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Introduction: Soil characterization and classification is a vital tool for classifying
soil, identifying soil types, managing nutrient, and transferring research findings.
Jara Gelalicha in the Hawassa Zuria district and Aruma in the Wondo Genet
district of the Sidama Region require soil characterization and classification.
Therefore, this study was carried out in the specified locations to characterize
themorphological and physicochemical properties as well as identify the types of
soil in the studied areas.

Methods: For this study, extensive preliminary site observations, reconnaissance
surveys, and 30 auger observations were conducted before opening the profile pits
in each location. One representative pedonwas opened at each site to a depth of 2
× 2 × 2 m, and the profiles were described using the Guidelines for Field Soil
Descriptions. A total of 12 disturbed and 12 undisturbed soil samples were collected
from each diagnostic horizon of both locations.

Results: The soil analysis result showed that the surface horizon textural class of
pedon of Jara Gelalicha was sandy loam; whereas, the textural class of the pedon
at Aruma was sandy clay loam. In the Jara Gelalicha and Aruma locations, the OC
content in the surface horizons was 2.39% and 3.57%, respectively. In the Jara
Gelalicha and Aruma locations, the total nitrogen content of the surface soil
horizons was 0.23% and 0.32%, respectively.

Discussion: Based on the World Reference Base for Soil Resources, the soils of
the study areas classified as Eutric Cambisols (Loamic) in Jara Gelalicha and Eutric
Andosols (Loamic) in Aruma area. Therefore, the soil fertility management and
land use decision should consider such soil variability. The findings could offer
crucial information for designing soil management options to increase soil
productivity and to make appropriate land use decision.
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1 Introduction

Soils have various morphological, physical, chemical, and biological properties, leading
to different reactions to management practices, abilities to provide ecosystem services
naturally, resilience to disturbance, and susceptibility to deterioration (FAO, 2017).
Therefore, it is crucial to characterize and classify soils to utilize these resources

OPEN ACCESS

EDITED BY

Gian Franco Capra,
University of Sassari, Italy

REVIEWED BY

Mesfin Hailemariam Habtegebriel,
Addis Ababa University, Ethiopia
Rafael Barroca Silva,
São Paulo State University, Brazil
Antonio Ganga,
University of Sassari, Italy

*CORRESPONDENCE

Habtamu Alemayehu,
habtamualemayehu79@gmail.com

‡These authors share first authorship

RECEIVED 31 January 2025
ACCEPTED 20 May 2025
PUBLISHED 20 June 2025

CITATION

Alemayehu H, Haile W and Kiflu A (2025)
Characterization and classification of soils at
Jara Gelalicha and Aruma areas, Sidama region,
southern Ethiopia.
Front. Environ. Sci. 13:1569469.
doi: 10.3389/fenvs.2025.1569469

COPYRIGHT

© 2025 Alemayehu, Haile and Kiflu. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 20 June 2025
DOI 10.3389/fenvs.2025.1569469

https://www.frontiersin.org/articles/10.3389/fenvs.2025.1569469/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1569469/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1569469/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1569469/full
https://orcid.org/0000-0003-2352-3720
https://orcid.org/0000-0002-9227-3289
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2025.1569469&domain=pdf&date_stamp=2025-06-20
mailto:habtamualemayehu79@gmail.com
mailto:habtamualemayehu79@gmail.com
https://doi.org/10.3389/fenvs.2025.1569469
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2025.1569469


according to their capacities and manage them sustainably. Soil
information gathered through systematic identification and
grouping provides insight into the potential and limitations of
the property, enabling efficient planning of various land uses
(Lufega and Msanya, 2017). Soil characterization is essential for
understanding the physical, chemical, mineralogical, and biological
properties of soil, as well as for organizing knowledge and facilitating
the transfer of experience and technology (Chekol and Mnalku,
2012; Adhanom and Teshome, 2016). According to Buol et al.
(2003), soil classification is a vital tool for classifying soil,
identifying soil types, managing property, and transferring
research findings. To achieve the highest level of crop
productivity, a comprehensive understanding of a nation’s soil
nature and characteristics is crucial for managing it according to
its potential (Abayeneh and Berhanu, 2000). Soil characterization
studies are fundamental for understanding, classifying, and gaining
the best understanding of the environment (Onyekanne and Nnaji,
2012; Yitbarek et al., 2018). Soil categorization is critical for
understanding soil behavior and establishes the foundation for
effectively assessing soil suitability and maintaining fertility
(Desalegn et al., 2014). However, previous soil assessments in
Ethiopia were generally limited to certain areas (Yitbarek et al.,
2018). As a result, many sections of the country continue to lack
accurate soil information, despite its enormous size and wide range
of soil types. In Ethiopia, the consideration of soil types has
influenced agricultural production and methods for ecologically
sound land management (Assen and Yilma, 2010). However,
existing regional and small-scale studies on soil characterization
and classification in Ethiopia have not adequately supplied essential
soil data to support soil management practices tailored to local
variations (Hailu et al., 2015; Mathwos and Mesfin, 2024).

In Ethiopia, most studies conducted so far have been at a small
scale, which may not be applicable for site-specific land use and soil
management. Therefore, comprehensive knowledge of soil
characteristics at a large scale, local watershed, or farm level is
essential for addressing specific and local problems in agricultural
production (Hailu et al., 2015). These various soil types were not
fully characterized in the study locations, and their characteristics
for soil fertility purposes were not well characterized. Because
diverse soil types have varied physicochemical and morphological
properties, alternative farming methods and inputs have been
proposed in different parts of Ethiopia (Getahun, 2015). Soil
types and properties in Ethiopia vary significantly due to factors
such as climate, topography, parent material, and vegetation, which
vary in their influence across regions (Chemeda et al., 2017;
Mengiste et al., 2025). This diversity emphasizes the importance
of soil classification as a instrument for facilitating technology
transfer and information exchange across stakeholders (Fekadu
et al., 2018). Despite these needs, Ethiopia’s soil information
database remains limited due to insufficient survey activities,
attributed to the country’s expansive area and complex
topography (Mulugeta and Sheleme, 2010).

Sustainable soil usage needs an accurate understanding of soil
composition and fertility control. These characteristics provide
critical information about soil type, fertility, and productivity, all
of which are important for sustaining livelihoods, ensuring food
security, and decreasing the risk of malnutrition (Uwitonze et al.,
2016; Mohamed et al., 2021; Merumba et al., 2024). Obtaining

information about soils requires classifying and categorizing them
because of their diverse morphological, physical, chemical, and
biological characteristics (Mathewos and Mesfin, 2024). In order
to identify the chemical, physical, and mineralogical characteristics
of soil, a scientific method for collecting soil data is soil
categorization (Sharu et al., 2013). The Sidama region’s soils are
classified into major Reference Soil Groups (RSG), which include
Luvisols, Cambisols, Nitisols, Vertisols, Andosols, Fluvisols,
Regosols, and Leptosols (Bizunhe, 2023).

