Sampling Sites and 

Identification of Mapping Units 

Before the field survey, the topographic map 

(1:50,000) and areal image (Google Earth Pro) of 

the study area were interpreted to organize the 

vital site and land information: slope, altitude, 

drainage patterns, and land configurations. The 

overall topographic configuration and exact 

outlet point of the area were recognized during 

the field visit. Delineation of the sub-watershed 

and determination of its hydrological components 

were done using spatial analysis tools of Arc GIS 

10.5 software after retrieving a 12.5 m digital 

elevation model (DEM) data from the United 

States Geological Survey 

(http://www.USGS.gov).  

The free-soil survey (Driessen et al., 2000) 

method that followed a systematic sampling 

approach was employed across the north-south 

facing landscape configuration to identify the soil 

mapping units (SMU) with their boundaries. A 

given SMU was defined on the basis of similarity 

and/or closeness in key topographic and 

morphological (slope gradient, soil depth, and 

texture of surface soils) features of each augur 

sampling points. A total of 91 auger samples to 

120 cm depth were collected using ‘Edleman 

auger’ unless limited by the stoniness or 

compactness of the soils. A toposequence along 

the major stream flow directions which have all 

the typical topographic components and represent 

the upper, middle, and lower positions was 

considered for excavation of a representative pit 

(1.5 m width by length and up to 2 m depth) and 

collection of peripheral surface soil samples. 

Coordinate points of all auger and profile 

inspections were taken by a handheld geographic 

positioning system (GPS) apparatus (Garmin-60) 

and digitized on the topographic map produced 

using Arc GIS 10.5 software. 

 

Soil Sampling and Analysis 

Both disturbed and undisturbed soils were 

sampled from every identified genetic horizon of 

the opened profiles. Additionally, twelve 

disturbed surface (0-20 cm) soil sub-samples 

were randomly collected within 15 m radius 

surrounding of each pedon. Then, the sub-

samples were thoroughly mixed and made into 

three composites per pedon. 

The disturbed soil samples were air-dried and 

ground to pass through a 2 mm sieve for analyses 

of most physicochemical properties except for the 

organic carbon (OC) and total nitrogen (TN) 

contents in which case soils were sieved by a 0.5 

mm mesh size. The undisturbed samples were 

oven-dried at 105 ℃ for 24 hours to determine 

bulk density using the core-sampling method 

(BSI, 1975) while particle density with the 

pycnometer method (Tan, 1995). Soil particle 

size distribution was analyzed by the modified 

sedimentation hydrometer procedure 

(Bouyoucos, 1951). 

The pH of the soils was determined in 1:2.5 soil-

to-water suspension using a pH meter (Van 

Reeuwijk, 1995); and the suspension was also 

used to measure the EC of the soils with a 

conductivity meter. The organic carbon (OC) 

content was determined using the wet digestion 

method of Walkley and Black (Van Ranst et al., 

1999). The total nitrogen (TN) content was 

analyzed by a wet-oxidation procedure of the 

Kjeldahl method (Bremner and Mulvany, 1982). 

The soil available phosphorus (Av. P) content 

was extracted following Olsen method (Van 

Reeuwijk, 1995) and the concentrations were 

measured using spectrophotometer at 882 nm. 

The exchangeable base cations (Ca, Mg, K and 

Na) and cation exchange capacity (CEC) of the 

soils were determined using 1M ammonium 

acetate (pH 7) method according to the 

percolation tube procedure (Van Reeuwijk, 

1995). The concentrations of exchangeable Ca 

and Mg in the leachate were determined by 

Atomic Absorption Spectrophotometer (AAS); 

whereas the exchangeable K and Na contents 

were measured by a flame photometer. Available 

micronutrients (Fe, Mn, Zn, and Cu) were 

extracted using the diethylene-triamine-

pentaacetic-acid (DTPA) method (Tan, 1995), 

and their concentrations were determined by 

AAS. The CEC due to the clay fraction (CEC 

clay) was computed by subtracting the CEC value 

of OM from CEC of soil (equation 1) with 

assumption of OC has a CEC of 200 cmolc kg-1 

(Landon, 2014): 

 

𝐶𝐸𝐶𝑐𝑙𝑎𝑦 =
𝐶𝐸𝐶 𝑠𝑜𝑖𝑙−(% 𝑂𝑀∗200)

% 𝐶𝑙𝑎𝑦
 …Equation1  

 

Description of the Pedons and Classification of 

the Soils 

The in-situ description of soil properties was 

carried out following the guideline for soil profile 

description (FAO, 2006). Furthermore, the soils 

http://www.usgs.gov/
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of the study area were classified according to the 

World Reference Base (WRB) for soil resources 

classification system (IUSS, 2022). 

 

Statistical Analysis 

The data on selected physicochemical properties 

of the surface soils were interpreted by 

descriptive statistics. Besides, Pearson’s 

correlation matrix was used to explain the 

relationship pattern among all the variables. All 

statistical analyses were performed using the 

Statistical Package for Social Science (SPSS) 

software version 26.0 (IBM, 2020). 
 

RESULTS AND DISCUSSION  

Description of Soil Mapping Units and Site 

Characteristics 

After the detailed in-situ detection of each soil 

augering point, 32 different soil mapping units 

(SMU) were identified in the sub-watershed 

(Figure 3). The upper topographic position 

occupied SMU-01, 02, 03, 04, 05, 06, 07, 08, 10, 

and 19 while the middle position had SMU-09, 

11, 12, 15, 16, 17, 18, 20, 22, and 23. The rest 

(SMU-13, 14, 21, 24, 25, 26, 27, 28, 29, 30, 31, 

and 32) were found at the lower topographic 

position. A representative pit was dug on SMU-

06, 05, 16, 17, 32, and 30 in lieu for the summit, 

shoulder, back slope, foot slope, toe slope, and 

bottom depression positions, respectively.  

 

 

Figure 3. Topographic map of the study area 

 

As shown in Appendix Table 1, the SMU-06, 07 

and 30 were very deep soils (>120 cm) with 

clayey texture (feel method) at the surface of 

level (0-2 %) and gently level (2-5 %) lands. 

Amongst SMUs found on sloping lands (5-10 %), 

SMU-04, 21, 28, 31, and 32 had very deep 

profiles while SMU-02, 18, 26, and 29 were 

categorized as deep soil (100-120 cm). The soils 

of SMU-02, 04, 18, 26, 29, 31, and 32 were 

clayey while that of SMU-21 and 28 were clay 

loam in texture. The strongly sloping land (10-15 

%) was occupied by SMU-05, 14, 17, 22 and 25 

with soils having deep solum and clay loam 

texture. They were also partly covered by very 

deep SMU-11 and 19 and deep SMU-08 and 09 

solum with clay textured soils at the surface. 

Although many of the SMUs (01, 03, 10, 15, 20, 

23, 24, and 27) existing on moderately steep slope 
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land (15-30 %) had a moderately deep (50-100 

cm) solum with clay loam textured surface soils, 

the few (SMU-12, 13, and 16) were deep soils 

with a clay texture. 

The variations in the depth of the solum and soil 

texture at the surface might be related to the shape 

and length of the slope which determine the 

degree of soil material translocation and 

accumulation via the action of water flowing 

down the slope. Depth of the solum and soil 

texture at the surface are ascribed to slope 

features (Mwendwa, 2021; Subhatu et al., 2018) 

that erode, move, and depose finer soil materials 

via the action of the running water from upper to 

bottom topographic positions (Debele et al., 

2018). Consequently, the nature of slope in a 

given landscape can influence the rate of soil 

formation and development at different 

topographic positions (Deressa et al., 2018; 

Mulugeta and Sheleme, 2010). All the pedons 

were opened on grazing and fallow land uses that 

had distinctive parent materials of basaltic 

igneous rock (Table 1). The pedons have existed 

on different landforms and slope gradients with 

straight slope forms and straight plus concave 

surface flow pathways. Rill and sheet soil 

erosions were observed at shoulder, back-slope, 

and foot-slope positions, whereas soil deposition 

was prevalent on the toe-slope and bottom 

depression areas. Also, the surface of the eroded 

topographic components was covered by 

different amounts and sizes of coarse fragments. 

However, there was no rock outcrop and sign of 

surface sealing in the area. The data gathered 

from auger inspection and site characteristics of 

the study area revealed the presence of variations 

in key topographic features that determine the 

nature (morphological, physical, and chemical 

properties) and distribution of soils along the 

toposequence. 
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Table 1. Selected site characteristics of pedons along the toposequence  

 

Soil Morphological Properties  
The pedons had A and B sequence of horizons 

with their depth varying from 135 to 200+ cm 

(Table 2). In general, the thickness of A-horizons 

showed an increasing trend down the slope with 

the exception of the horizon at the back-slope. 

