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The characterization and classification of soils in irrigable areas are crucial for
understanding soil types and nutrient status, which in turn help to optimize crop
yield and to design soil management strategies. This research aimed to
characterize and classify soils in the Achewa small-scale irrigation area in Itang
special district of southwest Gambella, Ethiopia. Representative pits were
excavated at three slope locations, and soil profiles were examined and
described directly in the field. To classify soil types, the WRB for Soil Resources
guidelines were used. Across horizons, texture classes varied from clay loam to
clay, whereas bulk density was within acceptable limits for mineral agricultural
soils. Additionally, soil pH ranged from neutral to moderately alkaline. Organic
matter content varied among topography positions, with values of 3.78%, 2.96%,
and 2.85% at pedons 2 and 3 in the study area. Total nitrogen content was
classified as low in pedon 3 and medium on the other two pedons, whereas
available phosphorus content was classified as very high in all slope positions. Soil
CEC and PBS were high and very high across all slope positions, with the
dominant soluble cations being Calcium followed by magnesium, potassium,
and sodium and extractable micronutrients (Fe, Mn, Zn, and Cu) were high to
medium. Based on morphological, physical, and chemical analysis three soil
types were identified: Eutric Fluvisols (Loamic), Pellic Vertisols (Gilgaic,
Hypereutric), and Haplic Vertisols (Gilgaic). Therefore, implementing site-
specific soil management techniques is recommended to enhance and sustain
soil fertility and optimize crop and vegetable production, for ensuring long-term
soil productivity in the study area.
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1 Introduction

Soil characterization is a critical component for understanding
soil, classifying it, and providing a comprehensive view of the
environment (1). Understanding the chemical and physical
properties of soil is possible through soil characterization. Crop
production generally involves complex interactions with the
environment (soil and nutrient dynamics). Therefore, soil
properties must be studied in order to make them more
productive through appropriate management.

The process of soil classification plays a crucial role in
structuring knowledge and promoting the exchange of
experiences and technologies. It primarily aims to group soils into
classes based on comparable properties and susceptibility to
external factors (2).

High-quality soil classification is fundamental for understanding
soil behavior and provides a solid foundation for efficiently assessing
soil suitability and managing fertility (3). However, previous soil
surveys in Ethiopia have been largely confined to specific regions (4).
As a result, many parts of the country still lack comprehensive soil
information, despite its vast landmass and diverse range of soil types.

Soil types and characteristics in Ethiopia vary significantly due
to factors such as climate, topography, parent material, and
vegetation, which differ in their influence across regions (5, 6),
This diversity underscores the importance of soil classification as a
tool for facilitating technology transfer and information exchange
among stakeholders (7). 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 (8).

Sustainable soil use necessitates a thorough understanding of
soil characteristics and fertility management. These factors provide
critical insights into soil type, fertility, and productivity, which are
essential for supporting livelihoods, ensuring food security, and
reducing the risk of malnutrition (9-11). As a consequence, there is
currently only limited soil information available in Gambella region
relative to its large size (4, 12). Due to farmers’ misuse of
agrochemicals as the primary means of nutrient management and
their improper use of soil and water management techniques, there
is significant deterioration of the soil and pollution of the
environment (13).

In the Gambell Region particularly in the current study area
specifically Itang special district, Achewa small-scale irrigation area
there is a problem of lack of information on soil characterization
and classification. The dominant soil type is not known.
Consequently, the agricultural experts do not know the available
and deficient nutrients in the soil to supply the required amount of
inorganic or organic fertilizers to the irrigated fields. This lack of
soil information has posed significant challenges in implementing
appropriate soil management practices and effectively transferring
technology to benefit the stakeholders. Consequently, the effective
distribution of up-to-date soil information to the intended
recipients has encountered obstacles. To address this critical
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knowledge gap, a comprehensive soil characterization and
classification study was conducted in the Achewa Small-scale
irrigation scheme, therefore, the primary objective of this study
was to thoroughly characterize and classify the soils in the Achewa
Small-Scale Irrigation Area, Itang Special District, Southwest
Gambella, Ethiopia.

2 Material and methods
2.1 Study area description

The research was conducted within the Achewa small-scale
irrigation scheme, which is situated in the Itang special district of
the Gambella region in southwestern Ethiopia. The district is
located approximately 50 km west of Gambella city and 837 km
west of Addis Ababa. More specifically, the Achewa small-scale
irrigation scheme is located within the Itang special district,
specifically at coordinates 8°12’37.97”N and 34°14°33.91”E. The
scheme sits at an altitude of 440 meters above sea level (m.a.s.l) and
features a level to gentle slope (Figure 1).

2.1.1 Climate

The study area has an unimodal rainfall pattern, with the rainy
season usually beginning in April or June and lasting until October.
During May and October, intense rainfall events take place.
However, the driest months occur in February and March. In
terms of temperature, the average low temperature during these
dry months is approximately 21.5°C while the average high
temperature is around 39.85°C (Figure 2). Based on the
meteorological data from 2010 to 2020, it is clear that the dry
season is distinguished by hot temperatures and low humidity. The
region experiences an average annual rainfall of 1024.9 mm, which
is characterized by erratic and uneven distribution across seasons
and years. The mean annual minimum and maximum air
temperatures in the area are recorded at 21.19°C and 39.84°C,
respectively. Smallholder farmers living in the region heavily
depend on rain-fed and irrigated farming practices. Their
livelihoods are affected by this climate pattern, particularly during
the wet season where flooding occurs and the dry season resulting in
drought, putting their crops and overall food security at risk (14).

2.1.2 Geology and soil

The geology of the study area consists of sandstone, quartz, and
Miocene effusive rocks (Gog Basalt), which overlap with Pliocene
sedimentary formations (Alwero Formation), crystalline basement
rocks, and extensive Quaternary deposits (15). The soil composition
of the Gambella region in Ethiopia was uniquely favorable for
agriculture. There are different types of soil in the region, including
Vertisols, Cambisols, Luvisols, Gleysols, Nitisols, Leptosols,
Fluvisols, and Planosols (16). The district is predominantly
composed of Vertisols, Fluvisols, and Luvilsols, with the
formation of an alluvial plain being a significant geological feature
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FIGURE 1
Map of the study area.

in the area. The soil in this region is characterized by clayey texture
compositions, which contribute to its high water-holding capacity.
Furthermore, the soil exhibits notable levels of organic carbon and
total nitrogen content. Alluvial sediments from the abundant rivers
replenished the soil regularly and contributed to improved crop
yields (14). Moreover, Gambella had rich mineral deposits, which
included gold, copper, and limestone, making it a significant
contributor to Ethiopia’s mining industry and overall
economic output.

