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SUMMARY 

Background: Understanding the behavior of salt-affected soils is crucial for recommending appropriate management 

practices that improve soil health and crop productivity. Objective: To characterize salt-affected soils of Metehara 

Sugar Estate, Central Rift Valley of Ethiopia. Methodology: Two representative pedons were opened. After 

describing the soil morphological attributes, soil samples were collected from every identified horizon for soil analysis 

in the laboratory. Results: There were variations in soil properties among the studied pedons. Soil textural class in 

both pedons ranges from sandy loam to silty clay loam. In MZ-50-1 pedon, bulk density values are between 1.2 and  

1.3 g cm-3, while in MZ-50-2 pedon, they range from 1.2 to 1.4 g cm-3. At 20 cm depth, saturated hydraulic 

conductivity varies from a slow rate (3.74 μm s-1) in pedon MZ-50-2 to moderate rate (4.86 μm s-1) in pedon MZ-50-

1. In the MZ-50-1 pedon soils, the pHe ranged from 8.2 to 9.1, the ECe varied between 9.5 and 13.6 dS m-1, and the 

ESP spanned from 28.4 to 37.2%. In contrast, MZ-50-2 pedon exhibited a pHe ranged from 7.8 to 8.5, ECe from 10.4 

to 14.0 dS m-1, and ESP of 30.2-40.4%. The soil organic carbon content, total nitrogen, available P, CEC and CEC-

clay values in the MZ-50-1 pedon and the MZ-50-2 pedon ranged from 0.5 to 1.6% and 0.6 to 2.0%; 0.04 to 0.12% 

and 0.05 to 0.15%; 3.9 to 6.75 mg kg-1 and 4.9 to 7.6 mg kg-1; 12.9 to 21.9 Cmolc kg-1 and 11.2 to 24.4 Cmolc kg-1; 

and 71.4 to 117.8 Cmolc kg-1 and 58.3 to 110.7 Cmolc kg-1, respectively. Implications: The differences may suggest 

that site-specific soil fertility and reclamation are desired, and the results may provide basic information to design soil 

management options to improve land productivity. Conclusions: The salinity and sodicity levels, and the amounts of 

TN, available P, and micronutrients in the studied soils, were within a range that can significantly affect plant growth. 

Therefore, the results confirmed that the Metehara sugar estate's soils fall into a highly saline-sodic category, requiring 

appropriate management strategies for sustainable crop production.  

Key words: Metehara; physicochemical properties; salt; soil; soil type. 

 

RESUMEN 

Antecedentes: Comprender el comportamiento de los suelos salinos es crucial para recomendar prácticas de manejo 

adecuadas que mejoren la salud del suelo y la productividad de los cultivos. Objetivo: Caracterizar los suelos salinos 
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de la plantación azucarera Metehara, en el Valle del Rift Central de Etiopía. Metodología: Se abrieron dos pedones 

representativos. Tras describir los atributos morfológicos del suelo, se recolectaron muestras de cada horizonte 

identificado para su análisis en el laboratorio. Resultados: Se observaron variaciones en las propiedades del suelo 

entre los pedones estudiados. La clase textural del suelo en ambos pedones varía de franco arenoso a franco arcilloso 

limoso. En el pedón MZ-50-1, los valores de densidad aparente están entre 1.2 y 1.3 g cm-3, mientras que en el pedón 

MZ-50-2, varían de 1.2 a 1.4 g cm-3. A 20 cm de profundidad, la conductividad hidráulica saturada varía de una tasa 

lenta (3.74 μm s-1) en el pedón MZ-50-2 a una tasa moderada (4.86 μm s-1) en el pedón MZ-50-1. En los suelos del 

pedón MZ-50-1, el pHe varió de 8.2 a 9.1, la CEe varió de 9.5 a 13.6 dS m-1, y la ESP varió de 28.4 a 37.2%. En 

contraste, el pedón MZ-50-2 exhibió un pHe que varió de 7.8 a 8.5, CEe de 10.4 a 14.0 dS m-1, y ESP de 30.2-40.4%. 