The shallowest (20 cm) and deepest (70 cm) A 

horizons existed at the back slope and toe slope, 

respectively (Table 2). The disparity in surface 

horizon thickness might be attributed to slope 

steepness and form at a particular topographic 

position which determine soil formation and 

development by influencing horizontal (erosion 

and deposition) and vertical (eluviation and 

 

Basic 

information 

Profiles 

Summit Shoulder Back-slope Foot-slope Toe-slope Depression 

Coordinates 

(Latitude/Longit

ude) 

09°34’58’’N 

39°33’42’’E 

09°34’53’’N 

39°33’36’’E 

09°34’48’’N 

39°33’33’’E 

09°34’42’’N 

39°33’25’’E 

09°34’23’’N 

39°33’18’’E 

09°34’11’’N 

39°33’18’’E 

Altitude (masl) 2957 2946 2927 2894 2859 2845 

Major landform Level land, plain Sloping 

land, 

medium-

gradient 

escarpment 

Sloping 

land, 

medium-

gradient hill 

Sloping land, 

dissected plain 

Level land, 

depression 

Level land, 

depression 

Slope gradient 

(%) 

Level (0.5) Strongly 

sloping (10) 

Moderately 

steep (17) 

Strongly 

sloping (12) 

Sloping (5) Gently 

sloping (2) 

Slope form and 

surface flow 

pathway 

Straight-Straight Straight-

Concave 

Straight-

Concave 

Straight-

Straight 

Straight-

Straight 

Straight-

Straight 

Land use Grazing Fallowing Fallowing Fallowing Grazing Grazing 

Geologic 

materials 

Basic Igneous rock 

(Basalt) 

Basic Igneous 

rock (Basalt) 

Basic 

Igneous rock 

(Basalt) 

Basic Igneous 

rock (Basalt) 

Basic Igneous 

rock (Basalt) 

Basic Igneous 

rock (Basalt) 

Parent materials 

 

Weathered 

products of rocks 

with a high 

amount of a 2:1 

expanding clay 

type (smectite) 

Saprolite Saprolite Variety of fine 

to medium 

textured 

unconsolidated 

materials from 

alluvial and 

colluvial 

deposits 

Fine-

textured 

materials 

(clay and silt 

fractions) 

derived from 

alluvial 

deposit 

Fine-

textured 

materials 

(clay and silt 

fractions) 

derived from 

alluvial 

deposit 

Rock outcrops None None None None None None 

Surface cover (%) 

and size 

dimension (cm) of 

coarse fragments 

None Many 

(15-40) 

stones (6-20) 

Common 

(5-15) 

boulders 

(20-60) 

Few (2-5) 

stones (6-20) 

None None 

Category, affected 

area (%), and 

degree of erosion 

or material 

deposition 

No evidence Rill erosion, 

10-25, 

moderate 

Rill erosion, 

10-25, 

moderate 

Sheet erosion, 

5-10, slight 

Deposition 

by water 

Deposition 

by water 

Surface sealings None None None None None None 

Width (cm), depth 

(cm) and distance 

between (m) 

surface cracks 

Very wide (5-10), 

very deep (>20) 

and moderately 

wide spaced (0.5-

2) 

Wide (2-5), 

very deep 

(>20) and 

widely 

spaced (2-5) 

None Medium (<1), 

medium 

(2-10) and 

widely spaced 

(2-5) 

None None 

Soil type (WRB) Vertisol Cambisol Leptosol Luvisol Cambisol Cambisol 

Local soil name Mererie Areda Ajara Bodda Abolsie Abolsie 
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illuviation) translocations of soil material. An 

increase in the depth of surface horizon along 

toposequences largely occurs due to water 

erosion that takes soil materials from summit to 

bottom depression  (Sheleme, 2017; Alemayehu 

et al., 2016; Dessalegn et al., 2014). The 

relatively gentler slope at the lower topographic 

locations aids the deposition of materials eroded 

from the upper part (Chaplot, 2013; Ali et al., 

2010). In line with the present findings, 

(Mulugeta and Sheleme, 2010) also found a 

reduction in the depth of surface soils with 

increasing slope along the toposequences of 

Kindo Koye sub-watershed in southern Ethiopia, 

whereby the thinner and thicker A-horizons 

appeared at the steep (shoulder and back) and 

gentle (foot and toe) slopes, respectively. 

The distinctness and topography of horizon 

boundaries between the surface and sub-surface 

horizons were abrupt and smooth, except for the 

clear-wavy and abrupt-wavy boundaries for the 

pedons at the summit and bottom depression 

areas (Table 2). The variations in the appearance 

of horizon boundaries indicate that the soils were 

formed through different soil-forming processes 

(Ayalew et al., 2015) while they partly reflect 

anthropogenic impacts (Cools and De Vos, 

2010). The boundary changes between surface 

and sub-surface horizons of cultivated land-use 

occurred because of repeated human activities 

like plowing (Hailu et al., 2015). Moreover, the 

changes in grazing land use could be due to 

gradual transformation, homogenization, and/or 

erosional-depositional processes (Ande, 2010). 

The color of the surface soils was very dark 

brown (7.5YR 2.5/2 or /3) at the upper while it 

was dark reddish brown at the middle (5YR 3/3) 

and lower (5YR 2.5/2) slope positions (Table 2). 

The surface soil colors of the pedons were darker 

than their subsurface counterparts except for the 

pedons at the summit and shoulder (Table 2). The 

color variations within and among the pedons 

might be the reflection of differences in chemical 

and mineralogical composition, topographic 

positions, OM content, and moisture regimes. 

(Dengiz et al., 2012) confirmed that soil color 

was related to OM and carbonate accumulations, 

redoximorphic features, drainage condition, and 

physiographic position. Similarly, several authors 

reported that the surface horizons have darker 

colors than the corresponding subsurface 

horizons as a result of relatively higher soil OM 

contents in the surface layers (Dessalegn et al., 

2014; Ali et al., 2010; Mulugeta and Sheleme, 

2010). Mulugeta and Sheleme (2010) also 

reported that soils on slopes that have never been 

saturated with water had reddish and brownish 

subsoil colors while soils on poorly drained 

locations tended to have grey-colored B-

horizons. However, the greyish subsurface soils 

color at the summit could be due to the limited 

weathering of smectite clays that remain stable as 

long as the pH is above neutral and result in 

subsoils with a lower red hue and weaker chroma 

because of the less free ferric ions (Driessen et al., 

2001). Besides, the blackish/greyish sub-surfaces 

at the shoulder could be due to the leaching 

accumulation of weathered smectitic clays that 

impede internal drainage upon cementation of 

subsoil particles while providing reddish soil 

color owing to Fe3+ compounds left behind in the 

surface horizon (Driessen et al., 2001).  

The structures of soils at the surface layers were 

granular and sub-angular blocky with grades 

ranging from moderate and moderate to strong 

and fine to coarse sizes (Table 2). On the other 

hand, the subsurface horizons had different 

structures (angular blocky, sub-angular blocky, 

prismatic, columnar, platy, and crumbly) weak to 

moderate and strong grades, and fine to very 

coarse sizes. The presence of granular structure at 

the surface could be attributed to the OM content 

(Gebrekidan and Negassa, 2006), whereas the 

well-developed structure in the subsurface is due 

to increasing clay content (Khormali et al., 2003). 

The results corroborate with Fekadu et al. (2018); 

Mesfin et al. (2017); Teshome et al. (2016) who 

found granular soil structure in the surface 

horizons that changed to angular and sub-angular 

structures in the sub-surface horizons of the 

pedons. 
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Table 2. Morphological properties of soils along the toposequence of Qenberenaweti sub-watershed 
 

Profile 

 

Horizon 

 

Depth 

(cm) 

 

Boundary 

Soil Color (Munsell Code) Soil Structure 

(Grade/ Size/ Shape) 

Soil Consistency Texture (Feel) 

Dry Moist  Dry Moist Wet  

Plasticity Stickiness 

S
u

m
m

it
 

A 0-25 CW 10YR 3/3 7.5YR 2.5/2 Mo/ Me/ Gr HA VFR PL VST Clay 

Bt1 25-70 AS 10YR 4/1 7.5YR 3/1 St/ Co/ Ab VHA FI VPL VST Clay 

Bt2 70-105 CW 10YR 4/2 10YR 3/2 St/ Co/ Pr EHA FI VPL VST Clay 

Btk1 105-135 AS 10YR 4/3 7.5YR 3/3 MS/ Co/ Ab VHA VFI PL VST Clay 

Btk2 135-165 AW 10YR 4/3 7.5YR 3/2 MS/ Me/ Sb HA FI VPL ST Clay 

Btkm 165-200 - 10YR 4/4 7.5YR 4/2 MS/ Me/ Cr HA FR PL ST Clay 

S
h

o
u

ld
er

 