34°19°0"E

34°24'30"E Angular Unit:-Degree

2.1.3 Hydrology

The Gambella National Regional State was recognized as one of
the most abundant water resource regions in Ethiopia. Rivers such
as the Baro, Akobo, Alwero, and Gillo, along with their tributaries,
provided water resources that supported both present and future
irrigation demands (17). Initial irrigation schemes had been
established in the region, with a total irrigated area of 1315
hectares (ha). Out of this area, 415 ha were on a small scale,
while 900 ha were on a medium scale. These rivers originate from
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FIGURE 2
Monthly mean temperature and rainfall of the study area (2010-2020).
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the Ethiopian highlands (2000-3500 m) in the east and flow into the
Gambella plain (450 m) located in the west (18).

2.1.4 Farming activities

Gambella Regional State is endowed with highly diversified
natural resources, particularly a large expanse of arable land, ample
rainfall, fertile soil, and plenty of surface and groundwater, which
renders the region best suited for agricultural development. Despite
the presence of abundant natural resources, the livelihood of people
in the region is subsistence and, hence, a strong vulnerability to food
shortage. This is mainly due to low agricultural productivity,
resulting from traditional farming, such as traditional farming
method used in the region. The people in the region primarily
rely on traditional tillage methods, such as Shella plowing, instead
of oxen or modern machinery. This method minimizes soil
disturbance by targeting specific spots for seed planting, helping
to preserve soil structure and fertility by reducing the impact on soil
aggregates. However, Shella plowing significantly limits the amount
of land that can be cultivated and reduces overall productivity,
contributing to food insecurity. Furthermore, low human and
physical capacity, combined with limited access to agricultural
technologies and extension services, exacerbates the challenges to
agricultural development in the region (19).

The farming system in Itang Special Woreda is characterized by
smallholder subsistence farmers who rely on both rain-fed and
irrigated agricultural practices. Livestock also plays an essential role
in the farming system, providing draught power for cultivation as
well as food and income to households. The primary sources of
livelihood for the community include small-scale crop farming,
predominantly maize intercropped with cowpea and sorghum,
animal husbandry, and fishing, hunting, and wild food collection
such as fruits, leaves, and roots (18). The unique cultural practice
performing during cultivation in the area is leaving weed material
within the crop fields rather than removing it for animal fodder or
other purposes. This practice effectively mulches the soil, helping to
conserve moisture and promoting the decomposition of organic
matter directly within the fields. As the weed material decomposes,
it contributes to the addition of organic nutrients, enriching the soil

over time.

2.1.5 Demography

Based on the 2017 Ethiopian population projection (20), the
Gambella region comprises approximately 436,000 individuals and
is considered sparsely populated. Within the Gambella region lies
the Itang special district, which is home to a total population of
42,000 people spread across 21 Kebeles (small local administration
unit). The district’s population density is estimated to be around 20
persons per square kilometer.

2.2 Field survey and soil description
The free-soil survey approach was used to identify profile

excavation locations along the landform, in order to have a
general overview of the variation in the land surface of the
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irrigation site in the study area. Soils within the irrigated site are
carefully examined and differentiated along the landscape based on
observable site and soil characteristics such as soil slope, soil depth,
and texture by following the free survey method as reported by Dent
and Young (21). To determine the number of pedons based on
heterogeneity of soil, about thirty (30) augers samples were taken.
Then after, the study area was categorized into three soil units
namely: upper slope, middle slope, and lower slope. In each
identified unit, three representative soil pedons (2m width x 2m
length x 2m depth) were excavated and described in situ, following
the guidelines for field soil description (22).

Soil color was determined using the Revised Munsell Soil Color
Chart (23). Soil structure was described in terms of the sequence:
grade, size (class), and type (shape) of aggregates whereas horizon
boundaries were described in terms of depth and topography. The
soil consistence is identified at dry, moist and wet moisture
conditions. Both disturbed and undisturbed soil samples 10 were
collected from each identified genetic horizon. Disturbed composite
soil samples was taken from the all identified horizons from bottom
to top layer by using an auger to measure the selected soil physical
and chemical properties, where as undisturbed soil samples was
taken by core sampler to measure the soil bulk density. After the
composite soil sub-samples were taken and packed, it was air dried
and finally ground and sieved by 2 mm sieve to the analysis of
physical and chemical properties of soil.

2.3 Soil laboratory analysis

The soil samples were air-dried, ground, and sieved through a 2
mm sieve to remove coarse fragments and standardize the sample
for general soil analysis. For the determination of organic carbon
(OC) and total nitrogen (N), a complete aliquot of the 2 mm-sieved
soil was further ground to pass through a 0.5 mm sieve. Particle size
distribution was determined by the Bouyoucos hydrometer method
(24), after destroying OM using hydrogen peroxide (H,0,) and
dispersing the soils with sodium hexametaphosphate (NaPOs3). soil
The bulk density was determined using the core sampling method
described in Blake and Hartge (25) while total porosity was
calculated using the particle density and bulk density, based on
the following relationship:

TP(%) = [1-BD/PS]+100 (1)

Where TP is total porosity, BD is bulk density and Ps is
particle density.

The soil pH was determined by measuring soil-water suspensions
at a ratio of 1:2.5 using a standard glass electrode. Organic carbon
(OC) content of the soil was determined following the wet
combustion method (26), which was then converted to organic
matter by multiplying it by 1.724. Total nitrogen content was
determined using the micro-Kjeldhal method (27). To determine
available phosphorus, the Olsen method was employed, with sodium
bicarbonate serving as the extractant (28). Cation exchange capacity
was determined by 1 N neutral ammonium acetate method in which
it was, subsequently, estimated by distillation of ammonium that was
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displaced by sodium (29). An atomic absorption spectrophotometer
(AAS) was utilized to measure the levels of exchangeable calcium
(Ca*) and magnesium (Mg2+), whereas a flame photometer was
employed to measure potassium (K*) and sodium (Na*). To
determine the percentage of base saturation (PBS), the combined
amounts of exchangeable bases were divided by the cation exchange
capacity (CEC). 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 (30). Available
micronutrient (Fe, Mn, Zn, and Cu) contents of the soils were
extracted by the DTPA (diethylenetriaminepentaacetic acid)
method (31), and the contents in the extract were determined by
atomic absorption spectrophotometer.

2.4 Soil classification

The classification of the soil at the research site was
determined using the World Reference Base for Soil Resources
(WRB). The WRB serves as an internationally recognized
framework for classifying, correlating, and communicating soil
properties based on their morphological, physical, and chemical
characteristics (32).

2.5 Statistical analysis

Data obtained from field and laboratory was subjected Simple
descriptive statistics were used to measure the variability of the soil
properties within the horizons of the pedon and coefficient of
variation (CV) method, as outlined by Wilding and Drees (33).
Was employed to quantify and classify the variability. The CV
values were categorized into three groups: low variability (CV<
15%), moderate variability (15%< CV< 35%), and high variability
(CV > 35%). Pearson Correlation analysis was also performed to
explore relationships between soil properties. All analyses were
carried out using STATA software (version 18).