In the Sidama region, specifically in the study areas of Jara
Gelalicha in Hawassa Zuria and Aruma in Wondo Genet districts,
there is a problem of lack information on soil characterization and
classification. The soil type remains unknown, leading to a lack of
knowledge among agricultural experts regarding the available and
deficient nutrients in the soil. Information on the morphological and
physicochemical characteristics of the soil, as well as its fertility
status, is inadequate. Previous soil resource studies in the national
level have been conducted at small scales with a high level of
generalization. However, the soils of Aruma in the Wondo
Genete district and Jara Gelalicha in the Hawassa Zuria district
of the Sidama region have yet to be characterized or classified. In the
study areas agricultural field experiments have been carried out,
which need soil information to interpret results and recommend
appropriate soil management strategies for optimum and
sustainable agricultural production. Generally, the current soil
information of the country is not exhaustive to support
appropriate land use decision and sustainable land management
strategies for every area of the country. Therefore, the aim of the
study was to characterize and classify soils of Aruma and Jara
Gelalicha areas of Sidama Region, Southern Ethiopia.

2 Materials and methods

2.1 Description of study areas

2.1.1 Location and climate of the study areas
The study was conducted in farmers’ fields in Jara Gelalicha

Kebele in Hawassa Zuria district and Aruma Kebele in Wondo
Genet district of the Sidama Regional State, Southern Ethiopia. Jara
Galalicha Kebele is located 290 km south of Addis Ababa and 16 km
from Hawassa town. Geographically, the area lies at 7°0′13.7″to
7°48′11.5″N and 38°21′21.1″to 38°63′30.5″E, with a mean altitude of
1712 m above sea level (masl) and slope ranges from 0.2% to 0.5%
(gentle). It receives a mean annual rainfall of 952 mm with mean
minimum and maximum temperatures of 12.1°C and 26.7°C,
respectively (Hawassa Meteorological Center, 2018). The major
crops grown in the study area are maize (Zea mays L.), common
bean (Phaseolus vulgaris L.), cabbage (Brassica oleracea L.), tomato
(Lycopersicon esculentum L.), wheat (Triticum aestivum L.), enset
(Ensete ventricosum (Welw.), beetroot (Beta vulgaris L.), lettuce
(Lactuca sativa L.), sweet potato (Ipomoea batata L.), khat (Catha
edulis L.), and chili (Capsicum annuum L.).

Aruma Kebele, in the Wondo Genet district is located 264 km
south of Addis Ababa and 27 km southwest of Hawassa town.
Geographically, the area is located at 6°16′to 7°45′N and 38°31′to
38°63′E. The altitude of the district ranges from 1,001 to 1780 m
above sea level. The mean annual rainfall in the district ranges from
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801 to 1,221 mm, and the mean annual temperature ranges from
17.6°C to 22.5°C (SNNPRS, BoFED, 2018). The major crops grown
in the study area are khat (C. edulis L.), sugarcane (Saccharum
officinarum L.), maize (Z. mays L.), enset (E. ventricosum (Welw.)
Cheesman), cabbage (B. oleracea L.), tomato (L. esculentum L.), and
potato (Solanum tuberosum L.). Both locations exhibit a landscape
characterized by a mix of agricultural land, natural vegetation, and
forest cover. The soil pedons of the experimental sites were
excavated in the cultivated land. In both locations, the natural

vegetation cover prior to cultivation was forest. The map of the
study areas is presented in Figure 1. The 10-year annual climate data
(2013–2022) for Hawassa Zuria district and Wondo Genet district
are presented in Figures 2, 3, respectively.

2.1.2 The geology and geomorphology of the
study area

The Hawassa area is morphologically part of the rift floor zone
(Bizunhe, 2023). It is a depression that was created by volcano-

FIGURE 1
Location map of study areas.

FIGURE 2
Annual climate data hawassa Zuria district (2013–2022) (Source: hawassa meteorology station).
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tectonic collapse phenomena (Temesgen et al., 1999). According to
Ayele et al. (2022), the Hawassa area contains fluvial sediments,
alluvial sediments, Wondo Koshe pumice fall and flow deposits,
scoria cones, tuff cones, Hawassa basalts, and Hawassa rhyolitic
ignimbrites. According to Temesgen et al. (1999), the Wondo Genet
area is characterized by tertiary and quaternary geological
formations. The area mainly consists of ignimbrites, pumiceous
tuff, and volcano lacustrine deposits interbedded with basaltic lava.

2.2 Field survey, soil profile selection, and
soil sample preparation

A preliminary site and auger observation was carried out prior to
opening the pedons. For each study area, thirty auger inspections
were made and a representative site was selected. In each study area,
a representative pedon of 2 × 2 × 2m in length, width, and depth was
opened and described based on guideline for soil description (FAO,
2006). General site information was recorded based on standard
profile description sheet. From each identified horizon, about 1 kg
soil samples were taken with plastic bags delivered to Hawassa
university Soil Science laboratory for soil physical and chemical
parameters analysis. The Munsell Color Chart (KIC, 2000) was used
to identify the color of each horizon (both moist and dry).

2.3 Soil analysis

The physical and chemical properties which were considered for
the study were texture, bulk density, particle density, total porosity,
soil water retention capacity at field capacity (FC) and permanent
wilting point (PWP), available water content (AWC), pH, electric
conductivity, organic matter, total nitrogen, phosphorus, CEC,
exchangeable bases, and micronutrients. Particle size distribution

was analyzed using the hydrometer method (Bouyoucos, 1962). Bulk
density was calculated from undisturbed soil samples collected with
a core sampler, weighed for field moisture content, and dried in an
oven at 105°C, following the method described by Sahlemedhin and
Taye (2000). Particle density was determined using the pycnometer
method (Blake, 1965). Total porosity was calculated from the bulk
density and particle density values. The bulk density was calculated
by dividing the mass of the oven-dried soils by their natural volumes
in the field. Bulk density (BD) and particle density (PD) were used to
calculate total porosity, which was as follows Equation 1.

Total porosity %( ) � 1- BD/PD( )[ ]x100 (1)
The water content of each soil horizon was measured at field

capacity (FC) at −1/3 bar and permanent wilting point (PWP)
at −15 bars using the Ktues (1965) pressure plate apparatus.
Hillel (1980) calculated the soil’s available water-holding capacity
by subtracting the PWP water content from the FC water content.
The depth of the available water content (AWC; mm m−1) was
determined using Equation 2:

AWC � 1000 ×
FC − PWP

100
( ) AS (2)

Where AWC is the available water content (mm m−1), FC is the
gravimetric water content in field capacity (% weight), PWP is the
gravimetric water content at the permanent wilting point (%
weight), and AS is the apparent specific gravity (the ratio of soil
BD to the density of water) (Asawa, 2006). Soil pH and electrical
conductivity (EC) was measured in a 1: 2.5 soil-to-water suspension;
water mixture using pH meter. Soil organic carbon was determined
using the Walkley and Black wet oxidation method (Walkley and
Black, 1934). Total nitrogen was determined using the Kjeldahl
procedure (Wilke, 2005). Available soil phosphorus (P) was
analyzed using the standard procedure of the Olsen (1954)
extraction method. The cation exchange capacity was determined

FIGURE 3
Annual climate data Wondo Genet (2013–2022 average) (Source: hawassa meteorology station).
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following ammonium acetate method (Sarkar and Haldar, 2005).
From the aliquots of the same extract, Exchangeable bases were
extracted with 1 M ammonium acetate at pH 7 (Sahlemeden and
Taye, 2000). Exchangeable Ca and Mg were measured from the
extract using an atomic absorption spectrophotometer (AAS), while
exchangeable K and Na were determined from the same extracts
using a flame photometer, as described by Rowell-Fuller et al. (1994).
Percent base saturation (PBS) was calculated as the percentage of
total exchangeable bases to cation exchange capacity (CEC) of the
soil. Calcium carbonate content was determined following the acid
neutralization method in which the soil carbonate was decomposed
by excess standard HCl solution and back-titrated with standard
NaOH after filtering it (Jackson, 1958). Available iron (Fe), Mn, Zn,
and Cu were extracted from the soil samples with Diethylene
triamine pentaacetic acid (DTPA) as described by Lindsay and
Norvell (1978), and the contents in the leachate were measured
using atomic absorption spectrophotometer (AAS).