A 0-30 AS 10YR 3/4 7.5YR 2.5/3 MS/ Me/ Gr SHA VFR VPL ST Clay loam 

AB 30-65 CS 10YR 3/3 7.5YR 2.5/2 Mo/ Fi/ Cr SHA VFR VPL VST Clay loam 

Bt1 65-100 AW 10YR 3/1 7.5YR 2.5/1 St/ Me/ Pr VHA FR VPL VST Clay 

Bt2 100-120 GW 10YR 4/1 7.5YR 3/1 St/ Me/ Pl HA VFI VPL VST Clay 

BC  120-135 - 10YR 4/2 7.5YR 3/2 MS/ Fi/ Cr SHA FR PL ST Clay loam 

B
ac

k
 s

lo
p

e 

Ac1 0-20 AS 7.5YR 3/3 5YR 3/3 Mo/ Me/ Sb SHA VFR PL ST Loam 

Ac2 20-40 CW 7.5YR 3/4 5YR 3/3 Mo/ Me/ Sb HA FR PL ST Loam 

Bwv 40-60 CS 7.5YR 3/2 5YR 3/2 MS/ Me/ Sb VHA FI PL ST Clay loam 

Bhsm 60-110 CW 7.5YR 3/2 7.5YR 2.5/2 St/ Me/ Ab VHA VFI VPL VST Clay loam 

Btx 110-125 AW 7.5YR 4/4 7.5YR 3/3 MS/ Me/ Cr HA FI VPL VST Clay loam 

B/C 125-155 - 7.5YR 4/3 7.5YR 3/3 St/ Me/ Cr HA FR PL ST Clay loam 

F
o

o
t 

sl
o
p

e 

Ac1 0-35 AS 7.5YR 3/4 5YR 3/3 Mo/ Co/ Sb SHA VFR PL ST Clay loam 

ABc2 35-70 CS 7.5YR 3/2 5YR 3/2 Mo/ Me/ Sb HA FR PL ST Clay 

Btc3 70-95 CW 7.5YR 3/3 7.5YR 2.5/2 Mo/ Me/ Ab HA FR PL VST Clay 

2Bti1 95-150 AS 10YR 3/1 7.5YR 2.5/1 St/ VC/ Cl SHA VFR VPL VST Clay 

2Bti2 150-200+ - 10YR 2/1 7.5YR 2.5/1 St/ Co/ Cl VHA FI VPL VST Clay 

T
o

e 
sl

o
p

e 

Ac1 0-20 AS 7.5YR 3/3 5YR 2.5/2 Mo/ Me/ Gr SHA VFR PL ST Clay loam 

Ac2 20-45 AS 7.5YR 3/4 5YR 3/2 Mo/ Fi/ Gr SHA FR PL ST Clay loam 

Ac3 45-70 CS 7.5YR 4/4 5YR 3/2 Mo/ Fi/ Cr HA FI VPL ST Clay 

Bhc4 70-105 CW 7.5YR 3/2 7.5YR 2.5/2 Mo/ Me/ Cr HA VFI VPL VST Clay 

B/C 105-165+ - 7.5YR 4/2 5YR 2.5/2 WM/ Me/ Cr HA FR PL ST Clay loam 

B
o

tt
o

m
 

d
ep

re
ss

io
n
 

Ag1 0-30 AW 7.5YR 3/4 5YR 2.5/2 Mo/ Fi/ Gr HA FR VPL ST Clay loam 

Aqg2 30-65 GW 7.5YR 3/3 5YR 3/2 Mo/ Me/ Sb SHA VFR VPL VST Clay loam 

Bg3 65-110 CW 7.5YR 3/3 5YR 3/2 Mo/ Me/ Ab HA FR VPL ST Clay 

Bhg4 110-140 CW 7.5YR 3/2 5YR 3/2 Mo/ Fi/ Ab SHA FR VPL VST Clay 

BCg5 140-190 - 7.5YR 4/3 7.5YR 2.5/2 WM/ Fi/ Cr HA FR PL ST Clay loam 

Where: AS-Abrupt Smooth; CS-Clear Smooth; AW-Abrupt Wavy; CW-Clear Wavy; GW- Gradual Wavy; St-strong; Mo-moderate; We-weak; MS-moderate to strong; WM-weak to moderate; VC-very 

coarse; Co-coarse; Me-medium; Fi-fine; Cr-crumbly; Ab-angular blocky; Sb-subangular blocky; Gr-granular; Pr-prismatic; Cl-columnar; Pl-platy; HA-hard; VHA-very hard; SHA-Slightly hard; 

FI-firm; FR-friable; VFR-very friable; PL-plastic; VPL-very plastic; ST-sticky; VST-very sticky
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The soils along the toposequence had consistence 

ranging from hard to slightly hard, friable to very 

friable, and plastic/sticky to very plastic/very 

sticky at the surface horizons while the soil 

consistence in the subsurface horizons varied 

from hard to extremely hard, very friable to firm 

and plastic/sticky to very plastic/very sticky 

(Table 2). The variations in soil consistence could 

be resulted from the differences in particle size 

distribution, texture, OM content, and amount 

and nature of clay particles (Paltseva, 2024; 

Ayalew et al., 2015; Moradi, 2013). Very friable 

and friable consistencies were observed in the 

surface soils as a result of higher OM contents 

compared to their subsurface counterparts 

(Debele et al., 2018; Mulugeta and Sheleme, 

2010) and impacted better workability of clayey 

soils by reducing their stickiness (Ali et al., 

2010). In contrast, sticky/very sticky and 

plastic/very plastic consistencies show the 

existence of high clay and low organic carbon 

contents with difficulty to till (Ayalew et al., 

2015). Furthermore, (Ali et al., 2010) pointed out 

that very sticky and very plastic appearances 

could be best indicative of the presence of 

smectitic clays in the soils. 

 

Soil Physical Properties 
The textural class of all soils at the surface and 

subsurface horizons was clay with different 

distribution of the three soil separates (Table 3). 

The proportion of the separates is determined by 

slope steepness, form, and topographic laying 

position of the excavated pedons (Ofori et al., 

2013). The sand fraction in the surface layer 

increased from 18% at the summit to 32% at the 

back-slope, and then decreased to 24% at the 

bottom depression position, whereas the clay 

decreased from 48% to 40%, and then increased 

to 48% at the respective topographic positions 

(Table 3). The coarser soil texture in the surface 

horizons at the middle part of the toposequences 

might be due to the selective removal of fine 

(clay) and medium (silt) sized soil particles by the 

action of erosion from steeper slope at this 

topographic position and their deposition at lower 

parts. It is likely that silt proportion would be 

raised on foot and toe slopes as compared to the 

surface soils on the shoulder and back slopes 

when erosion left coarse particles on the hill part 

(Mulugeta and Sheleme, 2010). The highest 

amount of clay particles at the surface of the 

bottom depression position could be attributed to 

their translocation and deposition from the upper 

and adjacent profiles (Babalola et al., 2007).  

On the other hand, the subsurface horizons of 

most pedons were finer in texture than their 

respective surface horizons due to the downward 

translocation of clay particles (Table 3). The 

presence of clay illuviation is the main factor in 

the formation of the argillic horizon in the 

subsurface soils of the upper and middle slope 

profiles (Mulugeta and Sheleme, 2010). In line 

with this finding, Adhanom and Toshome (2016); 

Mulugeta and Sheleme (2010) found an 

increasing trend of clay contents while sands 

showed a decreasing trend down the slope 

gradient due to selective movement of finer soil 

particles laterally from the upper slopes and/or 

adjacent areas and subsequent accumulation in 

the lower topographic position. Accordingly, the 

higher clay content in the B horizon of soils was 

reported as a result of illuviation, predominant in-

situ pedogenetic formation in the subsoil, 

destruction in the surface horizon, upward 

movement of coarser particles due to swelling 

and shrinking, biological activity, and a 

combination of two or more of these different 

processes (Fekadu et al., 2018;  Yitbarek et al., 

2018; Mesfin et al., 2017). The very high 

significant (P ≤ 0.01) correlations between clay 

and sand (r = -0.82) and silt (r = -0.80) also 

confirm the translocation and illuvial 

accumulation of clay in the subsurface horizons 

(Appendix Table 2). 

The silt to clay ratio of the soils across the profiles 

ranged from 0.19 to 1.00 (Table 3); hence, 

implying that the soils are at a relatively better 

rate of weathering with significant leaching of 

clay particles. Soils having silt to clay ratio below 

a unity are considered to be at an advanced stage 

of development and had undergone feralitic 

pedogenesis process (Debele et al., 2018; 

Abayneh, 2005). The lower silt to clay ratios in 

the subsoil layers as compared to their surface 

counterparts also confirm the existence of clay 

migration in the pedons (Nahusenay et al., 2014; 

Beyene, 2011). The presence of an appreciable 

amount of silt fraction in the surface soils could 

increase the water-absorbing ability of the soils, 

and facilitate longer soil-water retention for plant 

use (Saha et al., 2020; Beyene, 2011) 
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Table 3. Physical properties of soils along the toposequence of Qenberenaweti sub-watershed 

Profile Horizon Depth (cm) Particle Size (%) Silt to Clay 

Ratio 

Textural 

Class 

Density (g cm-1) Total 

Porosity (%) Sand Silt Clay Bulk Particle 

 

S
u

m
m

it
 

A 0-25 18 34 48 0.71 Clay 1.22 2.35 47.97 

Bt1 25-70 14 14 72 0.19 Clay 1.24 2.39 48.33 

Bt2 70-105    12 14 74 0.19 Clay 1.30 2.43 46.50 

Btk1 105-135 18 14 68 0.21 Clay 1.35 2.42 44.10 

Btk2 135-165 14 24 62 0.39 Clay 1.29 2.51 48.50 

Btkm 165-200 10 18 72 0.25 Clay 1.41 2.56 45.12 

 

S
h

o
u

ld
er

 

A 0-30 26 28 46 0.61 Clay 1.19 2.43 51.03 

AB 30-65 22 26 52 0.50 Clay 1.21 2.42 50.00 

Bt1 65-100 18 16 66 0.24 Clay 1.29 2.50 48.30 

Bt2 100-120 12 16 72 0.22 Clay 1.40 2.58 45.63 

BC  120-135 26 22 52 0.42 Clay 1.31 2.56 48.73 

 

B
ac

k
 s

lo
p

e 

Ac1 0-20 32 28 40 0.70 Clay 1.19 2.41 50.62 

Ac2 20-40 28 28 44 0.64 Clay 1.23 2.44 49.59 

Bwv 40-60 30 24 46 0.52 Clay 1.28 2.56 49.90 

Bhsm 60-110 20 34 46 0.74 Clay 1.30 2.53 48.62 

Btx 110-125 18 20 62 0.32 Clay 1.29 2.47 47.87 

B/C 125-155 24 28 48 0.58 Clay 1.40 2.57 45.72 

 

F
o

o
t 

sl
o

p
e Ac1 0-35 30 28 42 0.67 Clay 1.19 2.35 49.36 

ABc2 35-70 24 38 38 1.00 Clay Loam 1.16 2.39 51.67 

Btc3 70-95 18 26 56 0.43 Clay 1.26 2.49 49.40 

2Bti1 95-150 14 16 70 0.23 Clay 1.36 2.64 48.39 

2Bti2 150-200+ 14 16 70 0.23 Clay 1.42 2.60 45.58 

 

T
o

e 
sl

o
p

e 

Ac1 0-20 26 32 42 0.76 Clay 1.15 2.37 51.37 

Ac2 20-45 26 30 44 0.68 Clay 1.20 2.43 50.82 

Ac3 45-70 24 32 44 0.73 Clay 1.19 2.41 50.62 

Bhc4 70-105 22 28 50 0.56 Clay 1.24 2.48 50.10 

B/C 105-165+ 36 18 46 0.39 Clay 1.28 2.61 50.96 

 

B
o

tt
o

m
 

d
ep

re
ss

io
n
 Ag1 0-30 24 28 48 0.58 Clay 1.18 2.43 51.34 

Aqg2 30-65 34 16 50 0.32 Clay 1.20 2.50 51.90 

Bg3 65-110 20 26 54 0.48 Clay 1.19 2.45 51.33 

Bhg4 110-140 20 28 52 0.54 Clay 1.23 2.59 52.51 

BCg5 140-190 34 20 46 0.43 Clay 1.29 2.55 49.31 

The bulk and particle densities of the surface 

horizons ranged from 1.15 to 1.22 and 2.35 to 

2.43 g cm-3, respectively, whereas their 

corresponding values in the subsurface horizons 

ranged from 1.16 to 1.42 and 2.39 to 2.64 g cm-3 

(Table 3). The bulk density values of the soils in 

the surface horizons were under the usual ranges 

(1.0-1.5 g cm-3) for fine-textured soils (Wogi et 

al., 2021). Both the particle and bulk densities of 

the soils increased with soil depth at all 

topographic positions which could be due to the 

relatively higher OM content in the surface than 

the subsurface soils; while the increase in bulk 

density could also result from natural compaction 

of the subsurface soils by a load of surface soils 

(Abayneh, 2005). According to Mulugeta and 

Sheleme (2010), soils that are loose, porous, or 

well-aggregated may have lower bulk densities 

than soils that are compacted or non-aggregated. 