3 Results and discussion
3.1 Soil morphological properties

3.1.1 Soil depth

The soil depths of the studied pedons were very deep and all
pedons greater than (>150 cm) cm, indicating that the soils of
Achewa irrigation were well developed, as per the rating by the FAO
(22). The amount of plant nutrients and water available to plant
roots are determined by the rooting depth of the soil and the depth
of the soils does not restrict the plants’ roots growth and the
availability of nutrients and water in the study area, furthermore,
the ample rooting zone supports better water retention and nutrient
reserves, contributing to sustainable agricultural practices and
improving the resilience of crops during dry periods.
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3.1.2 Soil color

The soil color of the pedon 1 varies from brown (7.5YR4/2, dry)
to dark brown (7.5YR3/2) when moist, at surface soil that have
slight variation in value and Chroma; dark red (2.5YR 3/6) to brown
(10YR 4/3) in dry and dark reddish brown (2.5YR3/3) to brown
(I0YR 4/3) in moist in sub-surface areas of pedon 1. This was
observed at lower slope areas of irrigated site (Table 1). At middle
slope (pedon 2) of irrigated fields the color of the soil under profile 2
was very dark brown (10YR2/2) in dry to black (10YR2/1) in moist)
at surface soil (Table 1). In the subsurface layers, the color ranged
from brown (10YR 4/3) to yellowish brown (10YR 5/4) in dry
conditions and from dark reddish-brown (2.5YR 3/3) to dark
yellowish brown (10YR 4/4) in moist conditions, reflecting
changes due to organic matter content and moisture variation.
On the other hand, soil color patterns in profile 3 upper slope of
irrigated field was showed similar hue and Chroma slight variation
in value dark brown (10YR 3/3) in brown (10YR 4/3, moist) in the
surface soil; very grayish brown (10YR 3/2) to dark brown (10YR 3/
3) when dry and dark grayish brown (10YR 4/2) to brown (10YR 4/
3) moist in the sub surface (Table 1).

The dark brown color observed in the surface horizons of
pedons at the middle and upper slope positions is likely due to a
relatively higher accumulation and decomposition of organic
matter (OM) in these areas. In line with this finding, many
authors reported that the surface horizon have darker color than
the corresponding subsurface horizons (4, 34), whereas the a brown
and yellowish-brown subsoil may indicate mineral accumulation.

The structure of all the studied pedons showed variations in
grade, size, and form in both the surface and subsurface horizons. In
pedon 1, located in the lower slope position, the surface horizon
(Ap) displayed a medium to fine granular structure, while the
subsurface horizons were characterized by a weak, fine, massive
to sub-angular blocky structure. In contrast, pedon 2 and pedon 3,
situated in the middle and upper slope positions respectively,
showed a range of structures from strong, very coarse angular
blocky to strong, very coarse sub-angular blocky in the surface
horizons, and moderate, coarse angular blocky to strong, coarse
sub-angular blocky in the subsurface horizons (Table 1). Similar
results were reported by Yitbarek et al. (4) who found granular soil
structure in the surface horizons that changed to angular and sub-
angular structure in the subsurface pedons. As the soil depth
increases, the clay content rises, resulting in a stronger and coarser.

Consistency: The moist consistency in the sub-surface varied
from very friable to very firm, while the wet consistency also varied
from non-sticky/non-plastic to sticky/plastic (Table 1). This
variation was observed in all three pedons particularly
pronounced in pedons 2 and 3. These pedons also had a high
clay content, which likely contributed to their exceptional level of
stickiness. The friable consistency observed in the surface soils of
pedon 1 may be attributed to its high organic matter content. The
presence of a higher soil organic matter content in the surface soils
of pedons plays a significant role in the development of friable
consistency (8). This is an important characteristic as the friable
consistency indicates that the soils are workable when they contain
an appropriate moisture content (35).
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TABLE 1 Physical properties of the soils of the Achewa small-scale irrigation scheme.

Horizon

Grade  Size

Structure

Consistency

Horizon boundary

Wet

Type Dry Moist

Lower slope position (pedon 1)

0-25 Ap 7.5YR4/2 | 7.5YR3/2 | Me F G SO VER SST A,S
25-55 Bl 5YR5/4 | 5YR4/2 w F Ma LO VER NST AS
55-110 B2 2.5YR3/6 | 2.5YR3/3 W Me AB SHA FR ST GW
110-200+ C 10YR4/3 | 10YR4/3 =W Me SB SHA FR ST -
Middle slope position (pedon 2)
0-32 A 10YR2/2 | 10YR2/1 | ST vC AB SHA VFI VST CS
32-95 Biw 10YR4/3 | 2.5YR ST vC AB HA VFI ST CwW
3/3
95-200+ B 10YR5/4 | 10YR4/4 | ST vC SB HA VFI SST -
Upper slope slope position (pedon 3)
0-27 A 10YR 10YR 4/3 | Mo, Co AB SHA FI VST G, S
3/3
27-90 Bi 10YR 10YR4/2 | ST vC SB HA VER ST G W
3/3
90-200+ B 10YR 10YR 4/3 | ST Cco AB SHA VFI SST -
3/2

W, Weak; ST, Strong; F, Fine; Me, Ma, Massive, medium; Mo, Moderate; Co, Coarse; G, Granular; VC, very coarse; AB, Angular blocky; SB, sub-angular blocky; Fr, Friable; FI, Firm; VFI, very
Firm; VFR, Very friable; SO, soft; SST, slightly sticky; SHA, Slightly hard; VST, very sticky; ST, Sticky; NST, Nonsticky; Lo, Loose; C, clear; G, gradual; W, wavy; S, smooth; A, abrupt.

Horizon boundaries: the lower boundaries of surface horizon in
pedon 1 were abrupt and smooth in surface and sub-surface of the
second layers that changed gradual and wavy in the sub surface
layers. This could be due to repeated anthropogenic influence like
plowing the land for crop production (36). Pedon 2 had clear and
smooth lower boundaries of surface horizons grading to clear and wavy
in the subsurface horizons as these lands. The smooth boundary in the
A horizon reflects uniform deposition and limited disturbance, likely
due to stable surface conditions. In contrast, the wavy boundary in the
Biw horizon can be attributed to subsoil processes like clay movement,
shrink-swell activity, and the influence of slickensides, which create
undulating patterns over time (37), whereas in pedon 3, gradual and
wavy boundaries dominate, indicative of slower pedogenic processes
on the upper slope. Overall, these differences point towards significant
human impacts on the soil’s physical properties, possibly caused by
agricultural practices. The amount of clay in soil has a significant
influence on its structure, as indicated by Moshago et al. (38), and the
soil structures at the Achewa irrigation farm studied had varying
soil structures.