2.4 Soil classification

A preliminary soil classification was carried out in the field using
field analysis of site features and profile descriptions. The soils were
finally classified into two major soils units based on their
morphological, physical and chemical properties according to the
IUSS Working Group WRB (2022).

2.5 Statistical analysis

Data obtained from physical and chemical analysis were
analyzed using the general linear model procedure of the
Statistical Analysis System (SAS Institute, 2016) for the Pearson
correlation analysis of soil properties in both study areas.

3 Results and DISCUSSION

3.1 Morphological and physical properties of
the soil in the study areas

3.1.1 Morphological properties
Table 1 summarizes the site characteristics and physiographic

settings of pedons in the study sites, which were found to be very
deep (>200 cm) in both locations. According to Moshago et al.
(2022) and Mengiste et al. (2025), the depth of the soil affects root
development as well as water and nutrient storage in plants. Table 2
provides a summary of the profiles’ morphological features. While
the subsurface ranged in color from reddish brown (5YR4/3) to light
brown (7.5YR6/3) and dark brown (7.5YR3/2) to brown (7.5YR4/4),
the moist color of the surface horizons was dark gray (5YR4/1) and
very dusky red (2.5YR2.5/2). The Aruma area showed a darker
surface horizon compared to Jara Gelalicha, possibly due to the
accumulation of high organic matter. Color variations within a soil
profile and between two pedons are most likely caused by differences
in parent material types, drainage conditions, organic matter
concentration, and iron oxide forms (Abate et al., 2014; Alemu
and Buraka, 2018; Dinssa and Elias, 2021; Mathwos and Mesfin,

2024). The surface horizon was darker in color at the Aruma
location than at the Jara Gelalicha location, which could be
attributed to significant organic matter buildup. Mulugeta and
Sheleme (2010) found similar observations, in which the surface
horizons were darker than the subsurface horizons, due mostly to
organic material buildup and breakdown.

Similar findings were reported byMulugeta and Sheleme (2010),
where the surface horizons were darker compared to the subsurface
horizons, mainly due to the accumulation and decomposition of
organic materials. Soil color variations in pedons may be due to
variations in clay, organic matter content, parent material, and
drainage conditions, which influence redoximorphic reactions.
This study aligns with Hailu et al. (2015) findings on soil color.
The surface layers in both pedons were darker in color than the
underlying horizons (Table 2). Furthermore, compared to Jara
Gelalicha, the surface soil of Aruma pedon had a comparatively
dark and moist color; this could be due to the higher content of
organic matter (Hailu et al., 2015).

3.1.2 Physical properties of soils in the study areas
3.1.2.1 Particle size distribution, bulk density, total porosity,
and soil moisture content

The proportion of sand was highest in both profile horizons at
the Aruma and Jara Gelalicha locations. The sand and silt content of
the Jara Gelalicha pedon was relatively higher than the Aruma
pedon (Table 3). However, the clay content of Aruma pedon was
relatively higher. The surface horizon textural of pedon of Jara
Gelalicha was sandy loam; whereas, the textural class of the pedon at
Aruma was sandy clay loam. Regarding the subsurface horizons,
most of the textural class of the horizons at Jara Gelalicha pedon was
sandy loam. In the case of the Aruma pedon, most of the subsurface
horizons textural class was sandy clay loam. Clay, sand, and silt
percentages were classified by Hazelton and Murphy (2016) as very
high, high, moderate, low, and very low categories, respectively, >50,
40–50, 25–40, 10–25, and <10. According to this classifications, the
Jara Gelalicha soils had sand content ranged from very high to high,
the silt contents had ranged from moderate to low, and the clay
contents had ranged from low to very low (Table 3). In the Aruma
soils had sand content had ranged from very high to high, silt
contents had low, and clay contents had ranged from moderate to
low, respectively. The sand concentrations of both soil profiles reveal
an unsystematic trend with increasing depth. Similar findings were
published by Sebnie et al. (2021), who found that the amount of sand
increased inconsistently with depth. Soils with a silt/clay ratio
greater than 0.15 are relatively younger and have a higher
intensity of weathering potential. This indicator is crucial for
assessing soil weathering rates and determining a specific soil
profile’s relative growth stage (Debele et al., 2018; Mathwos and
Mesfin, 2024). Additionally, a similar result was reported by
Ahukaemere et al. (2017). Soils with a silt/clay ratio of 0.15 are
regarded as highly weathered. Young parent materials usually have a
silt/clay ratio above 0.15 (Sharu et al., 2013). These results indicate
that the soils in Jara Gelalicha are relatively young and have a high
degree of weathering potential. Similar results have been reported
for other soils in similar ecological settings (Kebeney et al., 2014;
Kalala et al., 2017; Hundessa, 2020; Walche et al., 2023).
Additionally, Giday et al. (2015) reported a similar result in
Southern Tigray, finding that silt-to-clay ratios were greater than
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0.38. The silt-to-clay ratio in the soil of the Jara Gelalicha site was
higher compared to the Aruma site, indicating that the soils are
relatively young with a high degree of weathering potential
(Asomoa, 1973). This could be due to the volcanic parent
materials surrounding Hawassa, consisting of alkaline lavas, ash,
and ignimbrites, primarily from tertiary and younger ages (Meron,
2007), which can lead to the formation of young soils with a
coarser texture.

In the Jara Gelalicha and Aruma locations, the bulk densities of
the surface horizon were 0.89 g/cm3 and 0.87 g/cm3, respectively
(Table 3), whereas the bulk densities of the sub-surface horizons
ranged from 0.92 to 1.13 g/cm3 and 0.90-1.67 g/cm3, respectively
(Tables 3). According to Hazelton and Murphy (2007), bulk density
(BD) values < 1, 1–1.30, 1.30–1.60, 1.60–1.90, and >1.90 g/cm3 are
classified as very low, low, medium, high, and very high, respectively.
The study supports Brady et al. (2008) and Sebnie et al. (2021)
findings that soil bulk density increases with soil depth. Higher soil

bulk densities in sub-surface horizons are due to higher soil organic
matter content compared to surface horizons (Wakene, 2001;
Achalu Chimdi et al., 2012; Abera et al., 2016). Soils with low
bulk density exhibit favorable and soil physical conditions, whereas,
high bulk density exhibit poor soil physical conditions (Hajabbasi,
2005; Patil and Prasad, 2004). The lower bulk density in surface
horizon may be due to cultivation, high organic matter content and
biotic activities (Sekhar et al., 2014).