The total pore space in the surface layers was 

between 47.97 and 51.37% showing a decreasing 

trend with soil depth (Table 3). According to 

Michael (2009), the total pore spaces in the 

clayey textured soils may vary between 40 and 60 

%. Besides, Shahab et al. (2013) also stated that 

the optimum total pore space value for crop 

production is about 50 %. Hence, the studied soils 

could be considered convenient for better crop 

production as there is a conducive situation for 

free aeration and water movement within the soil 

structure that is also capable of determining the 

number, diversity, and activity of important soil 

organisms (Mulugeta et al., 2019).
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Table 4. Mean values of particle-size distribution of the soils around excavated pedons 

 Percent sand Percent silt Percent clay Textural 

class Pedon Mean SD CV (%) Mean SD CV (%) Mean SD CV (%) 

Summit 19 1 5.26 33 1 3.03 49 1 2.04 Clay 

Shoulder 23 3 13.04 29 1 3.45 49 3 6.12 Clay 

Back-slope 30 2 6.67 31 3 9.68 39 1 2.57 Clay loam 

Foot-slope 28 2 7.14 31 2 6.45 41 1 2.40 Clay 

Toe-slope 27 1 3.71 29 1 3.45 43 1 2.33 Clay 

Bottom 

depression 

25 1 0.04 29 1 3.45 46 2 4.35 Clay 

The surface soil samples collected from all 

directions of the opened pedon had more or less 

similar texture with that of the corresponding 

soils of the surface horizons, except for a slight 

difference at the back-slope pedon. However, the 

proportion of clay, silt, and sand fractions at a 

given physiographic position deviated by ±1 to 3 

% between the soils of the surface horizons of the 

pedons and the respective surface soils around the 

pedons (Table 4). In general, the descriptive 

statistics analysis reviled the presence of very 

closeness (CV < 15 %) within each of the three 

soil separates of the samples around the opened 

pedons (Wilding and Drees, 1978). 

 

Soil Chemical Properties 
The pH values of surface and sub-surface soils 

ranged from 5.59 to 6.23 and from 5.31 to 7.65, 

respectively (Table 5). According to Wogi et al. 

(2021), the surface soils at the shoulder and toe 

slope parts were slightly acidic while the others 

were moderately acidic. Apart from the toe slope, 

the pH values in the subsurface horizons were 

higher than the surface horizons of the rest 

pedons (Table 5). The escalations in pH values in 

the subsoils could be due to the illuvial 

accumulation of basic cations i.e., leaching and 

downward translocation of basic cations (Fekadu 

et al., 2018; Nahusenay et al., 2014). 

Additionally, it might be due to less H+ released 

from the poor decomposition of the lower OM 

content in the subsoils (Ayalew and Beyene, 

2012). The higher pH at the surface of the toe-

slope position could also be related to the effects 

of water moving down the slope of the 

toposequence causing erosion and deposition of 

materials rich in basic cations. Generally, the low 

topographic positions had higher pH values than 

the upper positions, which might be due to the 

excessive accumulation of exchangeable bases 

that were laterally removed from uphills and 

subsequently deposited at lower slopes (Hailu et 

al., 2015; Nahusenay et al., 2014). However, the 

high pH value at the surface of the shoulder site 

could be associated with the substantial 

deposition of dust particles that blown-up from 

the nearby main paved road of magnesitic 

(MgCO3), dolomitic [CaMg(CO3)2], and/or 

serpentine [Mg3Si2O5(OH)4] limestone sources. 

On the other hand, the lower pH values at the sub-

surface horizon of the toe-slope could probably 

be due to infiltration and percolation of water 

deep into the soil. The soil water saturation might 

have removed basic cations from the subsoil 

horizon and contributed to the lowering of soil pH 

(Damene et al., 2007). In addition to the release 

of H+ from its numerous acid functional groups, 

OM facilitates leaching loss of Ca2+ and Mg2+ by 

forming soluble complexes (Jalali and Arfania, 

2010; Brady and Weil, 2008). This finding agreed 

with the work of Fekadu et al. (2018) and Ali et 

al. (2010) whereby the pH-H2O showed a general 

rise with soil depth in the pedons at upper and 

middle slope positions compared to those at the 

bottom and toe slope positions. The correlation 

analysis also revealed that the soil pH was caused 

negatively due to the OC (r = -0.45, P ≤ 0.01), av. 

Fe (r = -0.69, P ≤ 0.001) and av. Mn (r = -0.50, P 

≤ 0.01) contents while positively from the ex. Na 

(r = 0.71, P ≤ 0.001), ex. K (r = 0.39, P ≤ 0.05) 

and ex. Ca (r = 0.39, P ≤ 0.05) concentrations 

(Appendix Table 2). 

Irrespective of the topographic positions, the 

surface horizons of all pedons had relatively low 

soil electrical conductivity (EC) values (0.087 to 

0.273 dS m-1). The soils of the study area were 

non-saline (Havlin et al., 2017; Richards et al., 

1954) with a very low rated EC value (Shaw, 

1999) at which the existing amounts of soluble 



Journal of Science and Development, JSD Vol. 12 No. 1 2024 

 

56 | P a g e              Haymanot et al., JSD, 12(1) 2024 

salts cannot affect the growth and productivity of 

most crops (Landon, 2014; Richards et al., 1954). 

The organic carbon (OC) and total nitrogen (TN) 

contents across the horizons varied from 0.22 to 

2.03% and from 0.02 to 0.18%, respectively 

(Table 5) while the carbon to nitrogen (C: N) ratio 

was between 6.0 and 20.0. In general, the OC and 

TN contents decreased with the soil depth, except 

for a substantial accumulation of illuviated OM 

in some subsurface horizons of the back slope and 

bottom depression parts. Additionally, the OC 

and TN contents of surface soils declined from 

the summit to the back slope, increased at the foot 

slope and toe slope, and then decreased at the 

bottom depression (Table 5). The surface soils 

were rated as medium (1.5-3.0 %) in OC and high 

(0.12-0.25 %) in TN contents (Wogi et al., 2021), 

whereby their C: N ratio falls under the low (10-

15) category (Newey, 2006). According to 

(Hartz, 2007), soils with less than 0.07 % TN are 

believed to have a limited N mineralization 

potential while those having above 0.15 % are 

expected to mineralize a significant amount of N 

during the next crop cycle, showing that most of 

the studied soils have a good potential of N 

mineralization. In most cases, the C: N ratios of 

soils were within the common range (8:1 to 15:1) 

for arable soils (Brady and Weil, 2008) implying 

that OM was fully decomposed and N loss was 

apprehended. 

The variations in OC and TN contents might be 

due to repeated tillage with poor management 

practices including complete removal of crop 

residues and/or reduced usage of organic 

amendments (Sheleme, 2023). The low content of 

OC in the surface layers could be attributed to the 

rapid decomposition and mineralization of OM 

under cultivation practices (Beyene, 2011; 

Dengiz, 2010) and then resulting in a reduction of 

TN (Adhanom and Toshome, 2016). The 

relatively better level of OC in the surface 

horizon of the summit, toe-slope and bottom 

depression parts might have been due to biomass 

turnover of grasses on the grazing land use 

(Fekadu et al., 2018). The similar distribution 

pattern of OC and TN with soil depth was also 

evident from the positive (r = 0.93) and very 

highly significant (P ≤ 0.001) correlation between 

the two parameters (Appendix Table 2). 

The available P (av. P) concentrations in surface 

soils ranged from 8.43 to 23.96 mg kg-1, while 

they ranged from 0.48 to 24.27 mg kg-1 in the 

subsurface soils (Table 5). According to Wogi et 

al. (2021), the surface soils had low to high av. P 

contents while the subsoils were under very low 

to high ranges. The content of av. P was increased 

from the surface to the immediate subsurface 

horizon and declined with depth then after except 

for the pedon at the toe-slope probably due to 

leaching accumulation. Though its availability is 

determined by the P adsorption capacity (Deressa 

et al., 2018), soils with a near-neutral pH have the 

highest av. P than those under acidic reaction 

(Yitbarek et al., 2018; Beyene, 2011). The extent 

of microbially mediated P mineralization and 

immobilization processes could also determine 

its availability to plants (Zhu et al., 2018). 