El contenido de carbono orgánico del suelo, nitrógeno total, P disponible, valores de CIC y CIC-arcilla en el pedón 

MZ-50-1 y el pedón MZ-50-2 variaron de 0.5 a 1.6% y 0.6 a 2.0%; 0.04 a 0.12% y 0.05 a 0.15%; 3.9 a 6.75 mg kg -1 

y 4.9 a 7.6 mg kg-1; 12.9 a 21.9 Cmolc kg-1 y 11.2 a 24.4 Cmolc kg-1; y 71.4 a 117.8 Cmolc kg-1 y 58.3 a 110.7 Cmolc 

kg-1, respectivamente. Implicaciones: Las diferencias podrían sugerir que se busca la fertilidad y recuperación del 

suelo en cada sitio, y los resultados podrían proporcionar información básica para diseñar opciones de manejo del 

suelo que mejoren su productividad. Conclusiones: Los niveles de salinidad y contenido de Na, así como las 

cantidades de TN, P disponible y micronutrientes en los suelos estudiados, se encontraron dentro de un rango que 

puede afectar significativamente el crecimiento de las plantas. Por lo tanto, los resultados confirmaron que los suelos 

de la plantación azucarera de Metehara se clasifican en una categoría altamente salino-sódica, lo que requiere 

estrategias adecuadas de recuperación y manejo para una producción agrícola sostenible. 

Palabras clave: Metehara; propiedades fisicoquímicas; sal; suelo; tipo de suelo. 

 

 

INTRODUCTION 

 

Soil is a precious resource that must be managed 

properly to ensure long-term agricultural production 

and ecosystem services (Pereira et al., 2018; Amita-

Raj et al., 2019; Shah and Wu, 2019). However, soil 

resource degradation due to improper management is 

a serious problem in almost every developing country, 

where a significant part of the population depends on 

soil for their livelihoods (Sileshi et al., 2020; Wassie, 

2020; Rai et al., 2023). Although irrigation 

significantly increased crop production in many 

lowland areas across the world, it can also be a cause 

of soil salinization and/or sodification, threatening 

agricultural land productivity (Yang et al., 2023). In 

Sub-Saharan Africa (SSA), the effects of soil 

salinization and/or sodification increased from 19 

million ha (Tully et al., 2015) to 69 million ha 

(Kebede, 2023). Salinity and/or sodicity of soils are 

prevalent largely in the lowlands of Eastern Africa, 

along the coast of Western Africa, the countries of the 

Lake Chad Basin, and in pockets of Southern Africa 

(Kebede, 2023). Irrigated farmlands affecting salinity 

(>5 dS m-1) have recently been mapped using remote 

sensing and soil data in four Ethiopian regions (30% 

Afar, 6% Oromia, 9% Amhara, and 2.71% Tigray) 

(Qureshi et al., 2019).  
 
In the late nighty sixteenth,  a total of 134,121 ha of 

irrigated agriculture was started in Ethiopia's Awash 

basin (Awulachew, 2019), which included large-scale 

(79,065 ha), medium-scale (24,500 ha), and small-

scale (30,556 ha) irrigation, wherein the Metehara 

sugar estate farm is the largest and most prominent 

example. This estate farm is utilized mainly for 

sugarcane production with poor irrigation water 

management, such as unmeasured irrigation water 

application with respect to crop needs and a poor 

drainage system, which is a significant cause of soil 

salinity and/or sodicity (Megersa et al., 2009; 

Afework, 2018). Cane yields have declined 

dramatically over time as a result of this problem, with 

a severely salinized 6% (779.59 ha), a moderately 

salinized 20% (2474.03 ha), and a slightly salinized 

24% (2999.31 ha) (Afework, 2018). Accordingly, one 

of the major bottlenecks to attaining optimum crop 

production is salinity and/or sodicity, particularly in 

irrigated soils of Ethiopia's main Rift Valley (Qureshi 

et al., 2019; Daba and Qureshi, 2021). In general, soil 

salinity and/or sodicity reduce plant growth and affect 

soil properties by limiting water availability to plants; 

specific ions toxicity; imbalance plant nutrition; 

alteration of soil physical properties and effect 

composition and activity of beneficial soil 

microorganisms (Hopmans et al., 2021). Therefore, 

the reclamation of soil salinity and/or sodicity is very 

crucial to developing different options for their 

optimal utilization (Daba, 2015; Zaman et al., 2018; 

Qureshi et al., 2019; Daba and Qureshi, 2021).  