The total porosity (TP) of the surface horizons of Jara Gelalicha
and Aruma soils was 66.16% and 67.29%, respectively. The total
porosity of the subsurface horizons ranged from 48.87% to 65% and
33%-65.52%, respectively (Table 3). Therefore, the total porosity
typically falls within the range of 30%–70% (Hazelton and Murphy,
2007). However; it decreased consistently with soil depth in both
areas of the pedons. This decrease could be the decrease in soil
organic matter down the soil depth. The pressure of the overlaying
horizons could also have impact on the porosity of the soils. These

TABLE 1 The site characteristics and physiographic settings of the pedons in the study sites.

Areas Topographic
position

Location Slope
(%)

Altitude
(masl)

Surrounding
landform

Parent
materials

Latitude Longitude

Jara
Gelalicha

7°0′29.2″N 38°23′35.9″E 0.2 1701 L Alluvial

Aruma Upper 6°58′2.8″N 38°33′55.5″E 0.2 1756 P Volcanic ash

L, level; P, plain.

TABLE 2 Selected morphological characteristics of cultivated soils of Jara Gelalicha and Aruma Areas.

Pedon Depth (cm) Horizon Color Structure grade/size/type Consistency BOU

Moist Dry Dry Moist Wet

Jara Gelalicha

1 0–18 Ap 5YR4/1 2.5Y6/1 MO,F,GR SHA FR SS,SP C,S

18–40 AB 5YR4/3 2.5Y7/1 MO,M,AB SHA FR SS,SP C,S

40–80 Bw 2.5YR4/3 7.5YR8/1 MO,M,AB SHA VFI SS,SP D,S

80–110 BC1 5YR5/4 2.5Y7/1 WE,M,AB SHA VFI SS,SP D,S

110–160 BC2 7.5YR5/4 10YR7/1 WE,M,SG SHA EFI SS,SP C,W

160–200+ C 7.5YR6/3 2.5Y6/4 WE,M,MA SHA EFI NS,NP -----

Aruma

0–20 Ap 7.5YR2.5/2 7.5YR2.5/4 WE,M,GR SHA FR S.P C,S

1 20–70 AB 7.5YR3/2 7.5YR3/1 WE,M,SAB HA FR VS,VP D,S

70–115 B1 7.5YR3/1 7.5YR4/1 WE,M,AB HA FR VS,VP D,S

115–140 B2 7.5YR3/4 7.5YR5/2 WE,M,SAB VHA VFR VS,VP A,S

140–164 2BC 7.5YR4/4 7.5YR5/2 WE,F,SG VHA VFR SS,SP C,S

164–200+ 2C 7.5YR4/4 7.5YR4/2 WE,F,SG SO LO NS,NP -----

BOU, boundary;WE, weak; MO,moderate; VM, very fine tomedium; VF, very fine; FC, fine to coarse; SG, single grain; GR, granular; AB, angular blocky; SAB, sub angular blocky; MA, massive;

FR, friable; SHA, slightly hard; HA, hard; VHA, very hard; SO, soft; Lo, loose; F, friable; VFR, very friable; NST, non-sticky; NPL, non-plastic; VST, very sticky; SST, slightly sticky; ST, sticky; PL,

plastic; VPL, very plastic; SPL, slightly plastic; A, abrupt; D, diffuse; C, clear; S, smooth; W, wavy.
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TABLE 3 Selected physical characteristics of soil horizons in pedon at study areas.

Horizon Depth (cm) Particle size (%) Textural
class

S:C BD PD TP (%) FC (v/
v %)

PWP (v/
v %)

AWC
(mm
m-1)(g cm-3)Sand Silt Clay

Jara Gelalicha

Ap 0–18 58 29 13 SL 2.23 0.89 2.63 66.16 33.5 21.18 113.34

AB 18–40 50 29 21 SCL 1.26 0.92 2.60 65.00 35.48 24.51 100.28

Bw 40–80 52 29 19 SL 1.53 0.94 2.42 61.15 28.34 17.14 105.28

BC1 80–110 52 34 15 SL 2.27 0.98 2.35 58.30 29.48 19.95 93.39

BC2 110–160 72 17 11 SL 1.55 1.00 2.24 55.36 31.10 24.50 66.00

C 160–200+ 68 23 9 SL 2.56 1.13 2.21 48.87 23.10 17.05 68.40

Aruma

Ap 0–20 52 15 33 SCL 0.45 0.87 2.66 67.29 43.00 20.00 200.10

AB 20–70 44 21 35 CL 0.60 0.90 2.61 65.52 39.00 22.00 190.21

B1 70–115 46 17 37 SC 0.46 1.40 2.58 46.00 40.00 26.00 196.00

B2 115–140 52 14 34 SCL 0.42 1.60 2.56 38.00 32.42 20.35 193.12

2BC 140–164 50 22 28 SCL 0.78 1.65 2.53 35.00 32.42 23.35 149.65

2C 164–200+ 56 22 22 SCL 1.00 1.67 2.49 33.00 39.12 29.23 165.16

Note: CL, loam clay; SC, sandy clay; SCL, sandy clay loam; SL, sandy loam BD, bulk density; PD, particle density; TP, total porosity, S: C, sand to clay ratio, FC, field capacity; PWP, permanent wilting point; AWC, available water content.
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findings are consistent with Hailu et al. (2015), who also observed a
decrease in total porosity with increasing soil depth due to
compaction, reduced rooting effects, and lower organic
matter content.

The surface soils of Jara Gelalicha and Aruma had available
water content (AWC) values of 113.34 mmm-1 and 200.10 mmm-1,
respectively. In contrast, the subsurface soils had values ranging
from 66 mm m-1–100.28 mm m-1 and 149.65 mm m-

1–196.00 mm m-1 (Table 3). As soil depth increases, its ability to
retain moisture decreases. This is because topsoil contains more soil
organic matter than subsoil (Achalu Chimdi et al., 2012) which
increases the porosity of the soils. Sebnie et al. (2021) discovered
similar findings, demonstrating that surface horizons had a greater
amount of available water than subsurface horizons.