3.2 Physical properties

3.2.1 Particle size distribution

The particle size distribution showed that the soils were
generally clay loam, sandy clay, and clay in pedon 1 horizon Ap,
B1, B2 and C horizons, respectively, whereas pedons 2 and 3 in the
middle and upper slope position the particle size distribution were
clay throughout the depth (Table 2).
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The analysis of soil particle size distribution across the three
pedons reveals distinct variations in the composition of sand, silt,
and clay, which are critical for understanding soil behavior and its
implications for land use. In pedon 1, the lower slope position, the
particle size distribution shows a notable increase in sand content
from the surface horizon (0-25 cm) to the second layer (25-55 cm).
Specifically, the sand content rises from 32.0% in the Ap horizon to
48% in the B1 horizon, while silt decreases from 30.0% to 17.0%,
and clay remains relatively stable at 38% and 35.0%, respectively.
This shift indicates a transition towards a sandy clay texture in the
B1 horizon, classified as sandy clay (SC). The increase in sand
content can be attributed to several factors, including the natural
processes of sediment deposition and erosion that occur on slopes.
As water moves down the slope, it tends to transport finer particles
away, leaving behind coarser sand particles, which can lead to a
higher sand content in the subsurface layers (34).

In contrast, the middle slope position (pedon 2) and upper slope
position (pedon 3) exhibit different particle size distributions. For
instance, in pedon 2, the A horizon shows a lower sand content of
22.0%, with a higher clay content of 52.0%, indicating a clayey
texture. Similarly, pedon 3 has a sand content of 26% in the A
horizon, with clay content also at 50%. These differences highlight
the influence of topography on soil formation processes, where the
lower slope position tends to accumulate coarser materials due to
gravitational forces and water movement, while the upper and
middle slopes retain finer particles due to less erosive forces.
These differences reflect the influence of topography on soil
formation, as the lower slope tends to accumulate coarser
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TABLE 2 Soil texture, Bulk density (BD), total porosity (TP), and silt-to-clay ratio Achewa small-scale irrigation schemes.

Horizon Particle size distribution Silt/

clay ratio

Bulk
density

Textural
class

Total porosity
(TP %)

(BD g/cm’)

Silt Clay

Lower slope position (pedon 1)

0-25 Ap 32.0 30.0 38.0 0.782 CL 1.12 57.7
25-55 Bl 48.0 17.0 35.0 0.447 SC 1.43 46.0
55-110 B2 35.0 15.0 55.0 0.271 C 1.32 50.2
110-200+ C 20.0 20.0 60.0 0.416 C 1.35 49.1
Mean 33.7 21.7 47.0 0.463 1.30 50.7
CV (%) 34.1 30.6 26.2 46.6 10.2 4.30
Ranking MV MV MV MV LV LV

Middle slope position (pedon 2)

0-32 A 22,0 26.0 52,0 0511 Clay 1.35 50.6
32-95 Biw 16.0 28.0 56.0 0.463 Clay 1.46 49.1
95-200+ B 17.0 250 58.0 0431 Clay 1.46 46.8
Mean 183 263 553 0.468 1.42 488
CV (%) 175 5.80 550 8.59 447 3.90
Ranking MV LV LV LV LV LV

Upper slope position (pedon 3)

0-27 A 26.0 24.0 50.0 0.480 Clay 1.39 49.8
27-90 Bi 22.0 26.0 52.0 0.500 Clay 1.45 49.4
90-200+ B 15.0 25.0 60.0 0.417 Clay 1.48 48.3
Mean 21.0 25.0 54.0 0.466 1.44 49.1
CV (%) 26.5 4.00 9.79 9.345 3.24 1.59
Ranking MV Lv LV Lv LV Lv

BD, bulk density; TP, total porosity; CL, clay loam; SL, Silt Clay; clay, LV, low variability; MV, moderate variability; HV, high variability.

materials due to gravitational forces and water movement, whereas
the upper and middle slopes retain finer particles due to reduced
erosive forces. The overall trend across the pedons suggests that soil
particle size distribution is significantly affected by slope position,
influencing soil fertility, drainage, and erosion potential. These
findings align with studies by Chikezie et al. (39) and Malgwi et
al. (40), who reported similar trends.

3.2.2 Silt clay ration

The silt/clay ratio of the all the pedons surface horizon were higher
than the sub-surface soils (Table 2). The higher silt/clay ratio in the
surface horizon and decrement depth wise showed that the presence of
clay migration from the upper to the lower horizon which may be
attributed to illuviation and pedoturbation processes and an indication of
sub soil horizons were more weathered than surface horizons. These
results are consistent with findings by Alemayehu (41), which also
reported a depth-wise decrease in the silt/clay ratio due to clay migration.
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3.2.3 Soil bulk density, total porosity

The bulk density of the three pedon soils in the study area
ranged from 1.12 to 1.48 g/cm’, with low variability observed in all
pedons. This low variability can be attributed to the similarity in the
parent material of the soil, management practices, and climatic
conditions. The bulk density of soils generally increased from the
surface horizon to the subsurface horizon, likely due to structural
aggregation resulting from relatively high organic matter (OM)
content. Regardless of landform, there was an observed increase in
bulk density with depth. This can be attributed to the weight of the
overlying soil and the lower organic matter (OM) content present in
the subsurface layers. The acceptable range of bulk density for
inorganic agricultural soils is 1.3 to 1.4 g/cm?® (Table 2). Therefore,
the value of BD of the surface horizon in the studied pedon soils
falls within the acceptable range and should not impede root
penetration and tillage practices within the soil group. Soils with
higher bulk density can inhibit root penetration, aeration, nutrient
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and water movement, and the accumulation of toxic gases and
root exudates.

The total porosity of the studied soils varied across different
slope positions, with the highest mean values observed at the lower
slope position (pedon 1) ranging from 46.001% to 57.716%,
followed by the upper slope position (pedon 2) ranging from
46.8% to 50.6%, and the middle slope position (pedon 3) ranging
from 48.3% to 49.8%. The findings of this study align with previous
research (38) that demonstrated a similar trend, where soils with
finer textures showed higher porosity compared to those with
coarser textures. This can be attributed to the increased presence
of micropores in the finer textured soils, which contribute to their
enhanced porosity.

Comparatively, the total porosity was also higher in the surface
horizon as compared to sub-surface horizons in the studied
irrigable area. According to the rating given by the FAO (22), the
percent average total porosity across slope position pedons was
categorized as very high (> 40%). Indicating that root growth was
not restricted. The coefficient of variation showed low variability
across all pedons and horizons, suggesting similar parent material
and soil structure within each pedon. However, total porosity
decreased with depth, except for pedon 1 at a lower slope
position. Total porosity decreased with depth, except for pedon 1
at a lower slope position. The decrease in porosity can be attributed
to low organic matter content, high bulk density, and the filling of
pore spaces by translocating clay particles. This finding is consistent
with a previous study (42) that reported a similar decrease in total
porosity with increasing soil depth. The decline in porosity can be
primarily attributed to two factors: a reduction in organic matter
content and an increase in soil compaction.