 

As a result, understanding how soil salinity and/or 

sodicity characterization is critical, as it provides 

essential information on soil properties necessary for 

assessing the reclamation of soil salinity and/or 

sodicity as well as evaluating soil fertility (Ukut et al., 

2014; Fekadu et al., 2018). This understanding 

ultimately contributes to improving the productivity of 

affected soils. Furthermore, management and 

reclamation of salt-affected soils for agricultural 

purposes are dependent on the salt types (Gupta et al., 

2016; Qureshi et al., 2019). Reclaiming sodic and 

saline-sodic soils requires a different approach than 

reclaiming saline soils, and the former require an 
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additional cost in purchasing chemical amendments to 

remove or replace exchangeable sodium from soil 

colloids (Zaman et al., 2018; Mishra et al., 2019).  In 

general, systematic studies on the characterization of 

salt-affected soils are critical for taking reclamation 

measures and recommending appropriate agronomic 

practices (Gupta et al., 2016; Zaman et al., 2018; 

Mishra et al., 2019). Furthermore, salt affected soil 

characterization is essential for closing the gap 

between fertilizer types and crop nutrient demand; 

before applying nutrients. It is also necessary to 

understand the site-specific variability related to 

nutrient availability as well as identifying 

management options for marginal soils (Csikós and 

Tóth, 2023). 

 

Currently, there is very little available information on 

soils of the Metehara area of Central rift valley of 

Ethiopia. Some studies conducted in the study areas, 

were mainly on surface soil assessment (Booker, 

2009; Afework, 2018) and characterization of soil 

management groups for their physical and hydraulic 

properties (Teshome and Kibret, 2014). For these 

reasons, it is critical to conduct site-specific 

characterization of salt-affected soils to collect 

appropriate information for proper reclamation and 

management practices. As a result, there is a need to 

characterize salt-affected soils at Metehara Sugar 

Estate in Ethiopia's Central Rift Valley, which will be 

valuable in determining the area's total production 

potential and identifying the factors that likely limit 

production. Therefore, this study was carried out to 

characterize the physical, chemical, and 

morphological properties of salt-affected soils at 

Metehara Sugar Estate and examine their major 

constraints to crop production, and to suggest useful 

management options to improve their productivity.  

 

MATERIALS AND METHODS 

 
Site description  

 

The study was conducted at Metehara Sugar Estate, 

Central Rift Valley of Ethiopia (Figure 1), which is 

situated between 8˚75' to 8˚89' North latitudes and 

39˚82' to 40˚00' East longitudes, with an elevation 

ranging from 910 to 982 meters above sea level. The 

climate of the study area is classified as warm semi-

arid agroecological zone (MoARD, 2005). Based on 

meteorological station data collected from the 

Metehara sugar plantation between 1985 and 2022, the 

mean annual rainfall is 549 mm, with annual average 

minimum and maximum temperatures of 17 and 33 

°C, respectively (Figure 2). The annual reference crop 

evapotranspiration (ETo) was calculated to be 2059.6 

mm, with daily reference crop evapotranspiration 

ranging from 5 to 6.2 mm. This implies that 

evapotranspiration is by far greater than rainfall and 

the need to supplement irrigation water for the 

growing of different crops.  

 

 

 
Figure 1. Locations map of Metehara sugar estate, Central Rift Valley, Ethiopia (The shape file is adapted from 

Afework (2018) and the image used is from Google Earth accessed on May 2, 2024).  
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Figure 2. Thirty-five years' mean monthly rainfall, reference crop evapotranspiration (ETo), and monthly minimum 

(Min) and maximum (Max) temperatures at Metehara Sugar Estate. 

 
 

The major geologic materials for soil formation in the 

Metehara sugar estate are alluvium parent materials 

mainly from mixture of volcanic materials 

(predominantly peralkaline in composition) and 

ancient alluvial soils laid down by river systems 

(MoWR, 1999), as presented in Table 1. These 

geological materials are responsible for the formation 

of Cambisols, Solonchaks, Vertisols and Solonetz soil 

types, which are the most common soil types in the 

study area (Booker, 2009).  