3.2 Chemical properties of soils in the
study areas

3.2.1 Soil pH and electrical conductivity
In the Jara Gelalicha and Aruma locations, the surface soil

pH (H2O) values were 7.7 and 7.1, respectively (Table 4), while
the subsurface values varied from 8.2 to 9.3 and 7.3 to 7.6,
respectively (Table 4). Both profiles mostly showed regular
variations with depth in pedons, with an increasing trend
observed in both locations. Soil reaction generally revealed an
increasing trend throughout the soil depth in the pits. At each
site, the surface soils had the lowest pH values, while the subsurface
soils had greater pH values (Sharu et al., 2013; Yitbarek et al., 2018;
Mathewos and Mesfine, 2024). According to Ayalew and Beyene

(2012), lower organic matter content with depth results in less H+

ion discharge from the breakdown of organic matter, and a rise in
soil pH along soil depth may suggest the existence of vertical
explorations of exchangeable bases. Similar findings were
reported by Senbie et al. (2021), confirming that an increase in
soil pH with depth could indicate leaching of exchangeable basic
cations, and the decomposition of organic matter releases fewer H+

ions as the organic matter content decreases with depth.
In the Jara Gelalicha and Aruma locations, the electrical

conductivity (EC) of surface horizon was 2.58 dS/m and 1.42 dS/
m, respectively (Table 4). The subsurface horizons ranged from
2.86 to 4.66 dS/m and 0.62 to 1.53 dS/m, respectively (Table 4).
Generally, in the Jara Gelalicha study area, the electrical conductivity
of the soil horizons increased with depth. The soils in the Aruma
area had very low electrical conductivity values ranging from 0.62 to
1.53 dS/m, indicating non-saline soils (Debele et al., 2018). Electrical
conductivity content in the Aruma area showed irregular patterns
with increasing depth in parts of the pedon horizon, indicating a low
level of leaching in the area. Both the surface and subsurface EC
values of the Aruma soils are less than 2 dS/m, indicating that they
are not saline. Electrical conductivity measurements in the soils
under investigation show that the soluble salt content is below the
thresholds where soil salinity has no negative effects on crop
development and productivity (Mathewos and Mesfin, 2024;
Sebnie et al., 2021).

According to Lal and Shukla (2004), the soil’s electrical
conductivity in the research area was less than 2 dS/m, indicating
no decrease in yield. The electrical conductivity values measured in
Jara Gelalicha soils revealed that soluble salt concentrations are
below the threshold at which soil salinity affects crop growth and

TABLE 4 Selected chemical properties of Jara Gelalicha and Aruma area soils.

Profile horizon pH (H2O) EC (dS/m) OC TN C:N Ava. P (mg kg-1) CaCO3 (%)

%

Jara Gelalicha

Ap 7.7 2.58 2.39 0.23 10.39 9.58 2.07

AB 8.2 2.86 1.85 0.19 9.74 7.20 2.11

Bw 8.8 2.87 1.52 0.16 9.50 2.90 2.17

BC1 9.1 3.95 1.36 0.14 9.72 1.97 2.19

BC2 9.3 4.40 1.01 0.10 10.10 1.32 2.24

C 9.3 4.66 0.97 0.10 9.80 1.22 2.36

Aruma

Ap 7.1 1.42 3.57 0.32 11.15 16.35 0.23

AB 7.3 1.53 2.76 0.27 10.23 11.29 0.37

B1 7.4 1.10 2.39 0.24 10.00 9.84 0.32

B2 7.4 0.66 2.09 0.21 10.43 4.32 0.49

2BC 7.6 0.62 1.68 0.17 9.88 2.20 0.63

2C 7.5 1.53 1.46 0.15 9.74 2.10 0.59

Note: EC, electrical conductivity; TN, total nitrogen; C: N, carbon to nitrogen ratio; Ava. P, available phosphorus.
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yield (United States Salinity Laboratory Staff, 1954). The soils in the
Jara Gelalicha location had alkaline reactions with a pH of over
7.7 and electrical conductivity (EC) of >2.58 dS/m, similar to results
reported by Ayelew and Beyene (2012).

3.2.2 Organic carbon, total nitrogen, carbon to
nitrogen ratio, available phosphorus, and calcium
carbonate content

In the Jara Gelalicha and Aruma locations, the organic carbon
(OC) content in the surface horizons was 2.39% and 3.57%,
respectively (Table 4). In the subsurface horizons, it varied from
0.97% to 1.85% and 1.46%–2.76%, respectively (Table 4). Maria and
Yost (2006) classified organic carbon content of <1.5%, 1.5%–2.5%,
and >2.5% as low, medium, and high, respectively. The high organic
carbon content in the surface soil was attributed to the significant
amount of rainfall that promotes high biomass production, resulting
in a high amount of organic matter in the soil. However, the profiles
of both soils revealed that the OC content declined with soil depth,
indicating that top soils accumulate more organic materials (Sebnie
et al., 2021; Mathwos and Mesfin, 2024). There have been reports of
low levels of organic carbon in several parts of Ethiopia (Beyene,
2017; Zewide et al., 2018; Mathwos andMesfin, 2024; Mengiste et al.,
2025). Surface horizons have a higher addition of decomposable
organic materials and higher levels of organic carbon, according to
Dinssa and Elias (2021). Additional, comparable findings were
reported by Ashokkumarid and Jagdish (2010) and Sekhar et al.
(2017), who discovered that higher organic matter in surface soils
was attributable to continual addition of organic matter from leaf
fall, stubbles, roots, and organic manures applied solely to the
surface layers.

In the Jara Gelalicha and Aruma locations, the total nitrogen
content of the surface soil horizons was 0.23% and 0.32%,
respectively (Table 4). In the subsurface horizons, the range was
from 0.10% to 0.19% and 0.15%–0.27%, respectively (Table 4).
Similar to organic carbon, total nitrogen content decreased with
depth in both pedons (Table 4). The Landons (1991) rating system
was used to categorize total nitrogen as low (0.2), medium (0.2–0.5),
and high (0.5). The amount of total nitrogen varied within and
between profiles depending on the amount of organic matter
present. The surface horizon had a high total nitrogen content
that gradually decreased through the profiles of Jara Gelalicha and
Aruma. Compared to the Aruma area soils, the Jara Gelalicha soil
contained less total surface nitrogen. These findings are consistent
with those of Yitbarek et al. (2018) and Demiss and Beyene (2010),
who found that the total nitrogen content at their study sites
decreased with depth. Additionally, similar results were reported
by Dash et al. (2019), Dorji et al. (2014), Kumar et al. (2012), and
Khanday et al. (2018). A regular trend of decreasing organic carbon
with depth was observed in the soil profiles. According to Hartz
(2007), soils with less than 0.07% total nitrogen have limited
nitrogen mineralization potential, while those with greater than
0.15% total nitrogen would be expected to mineralize a significant
amount of nitrogen during the succeeding crop cycle, indicating that
most of the soils have good potential for nitrogen mineralization. In
the Jara Gelalicha and Aruma areas, the Pearson correlation also
revealed a strong and significant positive correlation (r = 0.892***
and 0.981***, P ≤ 0.001) between total nitrogen (N) and organic
carbon (OC) contents, respectively. This indicating that organic

carbon is the principal source of nitrogen in the soil. These results in
line with the findings of Mengiste et al. (2025), who found that TN
concentration dropped as profile depth increased.

Surface horizons of the C:N were 10.39 and 11.15 in the Jara
Gelalicha and Aruma areas, respectively, while in the subsurface
horizons, it ranged from 9.50 to 10.10 and 9.74 to 10.23 in the Jara
Gelalicha and Aruma areas, respectively (Table 4). In comparison to
their underlying horizons, the C/N ratio values of both studied
pedon surfaces were consistently higher as soil depth increased. In
both locations, the C/N ratio in the surface horizons is generally
larger than 10:1, which implies a considerably better decomposition
rate, improved nitrogen availability to plants, and potential for
incorporating agricultural leftovers into the soil (Lelago and
Buraka, 2019).