Generally, there were variations in the 

availability of P along the toposequence with an 

alternative decrease-increase trend from the 

summit to bottom depression perhaps due to 

differences in the soil types, topography, level of 

inherent P content, use of P-containing fertilizers, 

and soil management practice in the area (Debele 

et al., 2018; Mulugeta and Sheleme, 2010). The 

lowest av. P in the surface soil of the bottom 

depression could be evidence of the soils with Fe 

mottling and concretions had low labile P fraction 

(Deressa et al., 2018) which become less 

available because of its bound to oxides of Fe and 

Al (Gérard, 2016).  

Similar to this finding, different scholars 

confirmed that the av. P content decreases with 

increasing soil depth because of a decline in soil 

OM and/or a rise in clay contents (Yitbarek et al., 

2018; Nahusenay et al., 2014; Mulugeta and 

Sheleme, 2010). Besides, Deressa et al. (2018) 

reported differential P distribution along a 

toposequence in mountainous topography and 

undulating landforms of humid western Ethiopia 

due to lateral and vertical movements of soil 

materials via the action of water. Mulugeta and 

Sheleme (2010) found a general increase in the 

distribution of av. P down the slope because of 

the strong association between slope position and 

soil properties. This was also confirmed by the 

positive correlations of av. P with OC (r = 0.42, P 

≤ 0.05), av. Fe (r= 0.54, P ≤ 0.01) and av. Mn (r 

= 0.44, P ≤ 0.001) contents, whereas it was 

negatively correlated with pH (r = -0.42, P ≤ 0.05) 

and clay (r = -0.51, P ≤ 0.01) content (Appendix 

Table 2). 
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The amounts of exchangeable Ca, Mg, K, and Na 

ranged from 10.80 to 32.26, 2.86 to 26.84 0.36 to 

0.92, and 0.14 to 0.37 cmolc kg-1 (Table 5) that 

were under high to very high, medium to very 

high, medium to high, and low to medium ranges, 

respectively (Wogi et al., 2021). All the cations 

had an irregular pattern across the soil depth; but 

both the divalent cations showed systematic 

trends of increase-decrease along the 

toposequence. Moreover, Ca was the abundant 

cation on exchange sites which accordingly 

followed by Mg, K, and Na except for the Mg 

dominance over Ca at the surface layer of the 

back slope and depression pedons. The cationic 

swarming of soil colloidal surface often reported 

as Ca2+ > Mg2+ > K+ > Na+ (Fekadu et al., 2018; 

Yitbarek et al., 2018; Adhanom and Toshome, 

2016); and thought as an ideal for normal plant 

growth and development (Havlin et al., 2017).  

Apart from the soils in the summit position, the 

surface soils of all pedons had Ca: Mg ratios 

below the approximate optimum (3:1 to 4:1) 

range for most crops to face a Mg-induced Ca 

deficiency (Landon, 2014). Besides, the Ca: Mg 

ratios of the surface soils at the back slope and 

bottom depression positions were below the 

suggested lowest acceptable (1:1) limit, whereby 

Ca availability is curtained (Landon, 2014). The 

existing variabilities in amount and distribution 

of the basic cations could be attributed to 

differences in the soil type (parent material), 

stage of weathering and development, erosion 

and deposition, translocation and leaching, and 

mining by cropping systems (Hailu et al., 2015; 

Nahusenay et al., 2014; Ali et al., 2010). In 

addition to the presence Mg bearing minerals, the 

dominance of Mg over Ca could be ascribed to its 

primal release after a relatively more weathering; 

strong adsorption at lower pH; and better 

occluding into clay minerals for smaller atomic 

size (Tardif et al., 2019; Senbayram et al., 2015; 

Gransee and Führs, 2013). 

The overall cation exchange capacity (CEC) of 

soils in the study area ranged between 29.07 and 

48.84 cmolc kg-1 (Table 5), which is under high 

and very high categories (Wogi et al., 2021). The 

CEC of surface horizons varied inconsistently 

along the toposequence whereby the highest CEC 

value was obtained from the bottom depression 

part followed by the foot slope, summit, back 

slope, shoulder, and toe slope positions. Though 

the CEC of the soils did not show any regular 

pattern with soil depth, higher CEC values were 

recorded in the subsurface horizons of the pedons 

than their surface counterparts. 

The varying values of CEC down the soil depth 

and topographic positions could be linked with 

soil OC and clay contents (Debele et al., 2018). 

The highest CEC in the bottom layers of pedons 

at the lower (bottom depression) and middle (foot 

slope) topographic positions could be the result of 

the higher clay accumulation, whilst the lowest 

CEC at the surface layers of the pedon at the 

upper (shoulder) topographic position could be 

due to lateral and/or vertical movements of clay 

particles (Deekor et al., 2012; Nega and Heluf, 

2009). In line with the present findings, Abate 

and Kibret (2016) found higher CEC in 

subsurface layers as compared to the surface 

layers in pedons at different topographic 

positions.  

With respect to the decreasing trend of CEC 

along the slope, (Debele et al., 2018) also 

reported that pedons at upper and middle slope 

positions relatively had higher CEC than the 

lower part. The CEC had a highly significant 

positive relation with clay (r = 0.46) and pH (r = 

0.48) while its correlation with OC (r = -0.21) was 

non-significant and negative (Appendix Table 2). 

The non-significant correlation of CEC with OM 

as compared to the highly significant with clay 

implies that the release of permanent (pH-

independent) charges due to the isomorphous 

substitution of cations on clay minerals of the 

study soils contributed to the CEC than OM (Van 

Ranst, 2006). 

The CEC clay varied between 52.23 and 99.47 

cmolc kg-1 whereby higher results were recorded 

on subsurface horizons of all pedons except for 

the surface horizons at summit and shoulder. 

Moreover, the values increased from summit to 

foot slope; then failed and rose at toe slope and 

bottom depression pedons, respectively (Table 

5). Since CEC depends on the nature and amount 

of soil colloids (Brady and Weil, 2008), the CEC 

of clay fraction can be used as a sign for the type 

of clay mineralogy (Buol et al., 2011). Thus, all 

soils are assumed to have smectite (60-100 cmolc 

kg-1) clay group (Fekadu et al., 2018). Soils with 

high proportion of 2:1 expanding clay mineral, 

dominantly the montmorillonite (80-100 cmolc 

kg-1), are also expected to reserve more Mg, K, 

and Fe nutrients (Landon, 2014). The percent 
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base saturation (PBS) of the soils throughout the 

profiles ranged between 87.52 and 97.42 (Table 

5). As per the rating of (Hazelton and Murphy, 

2021), the PBS is under a very high (>80 %) 

category. The PBS values were higher in 

subsurface horizons than the surface, and the 

values in the surface horizons showed 

inconsistent decreasing and increasing trends 

along the toposequence. High values of PBS are 

in line with the high amount of Ca2+ occupying 

the exchange sites on the colloidal sites (Sekhar 

et al., 2014). The variation in PBS also indicates 

the degree of leaching which could be used as a 

diagnostic character for classifying soils (Meena 

et al., 2014). 

The concentrations of DTPA extractable Fe, Mn, 

Zn, and Cu in the whole horizons varied from 0.1 

to 5.36, 0.27 to 6.55, 0.01 to 0.95, and 0.05 to 0.25 

mg kg-1 with inconsistent patter along the 

toposequence and with soil depth (Table 5). 

Generally, the highest concentrations of Fe, Mn, 

Zn, and Cu were recorded at the back-slope, 

bottom depression, foot-slope, and summit 

positions, respectively. Whereas, the lowest 

contents of the rest micro-nutrients existed at the 

summit position, except for Zn at the shoulder. 

Mn was followed by Fe, and both were the 

dominant cations in the surface soils of the 

profiles, except for the summit position (Table 5). 

As per the rating set by Wogi et al. (2021), the 

surface soils of the study area are under low to 

medium and medium to very high ranges in 

available Fe and Mn contents, respectively; but 

very low to low in available Zn and Cu contents. 

The quantities of soil Fe, Mn, Zn, and Cu could 

be attributed to the vital factors like soil pH, OM 

content, clay amount and type, cation proportion, 

and drainage condition (Havlin et al., 2017). For 

instance, solubility and availability of Fe+3 in soil 

solution decreases a thousand-fold while that of 

Fe+2 and Mn+2 decreased by a hundred-fold for 

each unit increase in soil pH. Solution Fe and Mn 

ions are complexed by organic compounds in the 

soil solution which improves their availability 

through chelation reactions. Besides, soluble Fe 

and Mn concentrations could be increased under 

fine-textured and/or waterlogged soils that 

exhibit reduced O2 and redox potential especially 

in lower pH condition. Havlin et al. (2017) also 

stated that Cu concentration is usually low at 

which most of the soluble Cu+2 in surface soils is 

organically complexed and strongly bound to OM 

than any other micronutrient. For soils with 

similar clay and OM contents, the role of OM to 

complexing of Cu is the highest with 1:1 versus 

2:1 clays. The adsorption mechanism with oxides 

is unlike electrostatic attraction of Cu+2 on the 

CEC of clay particles, and involves in the 

formation of Cu-O-Fe/Al surface bonds (Havlin 

et al., 2017). A significant fraction of soil Cu is 

also occluded in various mineral structures, such 

as clay minerals and Fe, Al, and Mn oxides.  

 



Journal of Science and Development, JSD Vol. 12 No. 1 2024 

 

59 | P a g e              Haymanot et al., JSD, 12(1) 2024 

Table 5. Chemical properties of soils along the toposequence of Qenberenaweti sub-watershed 

Profi

le 

Horizo

n 

Depth 

(cm) 

pH 

(H2O) 

EC 

(ds/m) 

OC TN Av. P Ex. 

Ca 

Ex. 

Mg 

Ex. 

K 

Ex. 

Na 

CEC CEC 

clay 

BS Av. 

Fe 

Av. 

Mn 

Av. 

Zn 

Av. 