 
Sugarcane is the main crop grown in this area; while 

fruit trees such as Citrus sinensis (L.), Mangifera 

indica, Citrus limon, and Citrus paradisi are also the 

widely grown horticultural crops (Table 1). This estate 

farm has 10,230 hectares of irrigated land with 

intensive cultivation year-round through full irrigation 

capacity (ESIG, 2023). Irrigation water is drawn from 

the Awash River via two diversion weirs and intake 

head-works located at Metehara (4 m3/s) and Abadir 

(8.3 m3/s) (Awulachew, 2019). The application of 

unmeasured irrigation water to farm land resulted in 

rising groundwater levels close to the surface, making 

farm areas prone to secondary salinization and to poor 

sugarcane plantation (Afework, 2018), as indicated in 

Table 1. In general, a combination of two or more of 

the above factors highly aggravated the distribution of 

salt affected soils. 

 

Site selection, pedon description and soil sampling 

 

The study site was selected purposively because of the 

prevalence of soil salinity and/or sodicity problems. 

Representative pedons were selected based on 

information obtained from the farm manager, and field 

and soil auger observations. Soil auger observations 

were implemented using ‘Edelman auger’ to identify 

variation in soil depth and texture characteristics. 

Points with the same soil depth and texture classes 

were considered as a pedon. Accordingly, two 

representative pedons were excavated for soil profile 

description following the IUSS Working Group WRB 

(2022) standard. Additionally, a total of 270 soil 

samples were collected from three soil depths (i.e., 0-

20, 20-40, and 40-60 cm) from ninety (90) auger 

sampling points after diving the total area, 20250 m2, 

by 225 m2 (i.e., a 15 x 15 m grid cell) (Figure 3).   

 

 
Table 1. Selected site characteristics of representative soil pedons. 

Pedons Coordinates (WGS 84) Altitude 

(m) 

Slope 

gradient 

Parent 

material 

Soil    

drainage 

Land 

use 

Human 

influence 

Soil salinity and/or 

sodicity distribution 

Northing Easting Cover (%) Thickness 

MZ-50-1 8.87991° 39.94957° 968 FS QU PD A FI 61 % C 

MZ-50-2 8.88110° 39.94934° 968 FS QU VPD A FI 70 % C 

FS = Flat Surface; QU = Undifferentiated Quaternary volcanic parent material; PD = poorly drained; VPD = Very 

poorly drained; A = agricultural (horticultural crops); FI = flood irrigation; C = thick 
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Figure 3. Pictorial representation of composite soil sample areas around the pedons (The image used is from Google 

Earth accessed on May 2, 2024). 

 

 

The effect of irrigation water entering and exiting the 

field on the physicochemical characteristics of the soil 

can be observed through the identification of pedons 

MZ-50-1 (from the irrigation water entering side) and 

MZ-50-2 (from the irrigation water exiting side) 

(Figure 3).  There was slightly more soil drainage from 

the irrigation water entering side of the MZ-50-1 

pedon than from the water draining side of the MZ-50-

2 pedon (Table 3). The soil pedons were geo-

referenced using Global Positioning System (GPS). 

Soil samples were separately collected from the entire 

area of identified soil horizons for characterization of 

the salt-affected soils. Undisturbed soil samples were 

also collected using a core sampler to determine bulk 

density. Soil color (dry and moist) was determined 

using the Munsell color chart (Munsell, 2009). Other 

soil morphological features including field texture, 

structure, consistence as well as size and abundance of 

roots were determined following the guidelines for soil 

description (IUSS Working Group WRB, 2022). The 

collected soil samples were then bagged and labelled 

before being transported to the laboratory for further 

analysis.  

 

Laboratory analysis  

 

The soil samples were processed and analyzed using 

standard laboratory procedures at soil and water 

laboratories of Werer Agricultural Research Center 

and Hawassa University. Soil samples were air-dried 

and crushed to pass through a 2 mm sieve for soil 

physicochemical analysis, with the exception for the 

determinations of total N and OC, where the samples 

were further passed through a 0.5 mm sieve.  

