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Abstract 

Accurate and spatially explicit information on soil properties is essential for sustainable land-use planning and the development 

of site-specific soil management strategies. This study aimed to characterize, classify, and map the soil resources of the Guto 

Gida district in Western Oromia, Ethiopia. A semi-detailed soil survey was conducted, delineating 28 Soil Mapping Units 

(SMUs). Twenty representative pedons were described in the field for morphological attributes and analyzed in the laboratory 

for key physicochemical properties. The soils were predominantly deep to very deep (>150 cm), except for Leptosols occurring 

on steep dissected landscapes. Morphologically, most pedons exhibited reddish to reddish-brown hues (2.5YR–5YR), reflecting 

well-drained conditions and the presence of iron oxides. Soil texture was largely dominated by clay, and low silt: clay ratios 

(<0.35) indicated advanced weathering and clay translocation. Soil reaction (pH-H₂O) ranged from strongly acidic (4.66 in SMU 

26) to slightly acidic (6.36 in SMU 23), with substantial portions of the landscape affected by acidity, as evidenced by high 

exchangeable acidity values reaching up to 10.49 cmolc kg⁻¹in SMU 27. Organic carbon and total nitrogen contents were 

generally low to moderate, while available phosphorus was critically low (<10 ppm) in most pedons due to the strong P-fixing 

capacity of the clay-rich, acidic soils. Based on the World Reference Base for Soil Resources (WRB, 2022), the soils were 

classified into eight Reference Soil Groups: Nitisols (41.59%), Alisols (14.73%), Cambisols (15.37%), Lixisols (13.95%), 

Leptosols (4.54%), Luvisols (3.53%), Acrisols (2.89%), and Regosols (0.88%). Overall, soil acidity and nutrient depletion 

constitute the major limitations to agricultural productivity in the district. Integrated Soil Fertility Management (ISFM), 

encompassing liming, organic matter enhancement, and site-specific fertilization, is recommended for the strongly acidic Alisols 

and Acrisols, whereas targeted soil and water conservation strategies are critical for the sloping landscapes dominated by Nitisols 

and Lixisols. 
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1. Introduction 

Soil is a finite and non-renewable natural resource that sup-

ports terrestrial ecosystem functioning and determines the 

long-term sustainability of agricultural production systems. In 

Sub-Saharan Africa and particularly within the intensively 

cultivated Ethiopian highlands, rapid population growth has 

accelerated pressure on land resources, resulting in continuous 

cultivation, nutrient mining, and widespread soil degradation 

[19, 27]. The combined influence of parent material, climate, 

topography, vegetation, and time has produced a highly heter-

ogeneous soil landscape in Ethiopia, making site-specific soil 

characterization indispensable for sustainable land manage-

ment [9]. 

Ethiopia’s economy remains heavily dependent on rainfed 

agriculture, which supports the livelihoods of more than 80% 

of its population. However, the country faces severe chal-

lenges associated with land degradation. Recent assessments 

estimate that more than 80% of Ethiopia’s land area is affected 

by soil erosion, nutrient depletion, and declining organic mat-

ter [14, 47]. Soil erosion alone contributes to an annual loss of 

approximately one billion tons of topsoil, undermining agri-

cultural productivity and food security [12, 15]. In this context, 

sustainable agricultural intensification is widely recognized as 

essential for meeting future food demands requires precise, 

spatially explicit information on soil resources in order to 

guide appropriate land use and management interventions [17, 

35]. 

Soil characterization encompasses the systematic assess-

ment of physical, chemical, and biological attributes that de-

fine soil functionality and classification [2]. Properties such as 

texture, aggregate structure, bulk density, pH, organic matter, 

cation exchange capacity (CEC), and essential nutrient con-

centrations (N, P, K) strongly determine soil fertility, water-

holding capacity, and crop response [23]. Accurate character-

ization is therefore fundamental for identifying soil con-

straints and designing effective soil fertility management 

strategies. 

Soil classification provides a structured framework for 

grouping soils based on diagnostic horizons, properties, and 

materials. Globally recognized classification frameworks in-

clude the USDA Soil Taxonomy [37, 39] and the World Ref-

erence Base for Soil Resources (WRB) [21]. These systems 

standardize communication among soil scientists and enable 

the transfer of scientific knowledge across regions. Soil map-

ping, which delineates the spatial distribution of soil types, is 

a crucial complement to classification. Advances in digital 

soil mapping (DSM) have enabled the integration of field ob-

servations with remote sensing, digital elevation models 

(DEMs), climate surfaces, geologic maps, and machine learn-

ing algorithms to generate high-resolution soil maps that are 

essential for precision agriculture and site-specific land man-

agement [29, 45, 48]. 

Despite Ethiopia’s long history of soil surveys, high-reso-

lution, district-level soil maps remain limited. Many existing 

maps were produced at small scales (e.g., 1:1,000,000 or 

1:250,000), making them insufficient for local planning and 

tailored land management interventions [9, 20]. The Guto 

Gida District in East Wollega Zone is characterized by diverse 

topography, high agricultural potential, and mixed farming 

systems. However, scientifically robust, spatially explicit soil 

studies for the district are scarce. The absence of detailed soil 

information constrains effective land capability assessment, 

fertilizer recommendations, soil conservation planning, and 

sustainable agricultural intensification efforts. 

This study was therefore undertaken to fill this critical 

knowledge gap by generating a comprehensive characteriza-

tion, classification, and spatial mapping of the soil resources 

of Guto Gida District following internationally accepted soil 

survey standards. The outputs of this study provide essential 

baseline datasets for researchers, policymakers, development 

planners, extension officers, and farmers, contributing to im-

proved decision-making for sustainable land and soil resource 

management. 

Accordingly, the specific objectives of this study were: 

To characterize the key morphological, physical, and chem-

ical properties of the dominant soils across the Guto Gida Dis-

trict. 

2. Materials and Methods 

2.1. Description of the Study Area 

Guto Gida district is situated in the East Wollega Zone of 

the Oromia Regional State, Western Ethiopia, about 331 km 

west of the capital, Addis Ababa. Geographically situated be-

tween approximately 9°00′00″ to 9°30′00″ N latitude and 

36°20′00″ to 36°50′00″ E longitude. The district covers a con-

siderable area in East Wollega Zone of Oromia National Re-

gional State, western Ethiopia, and is located about 328 km 

west of Addis Ababa. The topography is highly diverse, rang-

ing from gently undulating plains in the central and southern 

parts to dissected highlands and steep slopes in the northern 

and eastern fringes, with some valley bottoms along major riv-

ers. Elevations generally vary from 1,350 to 2,450 meters 

above sea level and bordered by the districts of Digga and Sas-

igga in the west, Wayu Tuka in the east, Gida Ayana and Limu 

in the north, and Leka Dulecha in the south. The district's 

many agroecological zones, which range from warm weather 

in low-altitude regions (like Uke FA) to cooler weather in 

higher-altitude regions (like Negasa FA), provide an environ-

ment that is favorable for growing a variety of crops. The pre-

dominant crops in the area are maize, Tef, sorghum, wheat, 

and horticultural crops. The area's economy depends on a 

mixed cropping system and livestock rearing agricultural pro-

duction system. 
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Figure 1. Map the of the study area. 

2.2. Climate 

The climatic condition of the area includes highland (dega) 

(0.26%), midland (woynadega) (46.74%) and lowland (bereha) 

(53%) with the mean annual rainfall ranging from 1800- 2200 

mm and average temperature 16°C to 31°C. The area receives 

bimodal rainfalls that were long rainy season (June to Septem-

ber) and short rainy season (March, April and May). 

 
Figure 2. Mean monthly rainfalls and maximum and minimum tem-

perature of Guto Gida district. 

2.3. Land Use and Land Cover 

In Guto Gida District, land use and land cover are predom-

inantly characterized by farmland, which occupies the largest 

proportion of the district. Other important land use categories 

include settlement areas, bare land, and forest land. The dom-

inance of agricultural land reflects the strong dependence of 

the local community on crop production and mixed farming 

systems for their livelihood [31, 42]. 

A land use and land cover change study conducted between 

1990 and 2020 revealed substantial changes in the district’s 

landscape. Forest cover declined significantly from 12.1% in 

1990 to 2.6% in 2020, indicating severe deforestation over the 

study period. In contrast, farmland and settlement areas ex-

panded considerably. These changes were mainly driven by 

socio-economic pressures such as population growth, agricul-

tural expansion, and increasing demand for settlement land. 

Consequently, the district experienced considerable landscape 

fragmentation and environmental degradation [24, 25]. 

2.4. Soil Genesis 

The soil genesis in Guto Gida district is primarily influ-

enced by high rainfall and the local topography, leading to the 

formation of heavily leached, acidic soils, generally classified 

as Nitisols. Because of the differences in topography, soils 

grown on extremely steep terrain and soils developed on flat 

terrain are not the same. On extremely steep terrain, a very 

shallow soil, or Leptosols, is clearly anticipated due to the par-

ent material's minimal interaction with moisture or precipita-

tion. The steepness prevents water from penetrating since it 

flows off the surface. Consequently, there is less chemical 
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weathering, which results in poorly developed soil. Con-

versely, soils on level terrain are typically deeper and more 

developed. The kind, nature, and characteristics of the soils 

are also influenced by the parent materials from which they 

originate. For instance: 1) If the other soil-forming elements 

remain constant, soil formed from fine-grained, basic volcanic 

rock (basalt) and soil formed from the parent material of sand-

stone will not have the same chemical and physical character-

istics, such as texture, color, soil reactivity, etc. 2) Soils from 

wet regions with healthy vegetation differ greatly from those 

from arid regions with little vegetation and moisture. The size 

of the particles has shrunk with comparatively little change in 

composition under arid conditions when physical forces pre-

dominate. Minerals that require water for synthesis are less 

common than the original fundamental minerals. Only slight 

chemical action occurs in conjunction with physical changes 

brought on by temperature variations and wind. As a result, 

the soils found in arid areas resemble their parent materials 

quite closely a bit [34]. 