Surface horizons of the carbon to nitrogen ratio is an indicator of
nutrient immobilization and mineralization, whereby a low C/N
ratio indicates a higher mineralization rate and a higher C/N ratio
indicates a higher immobilization rate (Anbessa, 2018). In general, a
C/N ratio of about 10: 1 suggests a comparatively better
decomposition rate that serves as an index of enhanced N
availability to plants and the possibilities of incorporating crop
residues into the soil without having any adverse effect on N
immobilization (Assen and Yilma, 2010). Accordingly, C: N ratio
of the surface soils in all areas was not far from the optimum range in
all soils for microbial needs. The C: N ratio of the soils showed a
decreasing trend with increasing soil depth in both areas of the soil
profiles. Achalu Chimidi et al. (2012) found a narrow C:N ratio in
cultivated land soils due to increased organic carbon mineralization
and temperature-induced aeration during tillage.

In the Jara Gelalicha and Aruma areas, the available phosphorus
content in the surface horizons was 9.58 mg kg-1 and 16.35 mg kg-1,
respectively (Table 4). According to Ayalew (2010), surface soils in
some southern Ethiopian locations contained a moderate amount of
available phosphorus (5–15 mg kg-1). In the subsurface horizons,
available P contents ranged from 1.22 to 7.20 mg kg-1 and
2.10–11.29 mg kg-1, respectively (Table 4), which could be
classified as very low to medium (Hazelton and Murphy, 2007;
Jones, 2003). The authors classified Hazelton and Murphy (2007)
classified soils with phosphorus values less than 5, 5–9, 10–17,
18–25, and <25 mg kg–1 as very low, low, medium, high, and
very high, respectively. The available P content of the soils
decreased as they moved down the profile. Sekhar et al. (2017)
reported similar results, finding that surface horizons had the
highest accessible phosphorus levels, which decreased with depth.
This may be due to crop cultivation being confined to the
rhizosphere, leading to the need for external fertilizers to restore
depleted phosphorus levels. Higher available P values in the surface
horizon compared to subsurface horizons may be attributed to
differences in the OM content and optimum soil pH.

According to Carrow (2004), P-Olsen levels between 12 and
18mg kg-1 are considered sufficient, indicating that the available P in
the surface horizons of Jara Gelalicha falls within the insufficient
range. Available P content decreased with increasing depth, likely
due to a decrease in soil organic matter. In high pH conditions where
calcium is the dominant cation, phosphate tends to precipitate with
calcium (Rishid, 2019). The soil in these locations was saline, with a
pH consistently above 8. Due to the high pH of saline soil, more than
75% of phosphorus fertilizer combined with calcium in the soil,
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forming phosphates with low solubility. This resulted in reduced
phosphorus availability and utilization of phosphorus fertilizer (Liu
et al., 2024). Soil pH is a crucial factor that influences the occurrence
and transformation of phosphorus forms in soil, affecting processes
such as chemical fixation and precipitation dissolution of
phosphorus in soil (Zhang et al., 2014). This finding is consistent
with Debele et al. (2018) in the Muger sub watershed, who found
that the available phosphorus ranged from medium to high. Due to
the decreasing soil organic matter content, the available phosphorus
showed a declining trend for all soil profiles throughout the soil
depth (Ayalew et al., 2015; Debele et al., 2018). This conclusion
aligns with that of Ali et al. (2010), who discovered that the surface
horizon had the highest concentration of available phosphorus
in the soil.

In the Jara Gelalicha and Aruma locations, the calcium
carbonate (CaCO3) content with in pedons varied from 2.07% to
2.36% and 0.23%–0.61%, respectively (Table 4). In the Jara Gelalicha
pedon, the increase can be attributed to the movement of calcium
carbonate solutes downwards from the surface horizon to the
subsurface horizon and soil parent material As a result; there was
a visible presence of calcaric soil material in the Jara Gelalicha
profile. Generally, the results revealed that all layers of the profiles
had greater than 2% CaCO3, resulting in the absence of calcaric soil
material (Hazelton and Murphy, 2007). In Aruma, the amount of
CaCO3 contents showed an irregular pattern in the soil horizons
with increasing depth, indicating a low degree of leaching process in
the area. In the Aruma soil profile, the amount of CaCO3% showed
no visible presence of calcaric soil materials at any horizons, as the
results showed that all horizons in the profile were less than 2%,

resulting in the absence of calcaric soil material (Hazelton and
Murphy, 2007).

3.2.3 Cations exchange capacity, exchangeable
bases, percent base saturation, and total
exchangeable base of soils

The CEC values of the surface horizon at Aruma and Jara
Gelalicha were 24.08 cmol (+)/kg and 15.83 cmol (+)/kg,
respectively (Table 5). The subsurface horizons had CEC values
ranging from 13.07 to 39.32 cmol (+)/kg and 23.12–27.14 cmol
(+)/kg, respectively (Table 5). The soils under investigation have
CEC values ranging from medium to very high (Hazelton and
Murphy, 2016), which suggests sufficient buffering and nutrient
retention. But across soil depths, there was no consistent trend in the
cation exchange capacity beneath the four pedons. A comparison of
the Jara Gelalicha and Aruma surface horizons revealed that the
latter has a higher cation exchange capacity (CEC). This difference
in CEC can be attributed to the presence of organic carbon in the
soil, as well as the relatively high clay concentration. The soil in the
research area, with its high CEC, has an excellent capacity to buffer
and retain nutrients. However, CEC did not show a consistent
pattern at various soil depths. According to Landon (1991), soils
with CEC values less than 5, 5–15, 15–25, 25–40, and <40 cmol
(+)/kg are classified as very low, low, medium, high, and very high,
respectively. The CEC values of the soils were studied were typically
in the low to high range (Hazelton and Murphy, 2016) indicating
strong nutrient retention and buffering capability. However, the
cation exchange capacity under the two pedons showed an
unsystematic tendency along soil depths.

TABLE 5 Exchangeable bases, cation exchange capacity, total exchangeable base, Ca:Mg ratio and percent base saturation of soil profiles of the study areas.

Depth (cm) Horizon Exchangeable cations
(cmol (+)/kg)

Sum (cmol (+)/kg) CEC (cmol (+)/kg) Ca:Mg PBS (%)