Cu 

% Mgkg-1 (cmolc kg-1)  (%) (mg kg-1) 

S
u

m
m

it
 

A 0-25 5.59 0.155 1.83 0.17 18.82 29.38 6.14 0.91 0.16 41.20 72.72 90.27 2.17 1.63 0.41 0.08 

Bt1 25-70 6.23 0.358 0.43 0.07 22.74 23.08 11.92 0.84 0.21 40.76 54.55 90.28 1.45 1.36 0.19 0.11 

Bt2 70-105 7.17 0.293 0.51 0.08 15.32 23.14 11.76 0.81 0.25 40.80 52.74 90.29 0.18 0.57 0.33 0.08 

Btk1 105-135 7.18 0.391 0.38 0.04 4.24 28.40 13.02 0.78 0.32 48.59 70.05 89.90 0.10 0.36 0.45 0.05 

Btk2 135-165 6.97 0.452 0.76 0.04 10.39 32.26 7.50 0.73 0.36 46.84 71.29 89.97 0.17 0.37 0.01 0.13 

Btkm 165-200 7.65 0.280 0.29 0.03 6.33 18.46 21.30 0.86 0.37 47.03 64.96 89.99 0.17 0.27 0.23 0.05 

S
h

o
u

ld
er

 

A 0-30 6.23 0.087 1.67 0.16 15.69 22.72 11.08 0.66 0.15 39.45 73.26 89.05 3.22 5.95 0.12 0.17 

AB 30-65 6.52 0.096 1.04 0.12 20.62 19.78 11.12 0.92 0.17 36.55 63.42 89.25 3.82 2.00 0.36 0.12 

Bt1 65-100 6.06 0.287 0.78 0.09 13.25 18.63 12.67 0.91 0.20 37.15 52.23 89.21 1.28 1.56 0.30 0.09 

Bt2 100-120 6.38 0.395 0.27 0.03 4.92 22.15 12.26 0.81 0.24 40.82 55.42 89.00 0.37 1.03 0.18 0.07 

BC  120-135 6.77 0.145 0.31 0.02 3.35 23.55 7.62 0.54 0.28 36.99 69.10 89.24 0.48 1.01 0.16 0.08 

B
a

ck
 s

lo
p

e
 

Ac1 0-20 5.97 0.259 1.69 0.14 22.89 14.37 23.14 0.41 0.19 40.77 83.16 95.14 4.50 5.92 0.22 0.16 

Ac2 20-40 5.95 0.198 1.52 0.13 24.27 13.01 24.46 0.37 0.17 40.59 80.30 95.15 3.99 1.55 0.03 0.14 

Bwv 40-60 5.31 0.409 0.22 0.02 12.28 11.35 20.81 0.52 0.20 35.19 74.83 95.51 4.53 2.16 0.40 0.12 

Bhsm 60-110 6.35 0.117 1.46 0.17 18.46 13.62 21.19 0.51 0.19 37.99 71.64 95.31 3.31 2.59 0.10 0.16 

Btx 110-125 5.93 0.346 0.86 0.08 10.08 19.24 21.57 0.60 0.19 44.56 67.07 94.93 1.84 1.81 0.27 0.12 

B/C 125-155 6.17 0.363 0.40 0.02 16.73 20.93 20.85 0.46 0.24 45.69 92.30 94.88 2.29 4.56 0.43 0.10 

F
o

o
t 

sl
o

p
e 

Ac1 0-35 5.63 0.143 1.80 0.18 11.49 19.78 18.58 0.42 0.16 42.44 86.30 93.07 2.89 4.32 0.18 0.18 

ABc2 35-70 6.41 0.187 1.71 0.17 13.57 20.94 19.36 0.41 0.18 43.71 99.47 95.08 5.09 3.86 0.64 0.15 

Btc3 70-95 5.94 0.165 1.56 0.15 11.61 19.64 18.12 0.54 0.21 42.17 65.72 93.10 4.27 3.30 0.95 0.14 

2Bti1 95-150 6.51 0.249 1.19 0.09 1.86 22.26 21.79 0.36 0.16 48.69 63.71 92.77 1.18 1.31 0.53 0.12 

2Bti2 150-200+ 7.24 0.374 0.88 0.05 0.48 26.13 17.08 0.68 0.31 48.84 65.46 92.75 0.34 0.56 0.70 0.12 

T
o

e 
sl

o
p

e
 

Ac1 0-20 6.32 0.143 2.03 0.18 23.96 20.96 8.04 0.72 0.18 31.45 58.24 97.14 3.37 5.82 0.21 0.15 

Ac2 20-45 5.61 0.091 1.53 0.13 16.38 28.01 2.86 0.45 0.16 33.07 63.17 97.01 3.42 5.51 0.75 0.11 

Ac3 45-70 5.87 0.243 1.69 0.17 19.20 10.80 16.20 0.58 0.16 29.07 52.80 97.42 5.36 4.58 0.01 0.25 

Bhc4 70-105 5.42 0.435 1.47 0.17 16.43 23.34 5.56 0.66 0.22 31.47 52.80 97.11 5.33 2.49 0.27 0.13 

B/C 105-165+ 5.73 0.457 1.04 0.08 12.82 12.70 26.84 0.78 0.19 42.78 85.20 96.28 2.97 1.76 0.01 0.14 

B
o

tt
o

m
 

d
ep

re
ss

io
n

 

Ag1 0-30 5.61 0.273 1.98 0.17 8.43 13.46 22.98 0.58 0.15 42.99 75.34 87.67 2.91 6.55 0.28 0.13 

Aqg2 30-65 6.69 0.119 1.43 0.16 8.53 21.78 17.44 0.72 0.14 46.38 82.93 87.52 2.24 4.94 0.38 0.15 

Bg3 65-110 6.16 0.058 0.84 0.14 15.64 26.12 5.86 0.49 0.18 37.86 64.73 88.01 3.82 2.71 0.21 0.11 

Bhg4 110-140 5.31 0.218 1.56 0.15 15.79 21.26 17.14 0.46 0.16 45.25 76.70 87.56 3.83 3.71 0.42 0.11 

BCg5 140-190 5.49 0.356 0.81 0.06 11.77 14.70 12.38 0.47 0.17 32.05 63.59 88.46 2.71 3.19 0.36 0.09 
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Similar to Cu+2, soil solution Zn+2 is low as more 

than half of it creates stable complexes with high 

molecular weight organic compounds (lignin, 

humic acid and fulvic acid) that exist as soluble or 

insoluble forms. Typically, thirty-fold declines in 

solution Zn+2 due to complexation with organic 

matter have been observed for every unit pH 

increase between 5 and 7 (Havlin et al., 2017). Zn 

is also strongly adsorbed by magnesite, dolomite, 

and/or serpentine via getting into the crystal 

surface at sites normally occupied by Mg atoms 

(Havlin et al., 2017). Although the soils of the 

study area are not deficient in Fe and Mn, the low 

levels of available Zn and Cu indicate the potential 

deficiency of the elements. This finding is in line 

with Abayneh (2005) who reported Fe and Mn 

were at adequate levels across Ethiopian soils. 

Previous findings also indicated Zn and Cu 

deficiency in Ethiopian soils as a widespread 

problem (Ali et al., 2024; Karltun et al., 2013;  

Abayneh, 2005). All the micro-nutrients were 

positively correlated with OC content while they 

acquired negative correlations with soil pH. 

However, they were negatively related with clay 

particles and CEC except for the available Zn 

(Appendix Table 2). 

 

Table 6. Values of selected soil chemical properties around excavated pedons 

 

Pedons Values 

Properties 

pH 

(H2O) 

OC 

(%) 

TN 

(%) 

Av.P 

(ppm) 

Ex. K Ex. Na Ex. Ca Ex. Mg CEC 

(cmolc kg-1) 

Summit 

Mean  5.60 1.85 0.20 18.63 0.91 0.16 29.23 6.12 41.18 

SD 0.04 0.04 0.04 0.05 0.03 0.03 0.04 0.03 0.04 

CV (%) 0.71 2.16 20.00 0.27 3.30 18.75 0.14 0.49 0.10 

Shoulder 

Mean  6.22 1.67 0.14 15.82 0.68 0.14 22.67 11.13 39.46 

SD 0.05 0.06 0.05 0.13 0.07 0.03 0.10 0.12 0.11 

CV (%) 0.80 3.59 35.00 0.82 10.29 21.43 0.44 1.08 0.28 

Back slope 

Mean  5.94 1.71 0.13 22.79 0.44 0.18 14.35 23.18 40.91 

SD 0.06 0.08 0.04 0.15 0.03 0.04 0.10 0.12 0.12 

CV (%) 1.01 4.68 30.77 0.66 6.82 22.22 0.70 0.52 0.29 

Foot slope 

Mean  5.63 1.81 0.18 11.50 0.43 0.15 19.76 18.51 42.49 

SD 0.05 0.05 0.06 0.10 0.03 0.04 0.08 0.09 0.10 

CV (%) 0.89 2.76 33.33 0.87 6.98 26.67 0.40 0.49 0.24 

Toe slope 

Mean  6.20 2.01 0.16 23.98 0.75 0.19 20.97 8.04 31.41 

SD 0.04 0.04 0.03 0.04 0.03 0.03 0.02 0.03 0.03 

CV (%) 0.65 1.99 18.75 0.17 4.00 15.79 0.10 0.37 0.10 

Depression 

Mean  5.60 1.98 0.18 8.42 0.55 0.13 13.49 22.98 42.97 

SD 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 

CV (%) 0.54 1.52 16.67 0.36 5.45 15.39 0.22 0.13 0.07 
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Despite the higher SD value obtained at the back-

slope position, there was low SD between the results 

in chemical properties of the surface soils of the 

horizons and their surrounding surface soils (Table 6). 