As was previously mentioned, it is evident that the district 

soils vary depending on how their genesis is impacted by the 

importance of the soil-forming elements. The district receives 

the most rainfall each year, which hastened the parent rocks' 

chemical weathering and led to the creation of older, more 

deeply weathered soils including Nitisols, Acrisols, and Lix-

isols. Conversely, the district’s steep and extremely steep re-

gions have comparatively shallower soils due to topographic 

constraints that prevent the parent material from interacting 

with precipitation or moisture, resulting in the formation of 

Leptosols and Cambisols, which have limited depth and pro-

file development 

2.5. Research Design and Procedures 

2.5.1. Pre-field Survey 

Before beginning the fieldwork, office tasks such as creat-

ing soil mapping units were completed by using ArcGIS 10.8 

to overlay Ethiopia's geomorphological soil and slope classes 

(Figure 3). Global Mapper 30.2 software was used to create 

the slope classes from a digital elevation model (DEM) with a 

resolution of 30 meters. All predetermined auger observations 

and profile pit locations were found and downloaded to a 

Google Earth map and global positioning system (GPS) for 

the final fieldwork. This stage involved gathering and prepar-

ing the necessary formats and instruments for soil surveys. 

These included the WRB soil classification manual [21], 

Munsell soil color charts, GPS, sheets outlining soil profiles 

and augers, and FAO guidelines for auger and soil profile de-

scriptions [12]. 

 
Figure 3. Soil mapping units of the Guto Gida district. 

2.5.2. Field Survey 

In the field, soil profiles and auger observations were used 

to describe and sample the soil. Utilizing traverses that crossed 

several physiographic units within each Soil Map Unit (SMU), 

reconnaissance surveys were carried out utilizing generated 

base maps and a free survey methodology. For each SMU, at 

least ten auger observations were made. Elevation, landform, 
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slope, micro-topography, land use, vegetation, parent material, 

rock outcrops, stoniness, surface cracking and crusting, ero-

sion status, drainage, and flooding conditions were all rec-

orded at each location in accordance with FAO criteria [11-

13]. Soil morphological properties such as depth, color, tex-

ture, structure, horizon development, and stoniness were also 

measured. Additionally, one soil profile pit with dimensions 

of 1.5 m × 2 m was excavated to a depth of 2 m in each soil 

mapping unit (SMU). These profiles were used to provide a 

comprehensive field description and to collect samples from 

genetic horizons for physical and chemical analysis. Pedoge-

netic variables were recorded for each pit, and a preliminary 

classification was assigned using the World Reference Base 

(WRB). In total, 87 soil samples were collected, air-dried, and 

sieved for standard laboratory analysis. 

2.5.3. Post-Field Survey 

Sample preparation, laboratory analysis, and final soil clas-

sification and mapping were the main post-field tasks. After 

being collected in the field, soil samples were brought to the 

lab, allowed to air dry, and then sieved using a 2 mm screen. 

Standard laboratory procedures were followed in the analysis 

of specific physical and chemical parameters. The World Ref-

erence Base for Soil Resources [21] was used to modify the 

original field classifications based on the analytical data. A fi-

nal soil map for end users was created by mapping the spatial 

distribution of soils through the correlation of soil parameters 

with landscape features. 

2.6. Soil Sample Preparations and Analyses 

Following conventional protocols, 87 disturbed soil sam-

ples were air-dried, crushed to fit through a 2 mm filter, and 

prepared for physicochemical analysis. The Bouyoucos hy-

drometer method [4] was used to determine soil texture, and 

the soil texture triangle was used to assign textural classes. 

The method described by [43] was used to assess soil pH po-

tentiometrically in a 1:2.5 soil-to-water solution. The wet ox-

idation method was used to measure organic carbon [46]. Ex-

changeable bases (Ca2+) and Mg2+) were analyzed using the 

EDTA titration method, Exchangeable potassium (K+) and so-

dium (Na+) were extracted with a 1 M ammonium acetate 

(NH4OAc) solution at pH 7.0 [43]. Total exchangeable acidity 

was determined by saturating the soil samples with a 1 M KCl 

solution, followed by titration with 0.02 M NaOH, as de-

scribed by [43]. Finally, Percent Base Saturation (PBS) was 

calculated as the ratio of the sum of exchangeable bases to the 

Cation Exchange Capacity (CEC), expressed as: 

PBS =
(𝑁𝑎+𝐶𝑎+𝑀𝑔+𝐾)∗100

𝐶𝐸𝐶
  

Table 1. Soil laboratory analysis methods. 

S.N Soil Parameter Unit Methods (Extraction/Analysis) 

1 Particle size distribution % Hydrometer 

2 Bulk density gmcm-3 Core sampling 

3 Soil pH pH meter Soil: H2O ratio 1:2.5/Potentiometric 

4 OC % Wet-Oxidation (Walkley-Black)/Titration 

5 TN % Kjeldahl /Titration 

6 Available P mgkg-1 Olsen’s/Spectrophotometric 

7 Exchangeable bases 
Na, K Cmol(+)kg-1 Ammonium Acetate/Flame photometer 

Ca, Mg Cmol(+)kg-1 EDTA method 

8 CEC Cmol(+)kg-1 Ammonium Acetate/Distillation-Titration 

9 Exchangeable Acidity (Al, H) Cmol(+)kg-1 KCl/Titration 

 

2.7. Statistical Data Analysis 

Descriptive statistics and other statistical analysis were per-

formed. To ascertain the spatial variability of soil parameters, 

geostatistical analyses was carried out using the dissolve tech-

nique with the ArcGIS 10.8 software package. This study's 

conceptual model, a discrete model of spatial variation, is 

predicated on the idea that the landscape can be separated into 

discrete polygons of "natural" soil bodies. 
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3. Results and Discussion 

3.1. Site Characteristics of Soil Mapping Units 

in the Study Area 

The soil mapping units (SMUs) of Guto Gida district show 

clear variation in elevation, slope, topographic position, drain-

age, and land use, all of which strongly influence soil for-

mation and distribution. Elevation ranges from 1360 to 2250 

m a.s.l, indicating a transition from lower foot-slope land-

scapes to higher back- and shoulder-slope areas. Slope gradi-

ents vary from nearly level (0–2%) in SMU4 and SMU5 to 

very steep (32–60%) in SMU20 and SMU21, showing the 

presence of both depositional and erosional environments. 

Nearly level foot slopes typically accumulate sediments and 

favor deeper soils, whereas steep back-slopes promote runoff 

and soil loss, often limiting soil depth. 

Most SMUs are well drained, indicating good water perco-

lation and aeration, with the exception of moderately drained 

units (SMU9 and SMU17) where foot-slope positions slow 

subsurface flow. Land use corresponds strongly with terrain. 

Gentle and moderately sloping areas (SMU4, SMU5, SMU12, 

and SMU13) are mainly cultivated, while steep slopes and 

erosion-prone zones (SMU8, SMU20, and SMU28) are used 

for mining or fallow. Higher elevation units such as SMU21 

and SMU26 support plantation lands, and SMU9 is used 

mainly for extensive grazing as shown in Table 2 Overall, to-

pography is the dominant factor controlling soil distribution, 

drainage conditions, and land-use suitability across the district. 

Overall, the spatial arrangement of topography, slope gra-

dient, and land-use types indicates that the pedological envi-

ronment of Guto Gida district is shaped by strong topographic 

control, which governs moisture distribution, soil erosion in-

tensity, drainage patterns, and land-use suitability. 

Table 2. Selected site characteristics of soil mapping units in Guto Gida district. 