Ca Mg K Na

Jara Gelalicha

0–18 Ap 8.23 3.17 1.17 0.85 13.42 15.83 2.60 84.78

18–40 AB 11.78 3.66 1.29 0.89 15.15 15.64 3.49 72.00

40–80 Bw 12.34 4.38 2.61 1.34 12.07 13.07 3.05 75.00

80–110 BC1 13.76 4.50 2.67 1.56 22.49 37.02 3.06 61.00

110–160 BC2 14.83 5.40 2.72 1.76 22.71 39.24 2.75 58.00

160–200+ C 14.91 5.84 2.77 1.30 22.82 39.32 2.55 58.00

Aruma

0–20 Ap 10.95 2.84 0.55 0.20 13.24 24.08 3.86 55.00

20–70 AB 13.05 2.56 0.25 0.24 16.10 26.21 5.09 61.08

70–115 B1 12.27 2.71 0.27 0.29 15.54 24.14 4.53 64.34

115–140 B2 11.07 2.04 0.26 0.43 13.80 26.80 5.42 51.49

140–164 2BC 10.57 1.94 0.26 0.43 13.20 27.14 5.45 49.00

164–200+ 2C 4.32 2.08 0.19 0.58 7.17 23.12 2.07 44.00

CEC, cation exchange capacity; PBS, percent of base saturation.
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In decreasing sequence, Ca2+ > Mg2+ > K+ > Na+ were the
predominant cations filling the exchange sites. The calcium (Ca)
concentration decreased with increasing soil depth in the Jara
Gelalicha and Aruma locations (Table 5). In the surface layer of
Jara Gelalicha and Aruma, exchangeable calcium values were
8.23 cmol (+)/kg and 10.95 cmol (+)/kg, respectively (Table 5).
In the sub-surface horizons, exchangeable Ca ranged from
11.78 cmol (+)/kg to 14.91 cmol (+)/kg and 10.95 to 4.32 cmol
(+)/kg (Table 5). In Jara Gelalicha, exchangeable Ca increased with
depth, while at Jara Gelalicha, Ca had no systematic trend with
depth. The pH value of five–nine was the most ideal pH ranges for
the obtainability of Ca2+, and the highest concentration of Ca2+

showed the status of weathering (Hazelton and Murphy, 2016;
Dinssa and Elias, 2021; Mathwos and Mesfin, 2024). The Ca: Mg
ratios of the surface layers in the Jara Gelalicha and Aruma areas
were 3.9: 1 and 3.8:1, respectively, falling within the (1–4:1) low Ca
value range for most crop production. According to Hazelton and
Murphy (2016), Ca: Mg ratio less than 4:1 resulted in low Ca
availability, indicating a scarcity of Ca uptake due to an excess of
Mg or washing away basic cations due to the high amount of rainfall.
According to Hazelton andMurphy (2016), the Ca: Mg ratio in both
pedons of the surface soils was less than 4:1, which meant that there
was a limited supply of calcium. This might be because excessive
magnesium prevents the body from absorbing calcium, or excessive
rainfall can wash out the basic cations (Sebnie et al., 2021; Mathwos
and Mesfin, 2024). Calcium and magnesium were the main basic
cations found in the soils, these findings are consistent with previous
studies by Sharu et al. (2013), Paramasivan and Jawahar (2014), and
Kebede et al. (2017). In Jara Gelalicha profile, there was an increase
in trends in the value of exchangeable calcium related to soil depth.
This could be a result of parent materials containing calcium being

distributed regularly throughout the soil profiles (Sebnie et al.,
2021). The Aruma soils had lower values of exchangeable bases,
while the Jara Gelalicha soils showed higher values (Table 5). The
Aruma area generally showed a irregular trend in cation exchange
capacity with profile depth, which may have resulted from a strong
correlation between OC and cation exchange capacity. This result is
consistent with Kedir’s (2015), who reported that variations in
organic matter account for variations in cation exchange
capacity, i.e., an increase in organic matter led to an increase in CEC.

Exchangeable potassium (K) and sodium (Na) in Jara Gelalicha
ranged from 1.17 to 2.77 and 0.85–1.76 cmol (+)/kg, respectively,
while the contents of exchangeable calcium and magnesium
changed from the surface to subsurface from 11.78 to 14.91 cmol
(+)/kg and 3.17–11.84 cmol (+)/kg, respectively (Table 5). This
finding aligns with Kedir’s (2015) research, which indicated that
variations in organic matter contribute to changes in cation
exchange capacity, meaning an increase in organic matter leads
to a higher CEC. According to Hazelton and Murphy (2007), the
exchangeable calcium in the Jara Gelalicha soils was rated as high,
while the values in the Jara Gelalicha and Aruma soils ranged from
high to medium to high (Table 5). Exchangeable calcium was the
most dominant cation at the exchange site in Jara Gelalicha,
followed by magnesium (Mg), potassium (K), and sodium (Na)
across the pedon horizon (Table 5), demonstrating a suitable basic
cation distribution according to Food and Agricultural Organization
of the United Nations/World Reference Base for Soil
Resources (2014).

3.2.4 Extractable micronutrient contents of soils
The available micronutrient contents all showed irregular trends

with increasing soil depth in both areas, except for Mn, which
showed a decreasing trend with increasing depth in Aruma
(Table 6). In the both area pedons, the extracted micronutrient
concentrations were Mn > Fe > Zn > Cu. In the Jara Gelalicha,
available iron (Fe) ranged from 1.14 to 3.06 mg kg−1 in subsurface
horizons and 2.27 kg−1 in the surface soil horizon. In the Aruma, Fe
available in the surface horizons was 3.78 mg kg-1, while available Fe
in the irregular trend in Fe concentration as the depth increased. In
the Jara Gelalicha area, available manganese (Mn) ranged from
2.87 to 7.68 mg kg−1 in subsurface horizons and 6.02 mg kg−1 in the
surface soil horizon. In the Aruma area, available Mn ranged from
1.397 to 24.51 mg kg-1 in subsurface horizons and 34.11 mg kg-1 in
surface horizons. Many factors influence soil micronutrient content,
with the most important being soil organic matter, moisture, soil
aeration, soil pH, and clay content (Ashenafi et al., 2010). According
to Jones (2003), the available Zn concentrations extracted from the
surface horizons of the Jara Gelalicha and Aruma locations were
considered moderate (marginal) and high (sufficient), respectively.
Zinc content below 0.5 mg Zn kg-1 was considered insufficient by the
authors, possibly due to the high pH that leads to zinc sorption
caused by the presence of high CaCO3 (Najafi-Ghiri et al., 2013).

3.3 Pearson correlation coefficients

The research revealed that certain soil physicochemical
properties had substantial associations with one another, whilst
others did not have relevant relationships in both sites (Table 7).

TABLE 6 Extractable micronutrient contents of Jara Gelalicha and Aruma
areas of soil.

Horizon Fe Mn Zn Cu

mg kg-1

Jara Gelalicha

Ap 2.27 6.02 0.58 0.27

AB 3.06 4.76 0.63 0.29

Bw 2.87 7.55 0.78 0.16

BC1 1.48 6.37 0.40 0.23

BC2 2.56 7.68 0.53 0.30

C 1.14 2.87 0.32 0.27

Aruma

Ap 3.78 34.11 0.65 0.33

AB 6.1 24.51 0.72 0.36

B1 8.4 14.48 0.62 0.28

B2 4.06 5.805 0.60 0.25

2BC 4.52 4.46 0.37 0.27

2C 10.28 1.397 0.36 0.43
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In the Jara Gelalicha and Aruma areas, among the positively
correlated parameters, organic carbon (OC) was significantly
correlated with clay (r = 0.738*, 0.831**), total nitrogen (TN)
(r = 0.892***, 0.981***), available phosphorus (Av.P) (r =
0.984****, 0.973***), calcium with CEC, and Mg with CEC and
pH, respectively (Table7). These positive associations indicate that
organic carbon improves the soil’s ability to retain nutrients and
overall soil fertility. For example, TN and Av. P, both important for
plant growth, have strong positive associations with OC, showing
that higher organic content improves nutrient availability in the soil.
On the other hand, some parameters showed negative correlations.
In Jara Gelalicha and Aruma sites, clay showed a significant negative
correlation with bulk density (BD) (r = −0.110, −0.421), respectively
(Table 7). Bulk density indirectly measures soil porosity, indicating
that higher clay content tends to reduce the total pore space in the
soil, possibly due to the smaller size of clay particles and their
tendency to compact. Similarly, Ca showed a negative correlation
with sand (r = −0.040, −0.023), suggesting that an increase in
calcium might decrease sand. These relationships highlight how
certain soil properties can inhibit or promote others, underlining the
complex interdependence of soil chemistry and structure (Table 7).