3.3 Soil chemical properties

3.3.1 Soil pH and electrical conductivity

Soil pH measured in a 1:2.5 soil-to-water ratio (pH in H,O) is
preferred over pH measured with KCl or CaCl, because it more
accurately reflects the soil’s natural acidity under typical field
conditions. This method simulates real-world interactions with
water, making it more relevant for practical applications. KCI and
CaCl,, which neutralize soil colloids or displace ions, can yield
lower pH readings and may not represent natural soil behavior as
effectively (43).

The pH levels in the soil varied across different slope positions, the
surface and sub-surface pH values were between 6.80 and 7.34 on the
lower slope position (pedon 1), 6.71 to 7.93 on the middle slope (pedon
2), and 6.41 to 7.30 on the upper slope (pedon 3). The middle slope
gradient had the highest pH values, followed by the lower slope, and the
upper slope positions (Table 3). The variation in pH values among
slope positions (pedons) could be influenced by the specific
physiographic conditions of each site within the irrigated area, which
may have exposed cations to leaching. Additionally, the sub-surface
horizon consistently exhibits higher pH values than the surface
horizons, except for pedon 1, which indicates the influence of natural
induced activities like leaching and irrigation processes (Table 3). This
study is consistent with the findings of Assen and Yilma (44), who
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observed the washing out of basic cations from the surface horizon and
their deposition at lower horizons, resulting in higher pH values.
Additionally the elevated pH in the sub-surface horizon may be
attributed to the reduced release of H' ions due to decreased organic
matter decomposition, which is associated with lower organic matter
content at greater depths (45).

Based on the classification provided by Tekalign and Haque
(46), the lower slope position (pedon 1) is categorized as neutral, the
middle slope (pedon 2) falls within the range of neutral to
moderately alkaline, and the upper slope (pedon 3) is classified as
slightly acidic to neutral. This indicates that a pH range of 6 to 7.5,
which falls within the mean pH value of the studied pedon soil, is
considered preferable for the growth of most crops and soil
microorganisms. Therefore, the pH conditions in the studied
pedon soil align with the optimal range for supporting healthy
plant growth and microbial activity.

The electrical conductivity (EC) measurements for the
saturation extract of the three soil profiles show variations in EC
values among pedons. In the lower slope (pedon 1), the EC values
range from 1.26 to 1.80 dS m™, in the middle slope (pedon 2), EC
values vary from 1.30 to 1.72 dS m™, whereas in the upper slope
(pedon 3), the EC values are lowest, ranging from 0.6333 to 1.15 dS
m". The higher EC values were observed in pedon 1 as compared to
the other profiles this could be attributed to when soil is repeatedly
irrigated over time; the water applied carries dissolved salts into the
soil profile. These salts can then accumulate in the upper layers of
the soil, increasing the EC values.

3.3.2 Organic matter, total nitrogen, available
phosphorus and calcium carbonate

The average soil organic matter (SOM) content in both surface
and sub-surface horizons across all locations was found to be 3.80,
2.96 and 2.85% in pedons 1, 2 and 3 respectively (Table 3). The
SOM content showed a decreasing trend with increasing depth,
which can be attributed to the accumulation of organic materials
primarily in the surface soils. These findings align with previous
studies that have reported similar patterns of SOM distribution and
depth-dependent variations (38). The surface layer of all profiles
had a relatively higher SOM content than the sub-surface horizon
indicating low mineralization rates. Mulching was a common
practice in the study area during land preparation and weeding,
which may have contributed to the increase in SOM content. The
addition of organic materials through mulching and the low rates of
mineralization in the soil could be attributed to the higher SOM
content. Additionally, the proximity of the area to the river bank,
where fluvial materials are deposited, may have contributed to the
higher SOM content due to the nutrients and organic matter carried
by rivers. Similar findings were reported by Assefa (47), who noted
that soil organic matter tends to be high in the fluvisols. The
Pearson correlation analysis showed strong to moderate positive
correlations and very high significant correlations between OM and
TN, Fe, and Av. P (r = 0.95%%, 0.93°%*, and 0.650***, P < 0.001).
However, OM showed negative correlations with CEC and PBS of
the soil (Table 4).

The coefficient of variation revealed high to moderate
variability across all slope positions, with values of 45.5%,
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TABLE 3 Soil pH, electrical conductivity, organic carbon, total nitrogen, available P contents of soils of Achewa small scale irrigation scheme.

Depth Horizon pH (1:2.5)  EC (dSm™)

OC (%)

OM (%) TN (%) Av.P CaCO3 (%)

(mg kg™

Lower slope position (pedon 1)

0-25 Ap 7.21 1.80 3.36 5.80 0.231 23.6 0.210
25-55 Bl 7.34 1.70 2.55 4.44 0.201 19.8 0.252
55-110 B2 6.80 133 1.86 3.23 0.140 16.7 0.390
110-200" C 7.10 126 1.01 1.74 0.074 13.9 0.464
Mean 7.11 1.52 2.19 3.80 0.162 185 0.329
CV (%) 3.24 17.6 45.50 45.5 43.0 223 36.0
Ranking LV MV MV HV HV MV HV
Middle slope position (pedon 2)
0-32 A 6.71 1.30 2.24 3.87 0.172 16.5 0.481
32-95 Biw 7.80 1.44 157 2.70 0.091 153 0.720
95-200* B 7.93 1.72 1.35 2.32 0.060 14.8 0.954
Mean 7.48 1.49 1.72 2.96 0.108 155 0.718
CV (%) 8.95 14.3 26.9 27.2 53.7 5.6 32.9
Ranking LV LV MV MV MV LV MV
Upper slope position (pedon 3)
0-27 A 6.41 1.09 1.897 3.27 0.211 153 0.371
27-90 Bi 6.82 1.15 1.84 3.18 0.123 14.0 0.684
90-200* B 7.30 0.63 121 2.10 0.081 143 0.890
Mean 6.84 0.95 1.65 2.85 0.138 14.5 0.648
CV (%) 6.50 29.6 22.8 22.8 47.9 4.68 40.3
Ranking LV MV MV MV HV LV HV

Eg, electrical conductivity; OC ,organic carbon; OM, organic matter; TN, total nitrogen; AVP, available phosphorus; CaCOs, Calcium Carbonate; CV, coefficient of variation; LV, low variability;

MV, moderate variability; HV, high variability.

27.2%, and 22.8% in pedons 1, 2, and 3, respectively. This can be
attributed to the fact that all pedons are derived from a similar
parent material and are exposed to similar environmental
conditions except pedonl which shows high variability, such as
climate, vegetation, and topography (48). According to the
classification suggested by Mamo et al. (49), the SOM levels of
the lower slope position (pedon 1) were classified as medium to
high. Similarly, the medium slope (pedon 2) was classified as
medium, and the upper slope position (pedon 3) fell within the
low to medium range for the Achewa irrigable area.