SMU 

Locations 
Elevation (m 

a.s.l) 

Slope 

(%) 

Slope 

form 
Slope Position Drainage class Land use 

Latitude (N) Longitude (E) 

4 9.41044 36.52250 1361 0-2 LL Foot Slope Well drained Fallow 

5 9.35564 36.53124 1372 0-2 LL Foot Slope Well drained Cultivation 

6 9.26167 36.52124 1553 16-32 CV Toe Slope Well drained Mining 

8 9.27559 36.51475 1515 16-32 VV Shoulder Slope Well drained Mining 

9 9.02446 36.54021 2032 16-32 LL Foot Slope Moderately drained Extensive grazing 

10 9.10729 36.61888 2248 16-32 VL Back Slope Well drained Shrub land 

11 9.00798 36.53165 1994 16-32 VL Back Slope Well drained Cultivation 

12 9.26332 36.51887 1576 2-8 VL Foot Slope Well drained Cultivation 

13 9.30705 36.49262 1413 2-8 CL Back Slope Well drained Cultivation 

14 9.33229 36.51145 1379 2-8 LC Back Slope Well drained Cultivation 

15 9.02701 36.53368 2060 2-8 VL Foot Slope Well drained Cultivation 

17 9.00206 36.54334 1982 2-8 LL Foot slope Moderately drained Cultivation 

20 9.01346 36.52963 2027 32-60 VV Back Slope Moderately drained Cultivation 

21 9.11639 36.63938 2138 32-60 VV Foot Slope Well drained Plantation Land 

23 9.26470 36.51823 1570 8-16 VL Back Slope Well drained Cultivation 

24 9.34377 36.48190 1378 8-16 CC Foot Slope Well drained Cultivation 

25 9.28313 36.51340 1444 8-16 CC Foot Slope Well drained Cultivation 

26 9.10406 36.50373 2020 8-16 VC Back Slope Well drained Plantation Land 

27 9.10099 36.61122 2195 8-16 VC Back Slope Well drained Cultivation 

28 8.975885 36.559283 1922 8-16 LC Back Slope Well drained Fallow 
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3.2. Morphological Properties of Soils 

Field morphology across pedons shows well-developed B 

horizons (argic/Bt with clay accumulation) in many SMUs 

(e.g., Bt1–Bt4 horizons), consistent with clay accumulation 

and strong subsoil structure. Many topsoils are 20–40 cm thick 

with granular to sub angular blocky structure; subsoil struc-

tures ranged from strong sub angular blocky to very fine platy 

and massive in some horizons (detailed in Table 3). 

3.2.1. Colors 

The dominant soil colors were reddish-brown to dark red 

(hues 2.5YR and 5YR). For instance, the subsoil of SMU 14 

(Nitisols) and SMU 5 exhibited colors of 2.5YR 3/6 (moist). 

This vivid redness is attributed to the presence of unhydrated 

iron oxides (hematite), which form under conditions of good 

drainage and high aeration [9]. The colors of surface horizons 

at dry were red, dark reddish brown, dark reddish gray, yellow 

red, dark red, brown, dusky red, very dusky red, mostly at 

moist the color was changed to dark reddish brown and three 

of them changed to very dusky red, and other changed to 

dusky red, dark brown, brown and black. Whereas the color 

of the subsurface horizon at dry and moist varied from reddish 

black (2.5YR 2.5/1) to dark red (10R 3/6) (Table 3). The sur-

face horizons were darker as compared to subsurface horizons 

that mainly could be due to accumulation and decomposition 

of organic materials and specific process of mineralization 

that related to addition process of organic matter to the soil. 

3.2.2. Structure 

The subsurface horizons (Bt) of many pedons (e.g., SMU 

5, 14, 28) displayed strong angular to sub-angular blocky 

structures with shiny ped faces. This "nutty" structure is di-

agnostic of Nitic horizons, which break into polyhedral ele-

ments with shiny cutans, characteristic of Nitisols in the 

Ethiopian highlands. The structure of the surface horizons 

ranged from weak (WE) to strong (ST) in grade. Very fine 

(VF) to coarse (CO) sizes and dominated by granular (GR) 

angular blocky (AB) in its type (Table 3). 

3.2.3. Soil Depth 

Most soils (SMU 4, 5, 9, 14, 28) were very deep (>200 cm), 

indicating a long period of weathering and stability. Con-

versely, SMU 6 and SMU 21 were shallow (<50-60 cm), clas-

sified as Leptosols, located on steep slopes (16-60%) where 

erosion exceeds soil formation. Fourteen soil-mapping units 

had soil depths >200 cm, five of soil mapping units had <200 

cm depth. Twelve of soil mapping units had a Bt horizon, four 

of soil mapping unit has a C horizon (SMU 4, 6, 20 and 23) as 

well as one soil map unit was registered as regosol (SMU,8) 

(Table 3). 

3.2.4. Consistency 

The consistency of the soil of the study area at dry ranges 

from loose (LO) to very hard VHA) but in most case it has 

hard consistency due high clay content of soil and also at moist 

friable (FR) and firm (FI). It was non sticky (NST) to very 

sticky (VST) consistency at wet (Table 3). This change in con-

sistency associated with a change in texture. The root abun-

dance decreased with depth, many at surface and mostly few 

roots at lower horizons. The horizon boundaries characterized 

by clear, gradual, diffuse and smooth topography in different 

soil mapping units (Table 3). 

Table 3. Morphological description of soil map units (SMU) of Guto Gida district. 

SMU 
Depth 

(cm) 
Horizon 

Color Structure 

grade/size/ 

Type 

Consistency 
Root abun-

dance/ Size 

Boundary 

Distinct/ To-

pography Dry Moist Dry Moist Wet 

 0-26 Ah 2.5YR3/3 5YR3/3 MO/F/GR SO FR SST/NPL M/F-M C/S 

GG4 26-66 Bt1 2.5YR5/6 2.5YR3/6 ST/F/GR HA FR ST/SPL F/VF D/S 

 60-95 Bt2 10R5/8 2.5YR3/6 ST/VF/AB VHA FI ST/PL F/VF D/S 

 95-130 Bt3 10R4/6 10R 3/6 ST/VF/AB VHA FI VST/PL N D/S 

GG5 0-29 Ap 2.5YR2.5/4 7.5R2.5/4 MO/FI/AB SO FR NST/NPL ME/CO G/S 

 29-66 Bt1 10R3/4 7.5R2.5/3 ST/FI/AB SHA FR SST/SPL F/VF D/S 

 66-100 Bt2 10R4/8 10R4/6 ST/VF/AB SHA FR SST/SPL F/VF D/S 

 100-132 Bt3 10R3/6 10R4/6 ST/VF/AB HA FI ST/PL N D/W 

 132-200+ Bt4 2.5YR4/6 10R4/6 ST/VF/AB EHA FI VST/PL N D/W 

 0-26 Ah 7.5YR4/3 10YR2/1 WE/FI/GR SHA FR ST/PL F/VF C/W 

GG6 26-50 BC 7.5YR3/3 5YR2.5/1 WE/FI/GR SHA FI ST/PL N D/S 
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SMU 
Depth 