Apart from the intermediate variabilities (15 % < CV 

≤ 35 %) in TN and exchangeable Na contents for 

surface horizons of the pedons and the corresponding 

surface soils around the pedons, the other chemical 

parameters showed similarities (CV < 15 %) among 

themselves at particular topographic positions 

(Wilding and Drees, 1978). Consequently, the soils of 

the surface horizons of the profile at a given 

topographic position represent the soils of their 

surrounding area. 

 

Classification and Mapping of the Soils 
Generally, the morphological and physicochemical 

properties of all the surface horizons were found 

within or very nearby the range of their concerned 

adjacent surface soil samples at a typical position of 

the toposequence. Similar to the pedons excavated 

and their surrounding surface soils, those SMUs 

having uniform/nearly closer results of common 

morphological (color, structure, consistence and 

texture-feel) and selected physicochemical properties 

(texture, pH, OC, basic cations and CEC) were 

considered and mapped as a similar soil group (Figure 

4).  

The soils of SMU 06 (the summit pedon), 09, 13, 18, 

and 29 were heavy textured blackish soils having a 

high proportion of alternatively shrink-swell clays 

which form wide deep cracks extending inward to ≥ 

50 cm from the surface upon drying. The surface soils 

(≤ 30 cm) were evidenced by dusty appearance having 

a moist Munsell color value of ≤ 3 and chroma of ≤ 2. 

Besides, they had wedge-shaped aggregates with 

signs of frequent internal turnover (churning) of the 

soil materials below the upper 20 cm. Specifically, the 

summit pedon had thick (≥ 25 cm) subsurface 

horizons having more than 30 % clay and 80 % 

effective base saturation in 20-100 cm from the soil 

surface. About 80 % volume of the subsurface horizon 

between 25 and 70 cm depth was occupied by 

periodically broken wedge-shaped structural elements 

having an average horizontal length of < 10 cm. These 

properties qualify the soils for vertic diagnostic 

horizon. Moreover, there was a brownish subsurface 

horizon beyond the depth of 100 cm that has a clayey 

(≥ 30 %) texture with very firm and extremely hard 

consistencies when moist and dry, respectively, and 

produces effervescence when adding 1 M HCl due to 

its cementation by micro-crystalline forms of CaCO3. 

Thus, such soils are classified as Pellic 

Bathypetroduric Vertisols (Hypereutric, 

Amphifractic) abbreviated as VR-pe-pdd-je-fcm. 

Conversely, soils of SMU 02, 04, 05, 07, 08, 11, 12, 

19, 26, and 28 exhibited wedge-shaped aggregates 

with a high proportion of alternatively shrink-swell 

clays that broke when dried, hence, qualified for vertic 

diagnostic horizons. However, these soils were at 

incipient stages of horizon differentiation which are 

evident from the changes in soil structure and color 

(mostly brownish discoloration) in their subsurface 

like that of the SMU 01, 03, 10, 14, 15, 16, 20, 21, 23, 

24, 27, 30, 31, and 32. The soils were also 

characterized by slightly to moderately weathered 

medium and fine-textured materials, and the absence 

of considerable amounts of illuviated clay, organic 

matter, or Fe/Mn compounds within 100 cm from the 

soil surface. The shoulder pedon (SMU 05) was 

examined for the presence of ≥ 1 % soil organic 

carbon in the fine earth fraction of the upper two 

horizons to a weighted average depth of 65 cm with 

some noticeable soil structure and color changes from 

30 to 65 cm because of a moderate pedogenetic 

alteration and wedge-shaped structural elements 

between a depth of 65 and 100 cm. Additionally, there 

were ≥ 30 % clay and 80 % effective base saturation 

throughout all horizons, hence, they are classified as 

Hypereutric Vertic Cambisols (Pantoclayic, Humic) 

abbreviated as CM-vr.je-cle-hu. 

The soils of SMU 16 (the back-slope pedon), 01, 03, 

10, 15, 20, 23, 24, and 27 were situated in human-

made terraces, whereby ≥ 40 % of their soil surface 

was covered by fragments of ≥ 6 cm (stones and 

boulders) dimension. Also, their subsoils starting ≤ 

100 cm from the soil surface had very to extremely 

hard and broken layer of indurated yellowish-brown 

materials which were cemented by Fe/Mn (hydr-) 

oxides with insignificant amount of organic matter. 

Particularly, the back-slope pedon was characterized 

by more than 40 % of interconnected yellowish-

brown concretions and/or nodules of Fe/Mn (hydr-) 

oxides in reticulate patterns at which roots are only 

passing through vertical fractures of sheets having 

about 10 cm horizontal length at a depth of 40 to 60 

cm. An illuvial accumulation of OM in the subsurface 

horizon was evident between the depths of 60 to 110 

cm while having an iron-caused nearly continuous 

cementation. Besides, there was an illuvial 

accumulation of silicate clays with fragipan 

characteristics that developed a structure with a 

brittleness nature between 110 and 125 cm depth. All 

of the horizons throughout the pedon had clay content 

≥ 30 %; with an effective base saturation (1 M 
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NH4OAc, pH 7) of ≥ 80 %; soil organic carbon of ≥ 1 

% in the fine earth fraction to a depth of 50 cm from 

the mineral soil surface; and an exchangeable Ca to 

Mg ratio of below 1 in the major part within 100 cm 

of the soil surface. Thus, all the diagnostic criteria 

qualified the soils for Hypereutric Akroskeletic 

Plinthofractic Cambisols (Pantoclayic, Escalic, 

Humic, Magnesic) abbreviated as CM-px.kk.je-

cle.ec.hu.mg. 

Although there was no evidence of advanced 

pedogenesis, appreciable signs of incipient 

weathering of primary minerals upon free internal and 

external drainages indicated the soils of SMU 32 (the 

toe-slope pedon), 14, 21, and 31 were at an early stage 

of soil formation. For instance, hydrolysis of iron-

containing minerals (biotite, olivine, pyroxenes, and 

amphiboles) in a weakly acid environment produces 

ferrous iron that is oxidized to ferric oxides and 

hydroxides (goethite and haematite). This ‘free iron’ 

coated sand and silt particles and cemented clay, silt 

and sand into aggregates of yellowish-brown to 

reddish. There was some evidence of leaching of basic 

cations but no clear migration of Fe, organic matter, 

or clay was noted. The oxidative weathering process 

was not limited to the cambic horizon; rather, it also 

occurred in the surface A-horizon as the accumulated 

soil OM obscures its appearance. Explicitly, all 

horizons of the toe-slope pedon to a depth of 100 cm 

contained a pea-like yellowish, reddish, and/or 

blackish concretions or nodules of ≥ 2 mm diameter 

that were strongly cemented to indurated with Fe/Mn 

(hydr-) oxides in their ≥ 40 % volume. Moreover, all 

horizons throughout the pedon had clay contents 

higher than 30 % with an effective base saturation (1 

M NH4OAc, pH 7) of ≥ 80 % and soil organic carbon 

of ≥ 1.4 % in the fine earth fraction to a depth of 100 

cm from the mineral soil surface. Consequently, the 

soils are grouped as Hypereutric Pisoplinthic 

Cambisols (Pantoclayic, Profundihumic) abbreviated 

as CM-px.je-cle.dh. 

 

 

Figure 4. Soil map of the study area 
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The soils in the bottom depression pedon (SMU 

30) had a layer ≥ 25 cm thick starting ≤ 75 cm from 

the mineral soil surface characterized by stagnic 

properties in which the area of reductimorphic 

colors plus the area of oximorphic colors are ≥ 25 

% of the total layer area, and no reducing 

conditions. The segregation of ≥ 5 % reddish to 

blackish Fe and Mn oxides with a diameter of ≥ 2 

mm in the subsurface horizon at a depth of 65 to 

110 cm has taken place to such an extent that large 

mottles or discrete concretions or nodules were 

formed and the matrix between mottles, 

concretions or nodules were largely depleted of Fe 

and Mn. They did not have enhanced Fe and Mn 

contents, but Fe and Mn were concentrated in 

mottles or concretions, or nodules. Such 

segregation led to the poor aggregation of the soil 

particles in Fe- and Mn-depleted zones and 

compaction of the horizon. All horizons 

throughout the pedon had clay contents higher 

than 30 % with an effective base saturation (1 M 

NH4OAc, pH 7) of ≥ 80 %; and soil organic carbon 

of ≥ 1 % in the fine earth fraction to a depth of 50 

cm from the mineral soil surface. Hence, these 

soils are considered as Hypereutric Relictistagnic 

Cambisols (Pantoclayic, Ferric, Humic) 

abbreviated as CM-rw.je-cle.fr.hu. 

The soils of SMU 17 (Foot-slope pedon), 22 and 

25 had parent materials from colluvial deposition 

of different unconsolidated materials whereby 

higher clay content was noticed in the subsurface 

horizon that directly overlying coarser textured 

subsoil as a result of pedogenetic processes 

(especially clay migration) within the upper 100 

cm. This condition made them satisfy the Argic 

principal qualifier listed under Luvisols. 

Principally, the foot-slope pedon was 

characterized by a pedogenetic clay differentiation 

with a lower clay content in the topsoil than in the 

subsoil without marked leaching of basic cations 

or advanced weathering of high-activity clays. The 

argic subsurface horizon existed directly below a 

coarser textured horizon, not separated by a lithic 

discontinuity between 70 and 95 cm deep at which 

its clay content did not decrease by ≥ 20 % 

(relative) from its maximum within 150 cm of the 

soil surface. The ratio of clay in the argic horizon 

to that of the coarser textured horizon was 1.47. In 

addition, more than 40 % of the subsurface soil 

volume was occupied by strongly cemented to 

indurated reddish and blackish pea-like 

concretions of Fe/Mn (hydr-) oxides with a 

diameter of ≥ 2 mm. The amount of OC in the fine 

earth fraction as a weighted average to a depth of 

100 cm from the mineral soil surface was ≥ 1.4 % 

with an effective base saturation (1 M NH4OAc, 

pH 7) of ≥ 80 % in layers between 20 and 100 cm 

from the mineral soil surface. The pedon had a 

texture class of clay, in a layer ≥ 30 cm thick 

within 100 cm of the mineral soil surface while the 

depth beyond a meter was attained by shiny-faced 

(slickensides) structures. Thus, these soils are 

grouped as Pisoplinthic Luvisols (Clayic, 

Hypereutric, Profundihumic, Profondic, 

Bathyvertic) abbreviated as LV-px-

ce.je.dh.pn.vrd. 