The total nitrogen content (TN) in the irrigated area a relatively
decreasing pattern with the depth of soil. The value ranges from the
highest in the surface horizon of lower slope position (0.231) and
lowest in the middle slope position (0.172) in the surface horizon
and the subsurface horizon varied from 0.06 to 0.201 in the sub-
surface horizon (Table 3). The TN content of the surface horizons
was higher than the subsurface soil horizons, and it followed a
similar pattern to that of OM in all the studied profiles, implying a
strong relation between OM and TN in the soil system. The amount
of Om and TN was relatively high (5.80 and 0.231%, respectively) at
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the lower slope position of the surface horizons, which might be
attributed and correlated to the biomass turnover of the grass.

In line with this result (7), indicated that as much as 93 to 97% of
the total N in soils is closely associated with OC. Based on the rating of
total N set by Tekalign (50), the mean total N contents of the study area
of pedons 1 and 2 were rated as medium (0.12 and 0.25%) while pedon
3 rated as low. The high total nitrogen content in the surface layers
suggests that the soils in the study area have the capacity to support
proper crop growth and development. The Pearson correlation also
revealed a strong and significant positive correlation (r = 0.95*, P <
0.001) between total nitrogen (N) and organic matter (OM) contents,
indicating that organic matter is the primary source of nitrogen in the
soil. This is consistent with the findings of Kiflu Alemayehu et al. (51),
who found that TN concentration dropped as profile depth increased.

The available phosphorus (AvP) content in the studied irrigable
site differed across various layers. In pedon 1, the Av P ranged from
13.9 mg/kg to 23.6 mg/kg. Similarly, in pedon 2, the AvP content
varied between 14.800 mg/kg and 16.5 mg/kg. In pedon 3, it ranged
from 14.0 mg/kg to 15.3 mg/kg, starting from the surface to the sub-
surface soil. The lower slope position (pedon 1) had relatively high
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TABLE 4 Pearson correlation coefficient.

Sand
Silt
Clay
TP
pH
Ec
OM
TN
AvP
CEC
PBS
Ca
Mg

Na
Fe
Mn

Sand Silt

1.00

-0.649* 1.00

-0.781* 0.128 1.00

0.0727 0478 -0.3453 1.00

024975 | 0215 0.1351 -0.256 1.00

04616 0.0089 -0.5780 0.2221 0.4058 1.00

0.6503* | 0.0981 -0.84%%¢ 0.6986* -0.2489 0581 1.00

0.603 0.1315 -0.817% 0.712* -0.0053 0.742* 0955+ 1.00

0.6758* | 0.0120 -0.85%% 0.6411% 0.0214 0.6425* 0.90+ 0,954+ 1.00

-0.570 0.6055 0.34818 -0.418 0.9530 0.2836 -0.0873 0.1233 0.0336 1.00

200295 | 0.0160 -0.0958 -0.0184 -0.6006 -0.535 -0.0643 023001 | -0.1108 03911 1.00

-0.501 0.4881 02638 0.0589 03666 0321 -0.1950 003412 | -0.1681 075 -0.0491 1.00

-0.345 03975 0.0657 -0.0571 0.4034 -0.764 -0.1590 002496 | -0.0630 0.6014 0.1760 0.89+ 1.00

-0.169 0.2693 -0.0406 -0.1027 0.732%* 0.670* -0.0465 0.1951 0.1546 0.6318* -0.3114 0.73651* | 0.71441* | 1.00

0.1676 03946 0.2546 -0.1308 0.4487 0.259 -0.2642 2011982 | -0.1763 0.6850* 0.0765 0.92°+ 0,934+ 0.7963* | 1.00
0.669* 0.0648 -0.89%% 0.5802 -0.0426 0.608 093 0,93+ 0.95%+ -0.0182 -0.0099 -0.14126 | 0.01485 0.11561 | -0.112
0.0065 0.4009 -0.3947 0.2549 0.6273 0313 03026 03116 02523 0.1226 0.08132 057611 0.6376* 041859 | 0.541 0.9984* | 1.00

*Significant at P < 0.05, **highly significant at P < 0.01, ***very highly significant at P < 0.001.
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TABLE 5 CEC, sum of exchange bases, and PBS Achewa irrigated area.

CEC cmolc kg™

Exchangeable bases cmolc kg™ PBS (%)

Ca2+ M92+ K+

Depth Horizon

Lower slope position (pedon 1)

0-25 Ap 16.8 6.44 1.53 0.410 252 36.0 66.7
25-55 Bl 12.8 6.22 1.33 0.333 20.7 29.1 67.6
55-110 B2 15.6 5.70 0.511 0.332 222 34.0 64.8
110-200+ C 14.7 4.60 0.310 0.220 19.8 32.0 61.9
Mean 14.9 5.74 0.921 0.324 219 327 65.3
CV (%) 113 14.3 65.2 24.1 10.7 8.9 3.85
Ranking LV LV MV MV LV LV LV
Middle slope position (pedon 2)

0-32 A 19.5 8.62 1.57 137 31.0 36.0 86.2
32-95 Biw 224 10.2 2.38 1.54 36.5 40.0 913
95-200+ B 213 7.90 3.36 1.28 338 38.0 89.0
Mean 21.0 8.90 2.43 1.39 338 38.0 88.8
CV (%) 6.90 132 36.7 9.40 8.10 5.26 2.88
Ranking LV LV HV LV LV LV LV
Upper slope position (pedon 3)

0-27 A 16.6 6.33 0.451 0.461 238 32.0 74.40
27-90 Bi 17.4 6.91 0.403 0.444 25.1 34.0 73.8
90-200+ B 13.0 5.80 0.281 0.342 19.4 32.0 60.6
Mean 15.6 6.34 0.378 0.416 227 326 69.6
CV (%) 14.9 8.77 23.1 15.4 13.0 35 11.1
Ranking LV LV MV HV LV LV LV

CV, Coefficient of Variation; LV, low variability; MV, moderate variability; HV, high variability; TEB, total exchangeable bases; CEC, Cation Exchange Capacity; PBS, Percent Base Saturation.

AvVP content compared to the other topography positions, which
may be due to the application of farmyard manure and alluvial
deposits from the river, as well as its high organic matter (OM)
content. This finding is consistent with previous research by Sebnie
et al. (52), who reported that the highest amount of available P
content in the soil was found in the surface horizon. AvP decreased
with increasing depth in all pedons except in pedon 3. There is a
positive and significant relationship between this decline and soil
OM, so this decline is likely due to this decrease in soil OM.
Similarly, a previously published study by Yitbarek et al. (4) found
that P availability decreased with depth.

The AvP content showed low variability in all topography
positions (pedons), with values of 11.4%, 5.62%, and 4.17%,
respectively. This low variability may be attributed to the
homogeneity in the parent material from which both horizons
have formed. Based on the rating of Olsen et al. (28), the average
available phosphorus content of the study area is high in all three
slope positions of the pedons.