(cm) 
Horizon 

Color Structure 

grade/size/ 

Type 

Consistency 
Root abun-

dance/ Size 

Boundary 

Distinct/ To-

pography Dry Moist Dry Moist Wet 

 0-30 Ah 7.5R2.5/4 5YR2.5/2 MO/CO/GR LO VFR NST/SPL M/ME D/S 

GG9 30-70 AB 7.5R3/3 7.5R2.5/3 MO/FI/GR SO VFR SST/SPL C/F C/S 

 70-110 Bt1 2.5YR3/3 2.5YR3/4 WE /FI/GR SHA FR ST/PL F/VF C/S 

 110-145 Bt2 2.5YR3/4 7.5R3/6 ST/VF/AB HA FI ST/PL N D/S 

 145-200+ Bt3 2.5YR4/4 7.5R3/4 ST/VF/AB HA FI ST/PL N NB 

 0-40 Ah 2.5YR3/4 7.5R2.5/3 MO/FI/GR SHA FR SST/SPL M/C G/S 

 40-88 Bt1 5YR3/3 2.5YR3/4 ST/FI/AB HA FR SST/SPL F/VF-F D/S 

GG10 88-109 Bt2 2.5YR5/6 10R3/4 ST/FI/AB HA FR ST/PL VF/VF D/S 

 109-148 Bt3 2.5YR2.5/1 10R4/4 ST/FI/AB HA FI ST/PL N D/S 

 148-200+ Bt4 2.5YR4/4 2.5YR2.5/1 ST/FI/AB HA FI ST/PL N NB 

 0-30 Ah 2.5YR4/4 2.5YR3/2 MO/CO/GR LO VFR NST/NPL M/F C/S 

GG11 30-60 Bt1 10R3/6 2.5YR3/2 SO/FI/AB SO VFR SST/SPL F/VF C/S 

 60-95 Bt2 10R4/4 2.5YR3/4 SHA/FI/AB SHA FR ST/PL VF/VF G/S 

 95-127 Bt3 7.5YR2.5/3 5YR4/3 SHA/FI/AB SHA FR ST/PL N D/S 

 127-200+ Bt4 10R3/3 5YR3/3 SHA/VF/AB HA FI VST/VPL N NB 

 0-27 Ap 5YR3/2 7.5R2.5/4 SHA/ME/AB SHA VFR NST/NPL F/VF D/S 

GG12 27-50 B1 5YR4/6 2.5YR3/4 MO/FI/AB HA VFR NST/SPL VF/VF D/S 

 50-80 B2 10R4/8 2.5YR4/6 MO/VF/AB HA FR SST/SPL N G/W 

 80-110 B3 10R4/4 2.5YR4/4 MO/VF/AB HA FR SST/SPL N D/S 

 110-200+ B4 10R4/6 2.5YR4/6 MO/VF/AB HA FR SST/SPL N NB 

GG13 0-24 Ap 2.5YR4/6 2.5YR3/2 ST/FI/AB SHA VFR ST/NPL M/F C/S 

 24-44 AB 10R3/6 2.5YR4/6 ST/FI/AB SHA FR SST/SPL C/F C/S 

 44-66 Bt1 10R4/6 2.5YR4/6 ST/ME/AB HA FR ST/PL F/VF D/S 

 66-90 Bt2 10R3/6 2.5YR3/6 ST/ME/AB VHA FI ST/PL N D/S 

 90-200+ Bt3 10R3/6 2.5YR3/6 ST/ME/AB VHA VFI VST/PL N D/S 

 0-13 Ap 7.5YR4/4 7.5YR3/3 ST/ME/SAB SHA FR ST/SPL M/VF D/S 

GG14 13-30 AB 2.5YR3/6 2.5YR4/3 ST/CO/SAB HA FI SST/SPL F/VF D/S 

 30-60 Bt1 10R4/6 2.5R4/6 ST/CO/SAB HA FI ST/PL N D/S 

 60-200+ Bt2 2.5YR4/6 2.5YR4/6 MO/FI/SAB HA FI ST/PL N D/W 

 0-16 Ap 7.5YR3/3 2.5YR2.5/2 WE/FI/GR SHA VFR NST/NPL M/VF D/S 

GG15 16-35 AB 2.5YR2.5/3 7.5R2.5/3 WE/FI/GR SHA VFR NST/NPL F/VF C/W 

 35-74 Bt1 2.5YR4/2 7.5R2.5/3 WE/FI/GR SHA FR SST/SPL N C/W 

 74-102 Bt2 2.5YR4/4 2.5YR2.5/4 WE/FI/GR HA FI SST/SPL N D/S 

 102-135 Bt3 10R3/4 5YR4/6 WE/FI/GR HA FI SST/PL N D/S 

 135-200+ Bt4 2.5YR3/6 2.5YR4/4 ST/FI/GR VHA FI ST/PL N NB 

 0-23 Ah 7.5YR4/6 7.5R3/3 MO/FI/AB SHA VFR SST/SPL M/VF G/S 

GG17 23-45 AB 10R3/3 5YR3/4 MO/FI/AB SHA FR SST/SPL F/VF D/S 
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Depth 

(cm) 
Horizon 

Color Structure 

grade/size/ 

Type 
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Root abun-

dance/ Size 

Boundary 

Distinct/ To-

pography Dry Moist Dry Moist Wet 

 45-93 Bt1 2.5YR4/4 7.5YR3/4 ST/ME/AB HA FR ST/PL F/VF D/W 

 93-112 Bt2 2.5YR3/6 5YR3/4 ST/ME/AB HA FR ST/PL N G/S 

 112-200+ Bt3 10R4/6 2.5YR3/6 MO/ME/AB HA FI ST/PL N D/S 

GG20 0-13 Ap 2.5YR3/4 5YR3/4 ST/ME/AB LO LO SST/SPL M/F G/S 

 13-23 AB 2.5YR3/4 2.5YR3/4 ST/ME/AB SO VFR ST/SPL M/VF C/S 

 23-42 B 10R3/4 2.5YR3/6 ST/ME/AB SO VFR ST/SPL C/VF G/S 

 42-60 BC 10R3/4 2.5YR3/6 ST/ME/AB SO VFR SST/SPL F/VF C/S 

GG21 0-14 Ap 10R3/2 7.5YR3/3 ST/FI/GR HA FR NST/NPL M/C C/S 

 14-19 Bt2 2.5YR4/6 2.5YR3/4 ST/FI/AB HA FI SST/SPL M/C D/S 

 19-25 Bt3 2.5YR4/4 7.5YR4/4 ST/FI/AB HA FI SST/SPL M/F C/S 

GG23 0-29 Ap 10YR 4/3 2.5YR2.5/2 WE/CO/GR SO LO SST/SPL M/C C/S 

 29-50 AB 5YR 4/4 10R3/4 WE/CO/GR SO VFR SST/SPL M/C C/S 

 50-75 AB 5YR 5/6 7.5R3/6 WE/CO/AB SHA FR ST/SPL F/F D/S 

 75-100 BC 2.5YR 4/6 7.5R3/6 WE/CO/AB SHA FR ST/PL F/F D/W 

 0-25 Ap 5YR3/4 7.5R2.5/3 MO/ME/GR SO FR NST/NPL M/F C/W 

GG24 25-55 AB 2.5YR4/6 7.5YR3/6 MO/ME/SAB SHA FR SST/SPL F/VF C/S 

 55-100 B1 10R4/6 5YR3/4 ST/ME/SAB SHA FR SST/SPL F/VF D/S 

 100-150 B2 10R3/6 2.5YR3/6 ST/MO/AB HA FI ST/PL N D/S 

 150-200+ B3 7.5R3/4 2.5YR4/4 ST/MO/AB HA FI ST/PL N NB 

 0-20 Ap 5YR4/3 5YR3/2 ST/FI/GR HA FI ST/PL M/F C/S 

 20-40 AB 2.5YR3/4 7.5R3/6 ST/FI/GR SO FI SST/PL F/VF C/S 

GG25 40-59 Bt1 5YR4/2 10R5/8 MO/FI/AB SO FR SST/SPL N D/S 

 59-93 Bt2 5YR3/4 10R5/8 MO/VF/AB SO FR SST/SPL N G/S 

 0-13 Ah 5YR4/6 5YR5/4 WE/FI/GR LO FR NST/NPL M/VF G/S 

GG26 13-36 AB 2.5YR2.5/4 5YR3/2 WE/FI/GR SO FR NST/NPL F/VF C/W 

 36-75 Bt1 5YR4/6 2.5YR3/4 ST/FI/AB SHA FR SST/SPL N C/W 

 75-122 Bt2 5YR4/6 2.5YR4/4 ST/VF/AB HA FI ST/PL N C/S 

 122-200+ Bt3 2.5YR3/6 2.5YR4/6 ST/VF/AB HA FI ST/PL N NB 

 0-24 Ap 7.5YR4/4 2.5YR2.5/4 ST/ME/GR HA FR ST/PL M/F G/S 

GG27 24-55 ABt1 5YR3/4 2.5YR2.5/4 ST/ME/GR SHA FR ST/PL M/F D/S 

 55-80 Bt2 7.5R4/6 2.5YR3/6 SHA/ME/AB SHA FR ST/PL N D/S 

 80-143 Bt3 2.5YR4/6 2.5YR4/6 SHA/MO/AB SHA VFR ST/SPL N D/W 

 143-200+ Bt4 7.5R4/6 2.5YR4/6 SO/MO/AB SO VFR ST/SPL N NB 

 0-12 Ah 5YR4/6 2.5R3/3 MO/VF/GR SHA FR SST/SPL M/F G/S 

GG28 12-23 AB 2.5YR5/6 2.5YR3/4 MO/VF/GR SHA FR SST/SPL M/VF G/S 

 23-38 Bt1 2.5YR4/6 2.5YR4/4 MO/VF/AB SHA FR ST/SPL C/VF C/S 

 38-60 Bt2 2.5YR4/6 5R3/4 ST/VF/AB HA FI ST/PL F/VF D/S 
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 60-95 Bt3 2.5YR3/6 2.5YR3/4 ST/VF/AB HA FI ST/PL VF/VF D/S 

 95-200+ Bt4 5YR4/4 10R3/4 ST/VF/AB HA FI ST/PL N NB 

Where: SMU = soil mapping unit, SO = soft, SHA = slightly hard, MO= moderate, CO=Common, FR=friable, WE = Weak, ST = strong, ME 

= medium, FI = Fine, M = medium, GR = Granular, AB= Angular blocky, SAB=Strong Angular Blocky, PL= platy, VF= very fine, F = Fine, 

C= Clear, S= smooth, NB = no boundary, D = diffuse, G = gradual, SB=sub-angular blocky, SST=slightly sticky, SPL= slightly plastic, 

FR=Friable, FI=Firm 

3.3. Soil Physical Properties of the Study Area 

3.3.1. Bulk Density (BD) and Total Porosity 

Bulk density is an indicator of soil compaction and its val-

ues across the soil mapping units (SMUs) ranged from 0.91 ± 

0.16 g cm⁻³ in SMU6 to 1.35 ± 0.06 g cm⁻³ in SMU25, indi-

cating substantial variation in soil compaction and structural 

development. SMUs with lower BD particularly SMU6 (0.91 

± 0.16 g cm⁻³), SMU27 (1.06 ± 0.10 g cm⁻³), and SMU10 

(1.04 ± 0.08 g cm⁻³) generally reflect relatively higher organic 

matter content or well-developed aggregation, which en-

hances pore space and improves aeration [5, 18, 36]. In con-

trast, SMU25 exhibited the highest BD (1.35 ± 0.06 g cm⁻³), 

falling near the critical threshold (>1.40 g cm⁻³) that can re-

strict root elongation and reduce infiltration [6, 22]. Moder-

ately high bulk densities in SMU11 (1.28 ± 0.11 g cm⁻³) and 

SMU24 (1.17 ± 0.10 g cm⁻³) suggest greater clay content or 

compaction within subsoil Bt horizons, consistent with their 

field-observed clayey textures (≥74% clay, Table 4). The pre-

dominance of clayey horizons in most SMUs explains the rel-

atively narrow BD range (1.02–1.28 g cm⁻³), since clay-rich 

soils naturally exhibit lower particle density and higher micro 

porosity [38]. 

Porosity showed an inverse relationship with BD, varying 

from 49.06 ± 2.29% in SMU25 to 65.66 ± 5.87% in SMU6. 