A similar result was reported by Mengiste et al. (2025). Therefore,
this indicates that as organic carbon increases, the bulk density of
soil decreases.

3.4 Classification of soil of the study areas

3.4.1 Soil classification based on WRB legend
Using the IUSS Working Group WRB (2022) classification, the

soils in the study areas were classified based on morphological and
physiochemical characteristics. The pedon opened in Jara Gelalicha
on level land, had silt/clay ratio of >1, showed evidence of pedogenic
alteration without significant accumulation of illuviated materials
like clay or organic matter, which is a typical feature of cambic
subsurface diagnostic horizon. These characteristics met the criteria
for Cambisols as a reference soil group. According to Dinnsa and
Elias (2021) and Ahukaemere et al. (2017), soils with a silt/clay ratio
of less than 0.15 are considered weathered, while Cambisols with a
Si/C ratio of more than 0.15 are younger and have a higher potential
for weathering. The silt/clay ratio is significant in determining soil
weathering because soils with a higher silt/clay ratio are less

TABLE 7 Correlation matrix for linear relationships between soil physicochemical properties of the study areas.

Aruma area

Para Sand Clay BD EC pH CEC OC TN Av.P Ca Mg K Na

Sand 1 −0.663* 0.426 0.019 0.252 0.051 −0.562 −0.46 −0.512 −0.023 0.303 0.061 0.211

Clay −0.761* 1 −0.421 −0.641* −0.621* −0.270 0.831** 0.886** 0.730** −0.271 −0.366 −0.439 −0.411

BD 0.290 −0.110 1 −0.523* −0.454 −0.562* −0.247 −0.014 −0.325 −0.65** −0.435 −0.691* −0.422

EC 0.291 −0.521* −0.577* 1 0.811*** 0.873** −0.440 −0.723* −0.124 0.814** 0.843** 0.813*** 0.832**

pH 0.276 −0.596* −0.352 0.924*** 1 0.736** −0.320 −0.642* −0.673* 0.822** 0.876** 0.921** 0.943***

CEC 0.076 −0.324 −0.504* 0.920** 0.910*** 1 0.745* −0.598* −0.298 0.880*** 0.954*** 0.841** 0.802**

OC −0.422 0.738** −0.389 −0.362 −0.610* −0.317 1 0.981*** 0.973*** −0.021 −0.468 −0.686* −0.760*

TN −0.60* 0.854** −0.129 −0.680* −0.838** −0.598* 0.892*** 1 0.942** −0.468 −0.686* −0.612* −0.760*

Av.p −0.414 0.709** −0.417 −0.317 −0.579* −0.298 0.984*** 0.865** 1 −0.144 −0.351 −0.423 −0.526*

Ca −0.040 −0.296 −0.78** 0.914** 0.847** 0.880*** −0.188 −0.468 −0.148 1 0.893** 0.970** 0.883***

Mg 0.211 −0.446 −0.517* 0.965*** 0.948** 0.954*** −0.406 −0.686* −0.373 0.905** 1 0.931*** 0.864**

K 0.092 −0.479 −0.683* 0.923*** 0.891** 0.841** −0.374 −0.612* −0.337 0.970** 0.904*** 1 0.924***

Na 0.256 −0.625* −0.513* 0.902*** 0.920*** 0.802** −0.548* −0.760* −0.515* 0.883*** 0.864**** 0.953**** 1

Jara Gelalicha area

Numbers are Pearson correlation coefficients (r). Number of observation (n) = 12; significant at p ≤ 0.05, ppp ≤ 0.01, and pppp ≤ 0.001. BD, bulk density; EC, electrical conductivity; OC, organic

carbon; TN, total nitrogen; Av. P = available phosphorus; CEC, cation exchange capacity.

TABLE 8 Diagnostic horizons and soil units at two locations according to WRB (2022).

Location Pedon Diagnostic horizons Soil unit References soil group

Surface Subsurface

Jara Gelalicha 1 - Cambic Eutric Cambisols (Loamic) Cambisols

Aruma 1 Mollic Cambic Eutric Andosols (Loamic) Andosols
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weathered and contain more clay minerals like smectite, resulting in
high water retention and plant-available water capacity (Ivory et al.,
2014). The pedon had high (>50%) percent base saturation that
qualify Eutric principal qualifier. The textural classes of the horizons
of the pedon were sandy loam, sandy clay loam and loam which
qualify the requirement of Loamic supplementary qualifier. Thus,
the pedon was classified as Eutric Cambisols (Loamic).

The surface horizon of the pedon in Aruma area had high
organic carbon (3.57%); a Munsell soil colour value of ≤3 moist,
and ≤5 dry, and a chroma of ≤3 moist. As the result the pedon had
mollic surface diagnostic horizon. The surface horizon of the pedon
had low bulk density (0.87 g/cm3) and high (67.29%) porosity.
According to Temesgen et al. (1999), the Aruma area contains
volcano lacustrine deposits with basaltic lava. Therefore, the soil of
the study area was classified as Andosols, volcanic ash soils. The
pedon had high (>50%) percent base saturation that qualify Eutric
principal qualifier. The textural classes of the horizons of the pedon
were sandy clay loam and clay loam which qualify the requirement
of Loamic supplementary qualifier. Therefore, the pedon was
classified as Eutric Andosols (Loamic) (Table 8).

4 Conclusions

Soil characterization and classification was carried out in Sidama
region of Jara Gelalicha (Hawassa Zuria) and Aruma (Wondo Genet)
with the purpose of generating site specific soil information which
could help for soil fertility management and land use decision. The
soils of the two sites had different morphological, physical and
chemical properties leading to different reactions to management
practices, abilities to provide ecosystem services naturally, resilience to
disturbance, and susceptibility to deterioration. The surface horizon
textural class of pedon in Jara Gelalicha was sandy loam; whereas, the
textural class of the pedon at Aruma was sandy clay loam. The surface
horizonOCof Aruma (3.57%)was higher than JaraGelalicha (2.39%).
Likewise, the total nitrogen content of the surface horizon of Aruma
(0.32%) was greater than Jara Gelalicha (0.23%). Similarly, the CEC
value of the surface horizon at Aruma (24.08 cmol (+)/kg) was greater
than Jara Gelalicha (15.83 cmol (+)/kg). The Jara Gelalicha pedon was
classified as Eutric Cambisols (Loamic); whereas, the Aruma pedon
was classified as Eutric Andosols (Loamic). Therefore, the soil fertility
management and land use decision should consider such soil
variability.
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