 

 

 

 

Soil physical analysis 

 

Particle size distribution was determined by the 

Bouyoucos hydrometer method (Bouyoucos, 1962) 

and the soil textural class was determined using a 

textural triangle (Ditzler et al., 2017). Bulk and 

particle densities were determined by core method 

(Blake and Hartge, 1986) and pycnometer (Blake, 

1965) methods, respectively. The total soil porosity 

was calculated from the values of bulk density (b) and 

particle density (s) (Hillel, 2004). 

 

Total porosity (f) (%)  = [1-
ρ

b

ρ
s

]  x 100  

where; ρb    = bulk density (g cm-3) and ρs    = particle 

density (g cm-3) 
 

Soil-water characteristics were measured at a depth of 

100 cm, which is dependent on the root depth of the 

main crop grown in the study area, such as the 

sugarcane plantation.  Soil-water retention 

characteristics were determined using a sand box (-1 

and -10 kPa) and pressure plate apparatus at different 

potential points (suction heads) to develop soil-water 

retention curve (pF curve) (Hillel, 2004). Water 

retention at field capacity (FC) and permanent wilting 

point (PWP) were measured at -1/3 and -15 bars soil 

water potential, using pressure plate apparatus as 

described by Gupta (2004); and the plant available 

water content (PAWC) was computed by subtracting 

the values of permanent wilting point percentage from 

the field capacity. Saturated hydraulic conductivity 

was determined in field using the Guelph permeameter 

(Model 2800 KI) apparatus (Reynolds and Elrick, 

1985).  

 



Tropical and Subtropical Agroecosystems 28 (2025): Art. No. 106                                                                                               Worku et al., 2025 

6 

The distribution of soil aggregate sizes was 

determined from the dry sieving methods (Elliott, 

1986). Soil samples were collected from the 0-20 cm 

soil layer and air-dried for two weeks before being 

passed through an 8 mm sieve to determine soil 

aggregate sizes after removing coarse plant residues, 

roots, and stones from the prepared soil sample 

(CIMMYT, 2013). Two hundred gram from the 

prepared air-dried soil samples were used for 

determination of soil aggregate size distribution at 

different sieve sizes of   >5, 5-3, 3-2, 2-1, 1-0.5, 0.5-

0.25, 0.25-0.1, 0.1-0.075, and < 0.075 mm. The whole 

series of sieves were mechanically sieved in a shaker 

for 3 minutes at 240 rpm (Børresen and Haugen, 

2003). The mass of aggregates retained on each sieve 

was measured and summarized separately for large 

macro-aggregates (> 2.0 mm), macro-aggregates (size 

2.0 – 1 mm), small macro-aggregates (1–0.25 mm), 

and micro-aggregates (< 0.25 mm) in accordance with 

the categories defined by Briar et al. (2011).  
 
A widely used index for aggregate size distribution of 

salt-affected soils were expressed by the mean weight 

diameter (MWD), and then the mass of aggregate is 

expressed as percentage of the mass of the samples 

taking from the dry sieving (Hillel, 2004). The MWD 

was calculated from dry aggregate separates to get a 

parameter of aggregate size distribution for each 

sample (Hillel, 2004). 

 

MWD = ∑ Xi*Wid

n

i=0

 

 

where, Wid is the weight percentage of each aggregate 

size fraction collected by dry-sieving with respect to 

the bulk soil, and Xi (mm) is the mean diameter of 

each aggregate size fraction. 