The highest porosity in SMU6 (65.66%), SMU27 (60.0%), 

and SMU10 (60.68%) is consistent with their lower BD values 

and improved aggregation in surface horizons. Conversely, 

SMU25 (49.06%) and SMU11 (51.62%) displayed the lowest 

porosities, reflecting compaction, high clay content, and re-

duced structural stability [30]. Values above 60%, as observed 

in SMUs 6, 10, 12, 20, and 27, indicate highly porous soils 

favorable for root aeration and water movement. Porosity < 

50% (e.g., SMU25) signals restricted pore geometry, often 

linked to high compaction or sodicity [12, 22]. 

3.3.2. Moisture Content (%) 

Moisture content exhibited wide variability, ranging from 

12.93 ± 7.63% in SMU25 to 33.42 ± 3.17% in SMU10 and 

33.37 ± 4.63% in SMU12. SMUs with higher clay proportions 

such as SMU10 (51.6% clay) and SMU9 (72.8% clay) demon-

strated higher moisture retention due to greater micro porosity 

and adsorptive capacity of clay minerals [18]. Exceptionally 

high moisture content in SMU21 (39.7 ± 12.31%) and SMU27 

(32.9 ± 7.49%) also indicates strong water-holding capacity 

from the dominance of clayey horizons. In contrast, SMU25 

(12.93%) and SMU23 (16.78%) showed relatively low mois-

ture, consistent with their lighter textures (e.g., SMU23: 38.5% 

sand; SMU25: 36.0% sand). 

3.3.3. Texture 

Sand content was highly variable (15.60–48.00%), with the 

highest mean observed in SMU6 (48.00 ± 5.66%) and SMU23 

(38.50 ± 8.70%), reflecting coarser textures and improved 

drainage (Table 4). Conversely, the lowest sand content was 

recorded in SMU24 (14.80 ± 11.54%), SMU5 (16.00 ± 

2.45%), and SMU9 (18.40 ± 3.58%), which corresponded to 

highly developed clay-rich subsoils. Silt contents were gener-

ally low across all SMUs (8.8–28.0%). The highest silt values 

were found in SMU6 (28.0 ± 2.83%), SMU10 (21.6 ± 5.90%), 

and SMU23 (21.0 ± 4.76%), contributing to their loam or clay 

loam classifications. Low silt contents (<10%) in SMU9, 

SMU24, SMU25 suggest dominance of either sand or clay, 

which affects workability. Clay content was extremely high 

across most SMUs, ranging from 24.0 ± 8.49% in SMU6 to 

76.0 ± 12.41% in SMU24 (Table 4). SMUs 4, 5, 9, 11, 13, 14, 

15, 17, 20, 24, and 28 exhibited clay contents exceeding 60%, 

characteristic of Bt horizons with pronounced illuviation. 

High clay content improves moisture retention but increases 

shrink–swell behavior [3, 32]. Textural classes were predom-

inantly clay, with occasional clay loam and sandy clay loam 

in SMUs such as SMU6, SMU21, SMU23, and SMU28 (Ta-

ble 4). These differences imply contrasting hydrological be-

havior: Clayey SMUs (the majority) exhibit high water reten-

tion, slow infiltration, and high shrink–swell potential. Soils 

with coarser textures show better drainage, lower water-hold-

ing capacity, and improved aeration. 

3.3.4. Silt to Clay Ratio (Si:C) 

The Si:C ratio is a standard index for soil weathering. Ra-
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tios<0.20 often indicate intense weathering and clay accu-

mulation, while values > 0.50 suggest moderate weathering. 

The Si:C ratio ranged from 0.13 ± 0.04 in SMU24 and 0.13 

± 0.08 in SMU9 to as high as 1.27 ± 0.57 in SMU6(Table 4). 

SMUs with low Si:C (<0.20) SMU4, SMU5, SMU9, SMU11, 

SMU13, SMU14, SMU24 show strong clay illuviation and 

advanced pedogenic weathering. SMUs with moderate Si:C 

(0.30–0.60) SMU10, SMU15, SMU17, SMU21, SMU23 in-

dicate mixed particle-size development. SMU6 (1.27 ± 0.57) 

showed the highest Si:C ratio, reflecting a much coarser, less 

weathered profile, consistent with its classification as a Lep-

tosols (Tables 6). 

Table 4. Descriptive Statistics (Mean±standard deviation) of soil physical properties of soil mapping units of the study area. 

SMU 
Hori-

zons 
Bulk density Porosity 

Moisture 

content 
Sand Silt Clay Si:C 

SMU4 4 1.03 ± 0.04 61.32 ± 1.46 25.14 ± 5.16 20.50±6.61 13.5±3.42 66.0±8.49 0.21±0.08 

SMU5 5 1.1 ± 0.04 58.34 ± 1.52 28.0 ± 3.2 16.00±2.45 12.8±5.22 71.2±7.56 0.19±0.11 

SMU6 2 0.91 ± 0.16 65.66 ± 5.87 23.82 ± 4.47 48.00±5.66 28.0±2.83 24.0±8.49 1.27±0.57 

SMU9 5 1.1 ± 0.05 58.64 ± 1.72 32.6 ± 3.58 18.40±3.58 8.8±5.4 72.8±8.32 0.13±0.08 

SMU10 5 1.04 ± 0.08 60.68 ± 3.2 33.42 ± 3.17 26.80±9.76 21.6±5.9 51.6±14.45 0.49±0.31 

SMU11 5 1.28 ± 0.11 51.62 ± 4.27 29.38 ± 2.33 22.00±2.00 12.0±3.74 66.0±4.69 0.19±0.06 

SMU12 5 1.0 ± 0.03 62.19 ± 1.26 33.37 ± 4.63 25.60±10.81 12.4±6.84 62.0±17.38 0.26±0.28 

SMU13 5 1.04 ± 0.11 60.83 ± 4.04 26.43 ± 4.18 15.60±5.55 12.0±4.69 72.4±9.32 0.18±0.1 

SMU14 4 1.03 ± 0.08 61.23 ± 3.15 23.71 ± 9.21 18.00±1.63 13.0±4.76 69.0±6.0 0.19±0.09 

SMU15 6 1.16 ± 0.11 56.42 ± 4.07 25.2 ± 9.47 20.33±3.88 16.67±9.52 63.0±11.58 0.3±0.23 

SMU17 5 1.13 ± 0.08 57.36 ± 3.08 30.32 ± 2.93 22.00±4.24 16.0±5.83 62.0±9.8 0.28±0.15 

SMU20 4 1.02 ± 0.08 61.42 ± 3.15 25.09 ± 4.94 28.00±4.90 11.0±2.0 61.0±4.16 0.18±0.03 

SMU21 3 1.12 ± 0.09 57.74 ± 3.29 27.83 ± 12.31 33.33±11.02 22.0±5.29 44.67±15.28 0.57±0.33 

SMU23 4 1.11 ± 0.13 58.02 ± 4.92 16.78 ± 4.69 38.50±8.70 21.0±4.76 40.5±13.3 0.61±0.36 

SMU24 5 1.17 ± 0.1 55.92 ± 3.73 28.79 ± 3.1 14.80±11.54 9.2±1.79 76.0±12.41 0.13±0.04 

SMU25 4 1.35 ± 0.06 49.06 ± 2.29 12.93 ± 7.63 36.00±16.57 9.5±1.0 54.5±16.6 0.19±0.07 

SM26 5 1.0 ± 0.11 62.26 ± 4.05 29.1 ± 13.38 29.20±8.44 23.6±6.23 47.2±13.97 0.56±0.26 

SMU27 5 1.06 ± 0.1 60.0 ± 3.88 32.9 ± 7.49 21.20±12.21 19.6±3.29 59.2±15.14 0.37±0.2 

SMU28 6 1.07 ± 0.1 59.81 ± 3.64 25.59 ± 7.42 21.67±10.23 17.33±6.15 61.0±16.24 0.33±0.24 

 

3.4. Extent and Status of Soil Chemical 

Properties of Soil Mapping Units 

The chemical data for soils under different SMUs in Guto 

Gida reveal substantial spatial heterogeneity in soil acidity, or-

ganic matter, nutrient availability, cation exchange capacity 

(CEC), and base saturation (PBS), which together has im-

portant implications for soil fertility, crop suitability, and 

land‐use management. 

 

3.4.1. Soil Reaction (pH) and Exchangeable Acidity 

(EA) 

The data presented in Tables 6 and 7 indicate that the soils 

in the study area range from strongly acidic to moderately 

acidic. As shown in Table 6, the pH (H2O) values across the 

pedons varied, with the lowest surface value observed in 

SMU26 (pH 4.66) and the highest in SMU23 (pH 6.36). The 

descriptive statistics in Table 5 reveal a relatively low stand-

ard deviation across most Soil Mapping Units (SMUs), sug-

gesting a consistent acidification trend across the landscape. 