 

CONCLUSIONS  

This study revealed that the nature and distribution 

of diversified soil types along the toposequence of 

the Qenberenaweti sub-watershed were influenced 

by the degree of variations in typical topographic 

positions and key slope features (steepness, aspect, 

and form). Because these pedogenesis factors 

directly affect the erosion-deposition and 

eluviation-illuviation of soil materials via 

controlling the action of water moving laterally 

across the surface and percolating vertically into 

the subsoils, respectively. Generally, the absence 

of inclusive evidence on the formation, 

development, and distribution of soils at a site-

specific physiographic condition is often a 

constraint to the improvement of agriculture. 

Thus, the outputs of such detailed soil 

characterization, classification, and mapping work 

would give a vital clue for proper planning, 

management, and utilization of the soil resources 

at local topographic variability level. However, 

further research should be done to ensure 

sustainable agricultural production in the study 

area. 
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APPENDIXES 
Appendix Table 1. On-field topographic, physical and morphological properties of identified soil map units 

SMU Id. Slope 

(%) 

Soil Depth 

(cm) 

Soil Color (Munsell Code) Surface Soil 

Texture 

(Feel) 

Soil Consistency 

Dry Moist  Dry Moist Plasticity Stickiness 

SMU 01 15-30 50-100 Dark yellowish brown (10YR 3/6) Very dark brown (7.5 YR 2.5/3) Clay loam SHA VFR SPL SST 

SMU 02 5-10 100-120 Very dark grayish brown (10YR 3/2) Very dark gray (7.5 YR 3/1) Clay HA FR VPL VST 

SMU 03 15-30 50-100 Dark yellowish brown (10YR 3/4) Very dark brown (7.5 YR 2.5/2) Clay loam SHA VFR PL ST 

SMU 04 5-10 >120 Dark brown (10YR 3/3) Very dark brown (7.5 YR 2.5/2) Clay loam SHA FR PL ST 

SMU 05 10-15 100-120 Dark brown (10YR 3/3) Very dark brown (7.5 YR 2.5/3) Clay loam SHA VFR VPL ST 

SMU 06 0-2 >120 Very dark grayish brown (10YR 3/2) Very dark gray (7.5 YR 3/1) Clay VHA VFR PL VST 

SMU 07 2-5 >120 Dark yellowish brown (10YR 4/4) Dark brown (7.5 YR 3/2) Clay SHA VFR PL ST 

SMU 08 10-15 100-120 Dark brown (10YR 3/3) Very dark brown (7.5 YR 2.5/2) Clay SHA FR PL ST 

SMU 09 10-15 100-120 Dark yellowish brown (10YR 3/6) Dark brown (7.5 YR 3/2) Clay HA FR VPL VST 

SMU 10 15-30 50-100 Dark yellowish brown (10YR 3/6) Very dark brown (7.5 YR 2.5/2) Clay loam HA FR PL ST 

SMU 11 10-15 >120 Dark brown (10YR 3/3) Very dark gray (7.5 YR 3/1) Clay VHA FI SPL SST 

SMU 12 15-30 100-120 Very dark grayish brown (10YR 3/2) Very dark gray (7.5 YR 3/1) Clay VHA FI VPL VST 

SMU 13 15-30 100-120 Very dark brown (10YR 2/2) Very dark brown (7.5 YR 2.5/2) Clay VHA FR VPL VST 

SMU 14 10-15 100-120 Dark yellowish brown (10YR 4/4) Very dark brown (7.5 YR 2.5/2) Clay loam HA FR VPL VST 

SMU 15 15-30 50-100 Dark yellowish brown (10YR 3/4) Very dark brown (7.5 YR 2.5/3) Clay loam HA FR PL ST 

SMU 16 15-30 100-120 Dark yellowish brown (10YR 3/4) Very dark brown (7.5 YR 2.5/2) Clay SHA VFR PL ST 

SMU 17 10-15 100-120 Dark yellowish brown (10YR 4/4) Dark brown (7.5 YR 3/3) Clay loam SHA VFR PL ST 

SMU 18 5-10 100-120 Dark yellowish brown (10YR 3/4) Very dark brown (7.5 YR 2.5/3) Clay VHA FI VPL VST 

SMU 19 10-15 >120 Dark yellowish brown (10YR 3/4) Dark brown (7.5 YR 3/2) Clay HA FR VPL VST 

SMU 20 15-30 50-100 Dark yellowish brown (10YR 3/6) Very dark brown (7.5 YR 2.5/2) Clay loam SHA VFR SPL SST 

SMU 21 5-10 >120 Dark brown (10YR 3/3) Dark brown (7.5 YR 3/2) Clay loam SHA VFR PL ST 

SMU 22 10-15 100-120 Dark brown (10YR 3/3) Very dark brown (7.5 YR 2.5/2) Clay loam SHA FR PL ST 

SMU 23 15-30 50-100 Dark yellowish brown (10YR 4/4) Dark brown (7.5 YR 3/2) Clay loam SHA FR PL ST 

SMU 24 15-30 50-100 Dark yellowish brown (10YR 4/4) Dark brown (7.5 YR 3/2) Clay loam SHA FR PL ST 

SMU 25 10-15 100-120 Dark brown (10YR 3/3) Dark brown (7.5 YR 3/3) Clay loam SHA VFR SPL SST 

SMU 26 5-10 100-120 Very dark grayish brown (10YR 3/2) Very dark gray (7.5 YR 3/1) Clay HA VFR VPL VST 

SMU 27 15-30 50-100 Dark yellowish brown (10YR 3/4) Dark brown (7.5 YR 3/2) Clay loam SHA FR PL ST 

SMU 28 5-10 >120 Dark yellowish brown (10YR 4/4) Very dark brown (7.5 YR 2.5/2) Clay loam SHA VFR SPL SST 

SMU 29 5-10 100-120 Very dark grayish brown (10YR 3/2) Very dark gray (7.5 YR 3/1) Clay VHA FI VPL VST 

SMU 30 2-5 >120 Dark yellowish brown (10YR 3/4) Dark brown (7.5 YR 3/3) Clay HA FR VPL ST 

SMU 31 5-10 >120 Dark yellowish brown (10YR 4/4) Very dark brown (7.5 YR 2.5/2) Clay SHA VFR PL ST 

SMU 32 5-10 >120 Dark yellowish brown (10YR 3/4) Very dark brown (7.5 YR 2.5/3) Clay SHA VFR PL ST 
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Appendix table 2. Correlation matrix for linear relationships between soil parameters  

 Sand Silt Clay pH EC OC TN Av.P Ex. Na Ex. K Ex. Ca 

Ex. 

Mg CEC Av. Fe 

Av. 

Mn Av. Cu Av. Zn 

Sand 1.00                 

Silt 0.31 1.00                

Clay -0.82*** 

-

0.80*** 1.00               

pH -0.53** 

-

0.46** 0.61*** 1.00              

EC -0.18 

-

0.48** 0.40* 0.04 1.00             

OC 0.37* 0.69*** 

-

0.65*** -0.45** -0.52** 1.00            

TN 0.29 0.66*** 

-

0.59*** -0.42* 

-

0.62*** 0.93*** 1.00           

Av.P 0.28 0.55** -0.51** -0.42* -0.29 0.42* 0.50** 1.00          

Ex. 

Na -0.55** -0.42* 0.60*** 0.71*** 0.49** -0.66*** 

-

0.70*** -0.46** 1.00         

Ex. K -0.40* -0.42* 0.51** 0.39* 0.22 -0.32 -0.22 -0.04 0.34 1.00        

Ex. 

Ca -0.48** -0.15 0.39* 0.39* -0.06 -0.16 -0.14 -0.25 0.40* 0.28 1.00       

Ex. 

Mg 0.22 -0.06 -0.10 -0.05 0.22 0.06 -0.05 -0.11 -0.11 -0.33 -0.70*** 1.00      

CEC -0.36* -0.39* 0.46** 0.48** 0.21 -0.21 -0.30 -0.53** 0.39* 0.04 0.31 0.44* 1.00     

Av. 

Fe 0.61*** 0.65*** 

-

0.78*** -0.69*** -0.34 0.64*** 0.67*** 0.54** 

-

0.65*** -0.54** -0.51** 0.16 -0.52** 1.00    

Av. 

Mn 0.61*** 0.54** 

-

0.71*** -0.50** -0.37* 0.65*** 0.57*** 0.44*** 

-

0.60*** 

-

0.57*** -0.44* 0.24 -0.30 0.70*** 1.00   

Av. 

Cu 0.44* 0.52** 

-

0.59*** -0.34 -0.28 0.66*** 0.64*** 0.39 -0.53** -0.38* -0.42* 0.24 -0.31 0.71*** 0.52** 1.00  

Av. 

Zn -0.12 0.05 0.04 -0.08 -0.18 0.08 0.06 -0.20 -0.09 -0.19 0.26 -0.08 0.16 -0.01 0.11 -0.25 1.00 
*** Very highly significant (P ≤ 0.001), ** Highly significant (P ≤ 0.01), * Significant (P ≤ 0.05) 

Note: The pair(s) of variables with positive correlation coefficients and P values below 0.05 tend to increase together. For the pairs with negative correlation 

coefficients and P values below 0.05, one variable tends to decrease while the other increases. For pairs with P values greater than 0.05, there is no 

significant relationship between the two variables. 