The calcium carbonate content in Table 3 shows an increasing
trend in calcium carbonate content with depth for all three
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topography positions (pedons). The lower slope position (pedon
1) had values ranging from 0.210% to 0.464%, the middle slope
position (pedon 2) had values ranging from 0.481% to 0.954%, and
the upper slope position (pedon 3) ranged from 0.371% to 0.890%.
This increase can be attributed to the movement of calcium
carbonate solutes downwards from the surface horizon to the
subsurface horizon and soil parent material. Despite this trend, all
three profiles had low CaCo; contents, with an average value of
0.329%-0.728% throughout the soil depth (Table 3). As a result,
there was no visible presence of calcaric soil material in any layer of
the profiles. Generally, the result revealed that all layers of the
profiles are found to be less than<2%; which resulted in the absence
of a calcaric soil material (53).

3.3.3 Exchangeable bases, cation exchange
capacity and percent base saturation

The exchangeable base data presented in Table 5 revealed that
the middle slope position (pedon 1) had the highest exchangeable
bases followed by the upper slope position (pedon 3) and lower
slope position bot surface and sub-surface horizon. The
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TABLE 6 Available micronutrients in Achewa irrigated area.

Depth

Available micronutrients (mg kg™)

Horizon

Fe Mn Zn Cu

Lower slope position (pedon 1)

0-25 Ap 53.4 28.6 422 3.75
25-55 Bl 455 25.3 2.80 2.64
55-110 B2 27.6 20.5 2.60 2.84
110-200°  C 24.7 18.3 230 2.15
Mean 37.8 232 2.98 2.84
CV (%) 36.7 20.1 28.60 23.5
Ranking HV MV MV MV
Middle slope position (pedon 2)
0-32 A 36.6 325 481 422
32-95 Biw 279 29.4 433 3.41
95-200" B 215 27.0 3.70 3.12
Mean 28.6 29.6 4.28 3.58
CV (%) 26.4 9.35 13.0 15.9
Ranking MV v LV MV
Upper slope position (pedon 3)
0-27 A 26.7 32.0 3.63 3.81
27-90 Bi 24.5 27.0 2.41 3.60
90-200" B 225 20.0 2.80 2.41
Mean 24.6 26.3 2.94 3.27
CV (%) 8.56 22.8 21.1 23.0
Ranking LV MV MV MV

CV, Coefficient of variation; LV, low variability; MV, moderate variability; HV,
high variability.

predominant cations in the exchange sites of all opened profiles
were exchangeable Ca** and Mg”*, indicating that the soil parent
material was primarily rich in basic cations. The high contents of
exchangeable Ca®>* and Mg®" can be attributed to their higher
selectivity coefficient over the monovalent cation, which allows
them to be retained in higher concentrations and for longer periods
by the soil colloidal particles. These findings are consistent with
previous studies conducted in the Abobo area and in Jelo micro-
catchment which also reported similar trends in the behavior of
exchangeable bases in these regions (4, 54).

The mean exchangeable bases for all pedons were within the
range of optimal nutrient availability for plant growth, according to
FAO ratings (22). The coefficient of variation indicated low
variability in exchangeable bases for all pedons, which can be
attributed to similar parent materials and land use history. The
ranking of exchangeable bases in all pedons was in the order of Ca**
>Mg">K" > Na?*, which is typical of most soils (Table 6). Overall,
the physical and chemical properties of the studied pedons showed
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differences nutrient status that can be attributed to varying soil
formation processes, parent materials, and land use history. These
findings provide valuable insights into the soil properties and
nutrient availability for plant growth in the study area.

The CEC values for the lower slope (pedon 1) ranged from 29.1 to
36.0 Cmol (+) kg'l, for the middle slope (pedon 2) ranged from 36.0 to
40.0 Cmol (+) kg™, and for upper slope positions (pedon 3) ranged
from 32.000 to 34.00 Cmol (+) kg'l, in both surface and subsurface
horizon, which are considered high according to the ratings provided
by Hazelton and Murphy (53). The irregular trends observed in soil
CEC with increasing depth can be attributed to the strong association
between soil texture, clay mineralogy, organic matter content, and
organic carbon. This finding is consistent with the research of
Nahusenay et al. (55), who showed that higher clay and organic
matter contents contributed to high CEC. The observed cation
exchange capacity values indicated that the soils of the examined
area have promising nutrient retention and buffering capacity.
Additionally, there was a positive and highly significant correlation
with Ca®* (r = 0.75*%, P < 0.01) and a significant correlation with K*
(r= 0.63%, P < 0.5). The similarity in CEC values among the study
pedons suggests similarities in parent material and land use and
management practices, as suggested by Ukpong (56).

The percentage base saturation (PBS) of soil in the research site
pedon 1 varied from 61.9% to 66.7%, while pedon 2 varied from
86.2, %, to 91.3%, whereas pedon 3 varied from 60.6% to 74.4%
obtained in both surface and sub-surface horizon (Table 5). Overall,
the entire opened pedon showed an irregular trend with increasing
depth in PBS, which may be attributed to its similar relationship
with the CEC of soil. The CEC of soil is strongly related to the soil
organic matter content. The high exchangeable bases registered in
the pedon 2 soils of the study area could have contributed to the
high base saturation (BS) observed in pedon 3. As per rating by
Hazelton and Murphy (53), the BS of the studied pedons 1 and 2
were rated as medium to high, whereas pedon3 rated as high range.
Based on the classification set by Landon (57), soils having base
saturation >60% are categorized as fertile soils. Based on the rating,
the soils in the current research site can be classified as fertile due to
their high PBS.

3.3.4 Available micronutrients

The available, micronutrients (Fe, Mn, Zn, and Cu) decrease
with increasing soil depth (Table 6). The mean concentrations of
available micronutrients in all three pedons show that Fe has the
highest concentration, followed by Mn, Zn, and Cu. These patterns
suggest that micronutrient availability decreases with increasing soil
depth, regardless of the substrate. However, there are differences in
the concentration of these micronutrients in each pedon, indicating
possible factors such as soil composition, microorganisms, or
environmental conditions that contribute to the observed patterns.

The environmental factors in the study area play a great role in
the distribution of micronutrients since the area is in warm climates
and flooded during the rainy season. Regarding the micronutrient
status, Fe > Mn > Zn > Cu. Elevated iron levels result from the
weathering of iron-rich minerals and anaerobic conditions, which

frontiersin.org


https://doi.org/10.3389/fsoil.2024.1451271
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Mengiste et al.

10.3389/fs0il.2024.1451271

TABLE 7 Diagnostic horizons, properties, qualifiers, and soil types of Achewa irrigable area according to WRB.

Diagnostic horizon

Surface horizon

Diagnostic material

Soil type

Sub-surface horizon

Lower slope (pedon 1) Vertic ‘

Middle slope (pedon 2) Shrink-swell cracks

Upper slope (pedon 3) vertic

enhance its solubility for plant uptake (58). Manganese availability
also increases in these wet conditions due to reduced oxidation states
(59). In contrast, zinc and copper are less abundant due to leaching
and lower concentrations in soil parent materials (60). Organic
matter can enhance nutrient availability but also contributes to
leaching during rapid decomposition in the rainy season (61).
Overall, warm temperatures and high moisture levels significantly
impact micronutrient distribution in these environments.