The prevalence of acidic conditions (pH<5.5 in SMU4, 

SMU10, and SMU11) is likely attributable to the leaching of 

basic cations (Ca2+, Mg2+) induced by high rainfall, a charac-

teristic feature of tropical highland soils [1, 33]. 
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Furthermore, the concomitant rise in exchangeable acidity, 

particularly in SMU10 (Mean EA = 5.6 cmol(+) kg−1) and 

SMU27 (Mean EA = 7.9 cmol(+) kg−1), suggests the potential 

presence of toxic levels of aluminum (Al3+), which can inhibit 

root growth and restrict phosphorus availability [10]. This 

shows that continuous cultivation without adequate liming 

contributes to significant soil acidification. High EA in 

SMU27 indicates accumulation of exchangeable H⁺/Al³⁺, 

which may exacerbate acidity-related constraints, such as Al 

toxicity, reduced root growth, and P fixation [44]. This con-

straint suggests that SMU27 soils are likely to be constrained 

by acidity, requiring liming or other amelioration if used for 

acid‐sensitive crops; whereas SMU23 and other neutral‐to‐

slightly-acid soils may be more suitable for general cropping 

without liming. 

3.4.2. Soil Organic Carbon (OC) and Total Nitrogen 

(TN) Distribution 

The distribution of Soil Organic Carbon (OC) followed a 

consistent decline from surface to subsurface horizons across 

all pedons. For instance, in SMU4, OC content decreased from 

1.72% in the Ah horizon to 0.86% in the Bt2 horizon. Accord-

ing to the descriptive statistics in Table 5, SMU23 and SMU6 

exhibited the highest organic matter reserves, with mean or-

ganic matter (OM) values of 4.6±2.44% and 4.2±1.7%, re-

spectively. These values classify the soils as having moderate 

to high organic matter status based on the ratings by [40]. 

However, other units such as SMU13 and SMU20 displayed 

considerably lower mean OC contents (0.8±0.60% and 

1.0±0.2%, respectively), indicating a rapid mineralization rate 

or insufficient biomass return. The Total Nitrogen (TN) levels 

closely mirrored the OC trends, with SMU6 recording the 

highest mean TN (0.21±0.10%), emphasizing the reliance of 

this ecosystem on organic matter mineralization as the pri-

mary source of nitrogen fertility. 

3.4.3. Phosphorus Availability (Av.P) 

Available Phosphorus (Av.P) demonstrated extreme varia-

bility within the study site, highlighting a complex fertility 

landscape. While the majority of the SMUs were critically de-

ficient in phosphorus, SMU23 was a distinct outlier. As shown 

in Table 5, the Ap horizon of SMU23 recorded an exception-

ally high Av.P value of 41.79 ppm, resulting in a high mean 

value of 14.4±19ppm. This anomaly is likely attributable to 

site-specific anthropogenic management, such as the recent 

application of phosphatic fertilizers or the accumulation of or-

ganic waste near homesteads. In contrast, SMU14 and SMU5 

exhibited very low mean Av.P values of 0.6±0.70 ppm and 

0.6±0.90ppm, respectively (Table 5). In these acidic SMUs 

(pH < 5.5), the low phosphorus availability is scientifically 

consistent with P-fixation mechanisms, where soluble phos-

phates precipitate with iron and aluminum oxides/hydroxides, 

rendering them unavailable to plants [5]. This suggests that P-

deficiency is a binding constraint for the majority of the dis-

trict, necessitating liming or P-fertilization strategies. 

3.4.4. Cation Exchange Capacity (CEC) 

The Cation Exchange Capacity (CEC) results indicate a 

wide variation in the soil's ability to retain nutrients across the 

study area. As presented in Table 5, the mean CEC values 

ranged from a low of 12.2 ± 4.0 cmol(+)kg-1 in SMU5 to a 

high of 30.8 ± 5.2 cmol(+)kg-1 in SMU23. The relatively high 

CEC values observed in SMU23 and SMU6 (29.6 ± 3.8 

cmol(+)kg-1) suggest the dominance of high-activity 2:1 lat-

tice clays (such as smectites) or a significant contribution from 

soil organic matter. In contrast, SMU14 and SMU25 exhibited 

lower mean CEC values of 12.4 ± 3.5 and 13.5 ± 5.7 cmol (+) 

kg-1 respectively, characteristic of soils dominated by low-ac-

tivity Kaolinitic clays often found in highly weathered tropical 

environments [5, 8]. Furthermore, the vertical distribution of 

CEC within the pedons generally showed a declining trend 

with depth, paralleling the distribution of organic carbon. For 

instance, in SMU23, the CEC decreased from 37.60 cmol (+) 

kg-1 in the surface Ap horizon to 25.10 cmol (+) kg-1 in the 

subsurface B horizon. Similarly, in SMU4, the CEC dropped 

from 17.12 cmol (+) kg-1 in the Ah horizon to 16.14 cmol (+) 

kg-1 in the Bt3 horizon. This trend highlights the critical role 

of organic matter in providing negatively charged exchange 

sites in the surface layers of these soils. 

The exchangeable bases followed the typical order of abun-

dance Ca > Mg > K > Na in most mapping units, although 

severe depletion was evident in specific pedons. Calcium (Ca) 

and Magnesium (Mg): While Calcium was generally domi-

nant, its levels varied drastically. SMU23 recorded the highest 

mean Ca value of 13.3 ± 7.4 cmol (+) kg-1 (Table 5). However, 

the data result reveals critical depletion in other units; specif-

ically, in SMU10, the exchangeable Ca and Mg levels dropped 

to 0.00 cmol(+)kg-1 throughout the subsurface horizons (Bt1 

through Bt4). Similarly, SMU26 showed 0.00 cmol (+) kg-1 

for Magnesium in the Ah, AB, and Bt1 horizons. This com-

plete exhaustion of basic cations is indicative of intense leach-

ing conditions driven by acidity. 

Potassium (K): Potassium availability was generally low 

across the district. As shown in Table 5, SMU14 and SMU10 

recorded mean K values of only 0.09 ± 0.04 and 0.13 ± 0.02 

cmol(+)kg-1, respectively, which are below the critical level of 

0.38 cmol(+)kg-1 required for optimal plant growth [26, 41]. 

The notable exception was SMU23, which exhibited a high 

mean K concentration of 1.39 ± 0.27 cmol (+) kg-1, likely re-

flecting anthropogenic fertilizer inputs. Sodium (Na): Ex-

changeable sodium was negligible across all profiles. The 

highest mean value was observed in SMU4 (0.3 ± 0.05 cmol 

(+) kg-1), confirming that these soils are non-sodic and free 

from sodium toxicity hazards. 

3.4.5. Percentage Base Saturation (PBS) 

The Percentage Base Saturation (PBS) values effectively 

delineated the soils into leached (dystric) and saturated (eutric) 
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categories. Dystric Status: A significant portion of the study 

area exhibited very low base saturation, correlated with the 

high exchangeable acidity previously discussed. Table 6 re-

ports that SMU26, SMU10, and SMU27 possess mean PBS 

values of 17.7 ± 11.5%, 23.5 ± 2.7%, and 24.2 ± 5.9%, respec-

tively. In the subsurface layers of SMU26, the PBS dropped 

as low as 8.33% in the Bt1 horizon. These values are well be-

low the 50% threshold, classifying these soils as strongly dys-

tric and indicating that the exchange complex is dominated by 

Aluminum and Hydrogen ions [16]. Eutric Status: Conversely, 

SMU11 exhibited a remarkably high mean PBS of 107.2 ± 

29.7% (Table 6), with the Bt2 horizon reaching 134.63%. Val-

ues exceeding 100% typically suggest the presence of soluble 

salts or carbonates that were dissolved during the laboratory 

extraction process, rather than cations solely adsorbed to clay 

surfaces. SMU5 also showed high saturation, with a mean 

PBS of 77.3 ± 17.1%, indicating higher inherent fertility com-

pared to the rest of the district. 

3.4.6. Cation Exchange Capacity of the Clay (CECc) 

The Cation Exchange Capacity of the clay fraction (CECc) 

serves as a diagnostic indicator of the dominant clay mineral-

ogy within the soil mapping units. According to the classifi-

cation by [7], CECc values less than 20 cmol(+)kg-1 clay indi-

cate a dominance of low-activity clays (such as Kaolinite), 

values between 20 and 40 cmol(+)kg-1 indicate mixed miner-

alogy, and values exceeding 40 cmol(+)kg-1 suggest the pres-

ence of high-activity 2:1 clays (such as Smectites or Vermic-

ulite). The results in Table 5 reveal a significant heterogeneity 

in clay mineralogy across the Guto Gida district. 

(i). Low Activity Clays (Kaolinitic) 

Several mapping units exhibited low CECc values, indica-

tive of highly weathered soils. Specifically, SMU5 and 

SMU14 recorded mean CECc values of 17.6 ± 7.5 cmol(+)kg-

1 and 18.2 ± 5.9 cmol(+)kg-1 clay, respectively(Table 5). These 

values fall below the 20 cmol (+) kg-1 threshold, suggesting 

that the clay fraction is dominated by Kaolinite and sesquiox-

ides (Iron and Aluminum oxides). This low clay activity ex-

plains the lower general CEC and nutrient retention capacity 

observed in these specific units, implying that nutrient man-

agement must focus on preventing leaching losses. 

(ii). High Activity Clays (Smectitic/Mixed) 

In sharp contrast, SMU6 and SMU23 exhibited exception-

ally high CECc values. SMU6 recorded a mean CECc of 134.6 

± 63.6 cmol (+) kg-1 clay, while SMU23 recorded 87.4 ± 48.6 

cmol (+) kg-1 clay (Table 5). In the Ah horizon of SMU6 

peaked at 179.56 cmol (+) kg-1 clay. Such high values are 

characteristic of Smectitic mineralogy, which possesses a high 

shrink-swell potential and high nutrient holding capacity. 

However, extremely high values (>100) may also suggest the 

influence of amorphous materials or the contribution of or-

ganic matter to the exchange complex, which can inflate the 

calculated CECc relative to the actual clay content [26]. 

(iii). Mixed Mineralogy 

Other units, such as SMU4 and SMU12, displayed interme-

diate mean CECc values of 25.2 ± 4.5 and 26.9 ± 18.9 

cmol(+)kg-1 clay, respectively. This suggests a mixed miner-

alogy, likely composed of an intergrade of Illite, Chlorite, and 

Kaolinite. 

Table 5. Descriptive Statistics (Mean ± standard deviation) of soil Chemical properties of soil mapping units of the study site. 

SMU 
Hori-

zons 
pH Ex.Ac 

OC 

(%) 

OM 

(%) 

TN 

(%) 

AP 

(ppm) 

Ca Mg K Na CEC CECc 
PBS 

(%) 
(cmolkg-1) 

SMU4 4 
5.3 ± 

0.3 

1.0 ± 

1.3 

1.5 ± 

0.4 

2.5±0.

8 

0.13±0.

00 

0.7 ± 

0.3 

7.6 ± 

1.3 

2.3 ± 

0.8 

0.15 ± 

0.03 

0.3 ± 

0.05 

16.3 ± 

0.8 

25.2 ± 

4.5 

62.8 ± 

10.9 

SMU5 5 
5.4 ± 

0.2 

1.0 ± 

0.3 

1.6 ± 

1.5 

2.8±2.

5 

0.14±0.

10 

0.6 ± 

0.9 

7.4 ± 

2.3 

1.7 ± 

1.4 

0.10 ± 

0.03 

0.1 ± 

0.08 

12.2 ± 

4.0 

17.6 ± 

7.5 

77.3 ± 

17.1 

SMU6 2 
5.3 ± 

0.0 

0.6 ± 

0.2 

2.5 ± 

1.0 

4.2±1.

7 

0.21±0.

10 

0.3 ± 

0.1 

13.8 ± 

3.3 

4.6 ± 

2.4 

0.17 ± 

0.03 

0.2 ± 

0.03 

29.6 ± 

3.8 

134.6 ± 

63.6 

62.5 ± 

11.1 

SMU9 5 
5.2 ± 

0.1 

3.0 ± 

1.7 

1.2 ± 

0.4 

2.0±0.

8 

0.10±0.

00 

2.5 ± 

1.4 

7.3 ± 

0.3 

1.9 ± 

0.5 

0.13 ± 

0.02 

0.1 ± 

0.07 

16.3 ± 

2.0 

22.7 ± 

3.7 

59.1 ± 

8.8 

SMU1

0 
5 

5.1 ± 

0.3 

5.6 ± 

0.9 

1.5 ± 

0.8 

2.6±1.

5 

0.13±0.

10 

7.0 ± 

2.5 

5.0 ± 

1.3 

0.0 ± 

0.0 

0.13 ± 

0.02 

0.0 ± 

0.01 

21.6 ± 

3.8 

47.4 ± 

25.8 

23.5 ± 

2.7 

SMU1

1 
5 

4.9 ± 

0.1 

1.3 ± 

0.8 

1.0 ± 

0.2 

1.6±0.

3 

0.08±0.

00 

2.1 ± 

1.4 

11.0 ± 

1.0 

3.8 ± 

2.2 

0.15 ± 

0.02 

0.2 ± 

0.11 

14.4 ± 

1.8 

21.8 ± 

2.2 

107.2 ± 

29.7 

SMU1 5 5.1 ± 1.9 ± 1.3 ± 2.2±1. 0.11±0. 0.9 ± 5.0 ± 0.3 ± 0.25 ± 0.1 ± 14.3 ± 26.9 ± 38.9 ± 
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SMU 
Hori-

zons 
pH Ex.Ac 

OC 

(%) 

OM 

(%) 

TN 

(%) 

AP 

(ppm) 

Ca Mg K Na CEC CECc 
PBS 

(%) 
(cmolkg-1) 

2 0.2 0.3 0.9 6 10 1.1 1.7 0.6 0.27 0.08 4.9 18.9 5.8 

SMU1

3 
5 

5.4 ± 

0.1 

0.7 ± 

0.3 

0.8 ± 

0.6 

1.4±1.

0 

0.07±0.

10 

0.7 ± 

0.9 

7.1 ± 

2.5 

2.3 ± 

1.6 

0.26 ± 

0.36 

0.1 ± 

0.04 

15.3 ± 

9.3 

21.7 ± 

13.4 

73.3 ± 

26.2 

SMU1

4 
4 

5.8 ± 

0.3 

0.5 ± 

0.3 

1.5 ± 

0.6 

2.6±1.

0 

0.13±0.

00 

0.6 ± 

0.7 

6.2 ± 

1.9 

1.4 ± 

1.3 

0.09 ± 

0.04 

0.1 ± 

0.03 

12.4 ± 

3.5 

18.2 ± 

5.9 

63.1 ± 

73.7 

SMU1

5 
6 

5.3 ± 

0.1 

2.0 ± 

1.3 

1.4 ± 

0.6 

2.5±1.

1 

0.13±0.

10 

1.7 ± 

0.8 

7.4 ± 

1.6 

2.7 ± 

1.6 

0.51 ± 

0.27 

0.1 ± 

0.05 

14.8 ± 

4.6 

23.5 ± 

7.3 

75.2 ± 

16.5 

SMU1

7 
5 

5.5 ± 

0.1 

3.1 ± 

1.6 

1.4 ± 

0.8 

2.3±1.

4 

0.12±0.

10 

1.0 ± 

0.7 

7.1 ± 

2.0 

1.9 ± 

1.6 

0.29 ± 

0.03 

0.2 ± 

0.19 

19.0 ± 

2.9 

31.7 ± 

9.9 

49.7 ± 

15.3 

SMU2

0 
4 

5.4 ± 

0.1 

3.8 ± 

1.1 

1.0 ± 

0.2 

1.7±0.

4 

0.09±0.

00 

2.5 ± 

0.6 

7.6 ± 

1.2 

2.2 ± 

0.4 

0.13 ± 

0.03 

0.2 ± 

0.25 

23.7 ± 

2.3 

39.0 ± 

4.6 

42.6 ± 

1.5 

SMU2

1 
3 

5.4 ± 

0.0 

4.5 ± 

0.6 

2.1 ± 

0.9 

3.7±1.

5 

0.18±0.

10 

0.5 ± 

0.3 

6.3 ± 

0.5 

0.7 ± 

0.5 

0.16 ± 

0.04 

0.0 ± 

0.01 

28.9 ± 

0.3 

71.4 ± 

29.2 

24.6 ± 

1.9 

SMU2

3 
4 

6.0 ± 

0.4 

0.4 ± 

0.2 

2.7 ± 

1.4 

4.6±2.

4 

0.23±0.

10 

14.4 ± 

19 

13.3 ± 

7.4 

5.8 ± 

5.2 

1.39 ± 

0.27 

0.1 ± 

0.06 

30.8 ± 

5.2 

87.4 ± 

48.6 

63.6 ± 

28.4 

SMU2

4 
5 

5.3 ± 

0.2 

0.6 ± 

0.2 

1.1 ± 

0.7 

1.9±1.

2 

0.09±0.

10 

3.8 ± 

2.4 

6.3 ± 

0.9 

1.3 ± 

1.1 

0.30 ± 

0.39 

0.0 ± 

0.03 

18.1 ± 

2.7 

24.9 ± 

8.6 

43.5 ± 

6.2 

SMU2

5 
4 

5.5 ± 

0.6 

1.9 ± 

2.8 

1.0 ± 

0.5 

1.7±0.

8 

0.09±0.

00 

5.1 ± 

2.3 

6.1 ± 

3.4 

1.6 ± 

2.1 

0.31 ± 

0.21 

0.0 ± 

0.02 

13.5 ± 

5.7 

25.2 ± 

8.2 

68.4 ± 

52.0 

SM26 5 
4.8 ± 

0.1 

4.4 ± 

2.4 

2.6 ± 

0.4 

4.5±0.

6 

0.22±0.

00 

3.8 ± 

1.5 

4.0 ± 

1.6 

0.7 ± 

1.5 

0.13 ± 

0.08 

0.1 ± 

0.06 

28.7 ± 

5.2 

66.6 ± 

25.8 

17.7 ± 

11.5 

SMU2

7 
5 

5.1 ± 

0.3 

7.9 ± 

1.6 

1.2 ± 

0.8 

2.0±1.

4 

0.10±0.

10 

7.1 ± 

2.6 

6.3 ± 

1.7 

0.2 ± 

0.4 

0.16 ± 

0.06 

0.1 ± 

0.12 

27.6 ± 

2.6 

50.8 ± 

21.0 

24.2 ± 

5.9 

SMU2

8 
6 

5.2 ± 

0.2 

3.9 ± 

0.6 

1.6 ± 

0.6 

2.7±1.

0 

0.14±0.