Based on the critical values of available micronutrients
determined by Jones (62), the average concentration of all
micronutrients is high, except Cu, which is in the middle range.
The micronutrient contents were high except for Cu; therefore, no
deficiency of these micronutrients is expected in the Achewa
irrigation fields. This is consistent with various works that found
that micronutrients in particular are usually contained in sufficient
quantities in Gambella soils (4).

3.4 Pearson correlation matrix

The results of the analysis showed that certain soil attributes
exhibited significant correlations with each other, while others did
not show meaningful relationships. Among the positively
correlated parameters, organic matter (OM) was significantly
correlated with sand (r = 0.65*), total nitrogen (TN) (r =
0.95%**), available phosphorus (AvP) (r = 0.90***), and Fe (r =
0.93***), calcium with CEC and Mg positively correlated with
CEC and pH. These positive correlations suggest that organic
matter enhances the soil’s ability to retain nutrients and improves
overall soil fertility. For instance, TN and AvP, both vital for plant
growth, showed strong positive correlations with OM, which
indicates that higher organic content supports nutrient
availability in the soil. Similarly, Fe and OM showed a strong
positive correlation (r = 0.93***), suggesting that organic matter
may help in the mobility and availability of iron in the soil, a
critical nutrient for plants.

On the other hand, some parameters showed negative
correlations. Clay showed a significant negative correlation with
total porosity (TP) (r = -0.34), which indicates 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. Furthermore, Fe showed a significant negative
correlation with pH (r = -0.046), indicating that higher levels of
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‘ Shrink-swell cracks, gilgai microrelief

Fulivic ‘ Eutric Fluvisols (Loamic)

Pellic vertisol
(Gilgaic, Hypereutric)

‘ Haplic vertisol (Gilgaic)

Iron in the soil might reduce the soil’s pH value. Similarly, Ca
showed a negative correlation with Sand (r = -0.55), which could
suggest that an increase in calcium might Sand. These
relationships highlight how certain soil properties can inhibit or
promote others, underlining the complex interdependence of soil
chemistry and structure (Table 4).

3.5 Soil classification

The soil classification in the study area followed the guidelines
outlined in the World Reference Base for Soil Resources (32) and
considered the diagnostic horizons, properties, and materials of
the different slope positions. Starting with the lower slope position
(pedon 1), which was located in an irrigated field adjacent to the
Baro River (Figure 3), the soil exhibited deep and well-drained
characteristics with an effective depth exceeding 200 cm. The
prominent feature observed was stratification due to Fluvic
materials, leading to the classification of this soil as Eutric
Fluvisols (Loamic) (Table 7). The base saturation throughout
the profile was 50% or more, qualifying it as Eutric principal
qualifier. Additionally, the soil texture in a layer of at least 30 cm
thickness, within 100 cm of the mineral soil surface, fell into the
clay loam and silty clay loam classes, classifying it as Loamic
supplementary qualifier.

Moving on to the middle slope positions (pedon 2), these soils
exhibited distinctive characteristics that led to their classification as
Pellic Vertisols (Gilgaic, Hypereutric) (Table 7). They contained
more than 30% clay content and displayed wedge-shaped soil
aggregates, slickensides, and shrink-swell cracks. The Munsell
moist color value in the upper 30 cm was equal to or less than 3,
with a chroma equal to or less than 2, meeting the criteria for Pellic
principal qualifier. Base saturation levels were consistently above
50% within the depth range of 20-100 cm from the mineral soil
surface, with some layers exceeding 80%, indicating Hypereutric
supplementary qualifier. Additionally, the presence of Gilgai
microrelief further confirmed the classification of these soils as
Pellic Vertisols (Gilgaic, Hypereutric).

In contrast, the upper slope positions (pedon 3) were
characterized by a high clay content (>30%), slickensides, and
shrink-swell cracks, meeting the criteria for Vertic diagnostic
horizon. Gilgai microrelief was also observed, confirming the
presence of Gilgaic supplementary qualifier. Therefore, these
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FIGURE 3
Map of the profile distribution.

soils were classified as Haplic Vertisols (Gilgaic). The soil
classification results revealed the presence of Eutric Fluvisols
(Loamic) in the lower slope positions (pedon 1), Pellic Vertisols
(Gilgaic, Hypereutric) in the middle slope positions (pedon 2),
and Haplic Vertisols (Gilgaic) in the upper slope positions (pedon
3) (Table 7). These classifications provide valuable insights into
the soil properties and behavior, enabling the development of
appropriate management strategies for sustainable land use in
the area.

4 Conclusion

All the soil profiles examined had considerable depth, exceeding
200 cm. The predominant soil types identified in the area were
Eutric Fluvisols (Loamic), Pellic Vertisols (Gilgaic, Hypereutric),
and Haplic Vertisols (Gilgaic). The soil structures in the study area
showed variations in the grade, size, and type across different slope
positions of the studied pedons. The lower slope position (pedon 1)
showed a granular structure in the surface horizons, while the sub-
surface horizons consisted of single-grain, angular blocky to sub-
angular blocky structures. Pedons 2 and 3 exhibited angular to sub-
angular blocky structures in the surface and sub-surface horizons,
respectively. These structural variations can be attributed to
differences in soil organic matter content and management
practices. Regarding soil consistency, the surface layer across all
three slope positions ranged from soft to slightly hard, while the
moist subsurface layer varied from very friable to very firm. Wet
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consistency ranged from slightly sticky/slightly plastic to very
sticky/very plastic. Chemical analysis revealed that the mean soil
pH for pedons 1 and 2 was registered as neutral (7.11 and 7.48,
respectively), while pedon 3 exhibited a neutral pH (6.84). It is
worth noting that plant nutrients are most readily available within
the pH range of 6.5 to 7.5, which promotes healthy root growth. The
study also found that the mean soil organic matter content fell
within the medium range, while total nitrogen was categorized as
medium to high, and available phosphorus was classified as high
across all pits. Therefore, for sustainable agricultural land
management practices, the addition of organic fertilizer and
retention of crop residue during weeding should be continued to
enhance nutrient accumulation.

Moreover, the exchangeable bases in the study area showed a
decreasing trend from surface to sub-surface horizon, and the
highest exchangeable bases were observed in the pedon 2
followed by pedon 3 and lowest was obtained in pedon 1 similar
trend is observed in CEC and PBS, On the other hand, the
availability of micronutrients (Fe, Mn, Cu, Zn) tended to decrease
with increasing profile depth. The data collected from this study on
soil properties are critical for the development and interpretation of
effective, site-specific management practices in the current study
area. It also provides essential baseline information for future
investigations into the region’s soil resources. Therefore, site-
specific soil management practices, combined with comprehensive
studies on soil fertility and irrigation water quality, are essential for
enhancing and sustaining soil productivity in both irrigable areas
and surrounding regions.
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