00 

5.5 ± 

3.2 

7.0 ± 

1.6 

0.6 ± 

1.0 

0.11 ± 

0.03 

0.0 ± 

0.00 

23.8 ± 

2.2 

41.8 ± 

12.6 

32.4 ± 

6.6 

pH=Power of Hydrogen, EA = Exchangeable acidity, OC = Organic carbon, TN = Total Nitrogen, A.P = Available Phosphorus, CEC = Cation 

exchange capacity, CECC = Cation exchange capacity of Clay, PBS = Percentage base saturation 

3.5. Soil Classification and Mapping 

The soils of the study area were classified following the 

World Reference Base for Soil Resources (WRB) diagnostic 

criteria, based on both morphological observations and de-

tailed physicochemical analyses [21, 28]. Diagnostic horizons, 

properties, and materials were identified from field descrip-

tions and laboratory results, and these were used to assign each 

Pedon to its respective Reference Soil Group (RSG) through 

the WRB key. 

According to the classification outcomes, eight major RSGs 

were identified within the study area: Nitisols, Alisols, Cam-

bisols, Lixisols, Leptosols, Luvisols, Acrisols, and Regosols. 

The areal distribution of these soil groups shows that Nitisols 

are the dominant soil type, covering 41.59% of the landscape 

(Figure 4). This dominance reflects the deep weathering, 

strong structural development, and favorable chemical condi-

tions typical of Nitisols in humid tropical environments. Ali-

sols (15.73%) and Cambisols (15.37%) constitute the next 

most extensive soil groups, indicating substantial areas with 

moderate weathering and acidic subsurface horizons enriched 

with exchangeable aluminum (Figure 5). 

Lixisols, accounting for 13.95%, are associated with 

leached subsurface horizons and low-activity clays, while 

Leptosols (4.54%) represent shallow soils formed over hard 

rock or strongly eroded landscapes. Luvisols, covering 3.53%, 

reflect zones with clay accumulation and higher base satura-

tion relative to surrounding soil types. Acrisols (2.89%) occur 

in more strongly leached and acidic areas, while Regosols, 

representing 0.83%, are weakly developed soils typically as-

sociated with young parent materials or unstable geomorphic 

surfaces (Figure 5). The total area covered by soil mapping 

was 93,181.61 ha (98.48%). The remaining 1.52% of the study 
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area was not included in the soil classification due to field in-

accessibility caused by security-related restrictions and ab-

sence of accessible roads, which hindered ground trothing and 

soil sampling in those locations These distributions collec-

tively illustrate the geomorphic, climatic, and pedogenic vari-

ability within the study area. 

 
Figure 4. Map of major soil types of Guto Gida district. 

 
Figure 5. Distribution of major soil types by area coverage in Guto Gida district. 

Table 6. Soil classification according to WRB (2022). 

SMUs Soil type (WRB system of soil classification) 

Area 

Hectare % 

SMU4 Eutric Haplic Lixisols (Mollic) 34.72 0.04 

SMU5 Eutric Rhodic Haplic Nitisols (Clayic, Mollic) 349.88 0.37 

SMU6 Eutric Leptic Leptosols (Lithic, Mollic, Skeletic) 2638.36 2.79 

SMU8 Stagnic Regosols (Raptic) 829.78 0.88 

SMU9 Eutric Lixisols (Clayic, Mollic) 8154.28 8.62 

SMU10 Dystric Haplic Alisols (Clayic) 2431.31 2.57 
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SMUs Soil type (WRB system of soil classification) 

Area 

Hectare % 

SMU11 Eutric Lixisols (Clayic, Mollic) 3559.8 3.76 

SMU12 Dystric Haplic Rhodic Acrisols (Clayic) 2164.38 2.29 

SMU13 Eutric Haplic Luvisols (Clayic, Mollic) 3336.05 3.53 

SMU14 Dystric Rhodic Nitisols (Clayic) 39004.7 41.22 

SMU15 Eutric Haplic Lixisols (Clayic) 1451.9 1.53 

SMU17 Dystric Haplic Alisols (Clayic) 1165.86 1.23 

SMU20 Dystric Haplic Alisols (Clayic) 420.96 0.44 

SMU21 Eutric Leptic Leptosols (Clayic) 1658.42 1.75 

SMU23 Eutric Haplic Cambisols (Clayic) 4055.49 4.29 

SMU24 Dystric Rhodic Acrisols (Clayic, Mollic) 573.61 0.61 

SMU25 Dystric Cambisols (Clayic) 10490.5 11.09 

SMU26 Hyperdystric Rhodic Alisols (Clayic) 6291.2 6.65 

SMU27 Dystric Alisols (Clayic) 940.29 0.99 

SMU28 Dystric Profondic Alisols (Clayic) 3630.12 3.84 

 Total 93181.61 98.48 

Table 7. Person correlation matrix among measured soil chemical properties. 

 BD pH OC Av.P CEC CEC clay Ex. A Av.P Na+ K+ Ca2+ Mg2+ PBS 

BD 1.000**,* 
            

pH 0.070 1.000***            

OC -0.260* 0.039 1.000***           

Av.P -0.027 0.174 0.354*** 1.000***          

CEC -0.319** -0.103 0.450*** 0.426*** 1.000***         

CEC clay -0.299** 0.045 0.612*** 0.445*** 0.790*** 1.000***        

Ex. A -0.186 -0.398*** -0.052 -0.198 0.447*** 0.176 1.000***       

Av.P -0.027 0.174 0.354*** 1.000*** 0.426*** 0.445*** -0.198 1.000***      

Na+ -0.033 -0.098 -0.116 -0.100 -0.145 -0.064 -0.103 -0.100 1.000***     

K+ 0.103 0.371*** 0.409*** 0.438*** 0.233* 0.312** -0.295** 0.438*** -0.039 1.000***    

Ca2+ 0.035 0.322** 0.348*** 0.428*** 0.219* 0.443*** -0.378*** 0.428*** 0.141 0.481*** 1.000***   

Mg2+ 0.140 0.333** 0.362*** 0.413*** 0.103 0.347*** -0.477*** 0.413*** 0.138 0.528*** 0.867*** 1.000***  

PBS 0.298** 0.300** 0.022 -0.053 -0.529*** -0.221* -0.583*** -0.053 0.191 0.208* 0.586*** 0.641*** 1.000*** 

 

4. Conclusions and Recommendations 

The soil characterization, classification, and mapping of the 

Guto Gida district revealed clear spatial variability in soil 

properties across Soil Mapping Units (SMUs). Most soils are 
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deep, well-developed, and clay-dominated, with well-ex-

pressed argic (Bt) horizons in several SMUs, indicating ad-

vanced weathering, clay translocation, and long-term pedo-

genic development typical of tropical highland environments. 

Soil physical properties such as low bulk density (0.80–1.28 g 

cm⁻³) and high porosity (51.7–69.8%) reflect generally good 

structure and favorable conditions for root growth and water 

movement. 

Topography strongly influenced soil formation and distri-

bution, where foot- and back-slope positions showed deeper 

and better-developed profiles, while upper slope positions ex-

hibited signs of erosion and weak horizon development. Land 

use also affected surface soil conditions, with cultivated areas 

showing slight compaction compared to fallow and grazing 

lands. 

Overall, the soils of the district are pedologically mature, 

structurally well-developed, and generally suitable for agri-

culture, but they are constrained by acidity risks, clay-related 

drainage limitations, and erosion susceptibility on sloping 

lands. The resulting soil maps provide a solid basis for sus-

tainable land management and agricultural planning in the dis-

trict. 

Implement Soil Acidity Management Programs: Because 

many Alisols-type soils develop high acidity and low base sat-

uration, future chemical analysis (CEC, PBS, exchangeable 

acidity, pH) should guide targeted liming. Areas with strongly 

acidic Bt horizons should undergo periodic pH monitoring and 

application of agricultural lime or dolomitic lime to improve 

nutrient availability and crop productivity. 

Adopt Erosion Control Measures on Steep Slopes (SMUs 6, 

20, 21, 27, 28): SMUs located on steep gradients (32–60%) 

require immediate conservation measures such as: contour 

plowing, terracing, grass strips and buffer zones, controlled 

grazing. These practices will minimize soil loss, surface seal-

ing, and horizon truncation, thereby preserving soil fertility. 

Promote Soil Organic Matter Enrichment across All Culti-

vated SMUs: Despite favourable structure, long-term cultiva-

tion areas (e.g., SMUs 5, 12, 13, 14, 24) are likely to have 

declining organic carbon levels. Incorporating organic amend-

ments is recommended, including: compost and manure, 

green manure crops, crop residue retention, improving organic 

matter improves water retention, cation exchange capacity, 

and aggregate stability. 

Site-Specific Fertilizer Recommendation Based on Soil 

Classes: Since clay-rich Alisols tend to fix phosphorus and ex-

hibit low base saturation, fertilizer regimes should include: 

phosphorus sources (DAP, TSP, organic P) balanced NPK 

based on crop type micronutrients (particularly Zn and B) 

where required Developing a SMU-based fertilizer guide will 

substantially improve input use efficiency. 

Sustainable Land Use Planning: The soil map generated 

from this study should serve as a guiding tool for allocating 

land to appropriate uses: Deep, well-drained clay soils (SMUs 

4, 5, 9, 10, 11) are highly suitable for cereals, pulses, and per-

ennial crops. Moderately drained grazing areas (SMU 9, 17) 

should be managed as controlled grazing systems. Steep 

slopes (SMU 20, 21, 27) recommended for agroforestry, per-

ennial crops, or protection forestry. 
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