 

Soil chemical analysis 

 

Soil reaction (pHe), electrical conductivity (ECe) and 

water-soluble basic cations and anions were 

determined from soil:water ratio used (1:1) saturated 

paste extract following the methods described by 

Allison and Richards (1954) and FAO (1999). Soil 

pHe was measured potentiometrically with a digital 

pH-meter (FAO, 1999) and ECe was measured with a 

digital conductivity meter using the methods described 

in (Allison and Richards, 1954). Organic carbon was 

analysed by wet oxidation method as described in 

(Walkley and Black, 1934). Total N was determined 

by the Kjeldahl wet digestion and distillation method 

(Blake, 1965) and available P was determined by the 

modified Olsen method (Olsen et al., 1954). The ratio 

of C:N was estimated from obtained values of organic 

carbon and total nitrogen. The CEC and exchangeable 

bases were extracted by 1 M ammonium acetate (pH 

7) method (van-Reewijk, 1992) and exchangeable Ca 

and Mg were determined by atomic absorption 

spectrophotometer (AAS), while exchangeable K and 

Na were analyzed by flame photometer. A useful way 

to express the CEC of soils with low organic matter, 

such as our studied soils, is to divide it by the 

concentration of clay in the soil (Landon, 2014).  

 

CEC clay (cmolc/kg) =
 CEC soil    

% of clay 
 *100 

  

Finally, per cent base saturation (PBS) and 

exchangeable sodium percentage (ESP) were 

computed as following: 

 

PBS (%)=
Exchangeable bases (Ca, Mg, K and Na)

CEC 
* 100 

 

ESP (%) =
Exchangeable sodium (Na)  

CEC 
 *100 

  

Where concentrations are in Cmolc kg-1 of soil. 

 

Water soluble basic cations (Ca2+, Mg2+, Na+, and K+) 

and anions (Cl-, SO4
2-, HCO3

-, and CO3
2-) were 

measured from a saturated paste extract following the 

methods described by the US Salinity Laboratory 

(Allison and Richards, 1954). Soluble Ca and Mg were 

determined using AAS while flame photometer was 

used for Na and K measurements. Chloride was 

determined from the soil-saturated paste extract by 

titration against 0.1N AgNO3 solution with potassium 

chromate as an indicator and the concentrations of 

SO4
2- in soils were determined by precipitation as 

barium sulfate (BaSO4) (Allison and Richards, 1954). 

The CO3
- and HCO3

2- ions were determined by 

titrating with sulfuric acid (H2SO4) to phenolphthalein 

and methyl orange endpoints, respectively (Allison 

and Richards, 1954). The sodium adsorption ratio 

(SAR) of the soil solution was calculated from the 

concentrations of soluble Na+, Ca2+, and Mg2+. 

 

SA𝑅 =
Na+ 

√Ca2++Mg2+

2

  

 
Extractable micronutrients (Fe, Mn, Zn, and Cu) of the 

soils were extracted by the diethylene triamine 

pentaacetic acid (DTPA) method as described in 

(Lindsay and Norvell, 1978) and determined using 

AAS. Soil Boron (B) was extracted by hot-water 

method and determined by spectrophotometer (Berger 

and Truog, 1939). Finally, the soils of the study area 

were classified into the different salt-affected soil 

classes based on the criteria established by Allison and 

Richards (1954). 
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Soil type Identification 

 

Based on the site characteristics and field description 

of the soil pedons, a preliminary soil type 

identification was made in the field. Furthermore, soil 

physical, morphological and chemical properties of 

the current study area were used for a precise 

classification of the soil in accordance with the IUSS 

Working Group WRB (2022). 

 

Statistical analysis 

 

Simple descriptive statistics were used to measure the 

variability of the soil properties within the horizons of 

the pedon and standard errors (SE) were used to 

measure the errors. The soil data from laboratory 

analyses were subjected to simple correlation analysis 

to distinguish functional relationships among and 

within selected soil physicochemical properties with 

the help of SAS software (Statistical Analysis System 

(SAS) Institute Inc., 2023). In general, the 

interpretations were made based on critical values for 

the respective parameters. 

 
RESULTS AND DISCUSSION 

 

Morphological properties of the soils 

 

The morphological properties of soils; depth, horizon, 

color, structure, consistence and horizon boundary 

varied between the two pedons (Figure 3). Both 

pedons were greater than 1.85 m deep; though 

groundwater was found below 1.85 m in Pedon MZ-

50-2 (Table 2).  The groundwater level of MZ-50-1 

pedon was deeper than that of MZ-50-02 resulting in 

higher soluble salt accumulation and lower sodium 

risks at surface horizons of the former than the latter 

(Tables 5 and 8), which exhibited higher clay 

dispersion and favored sodium-loving grasses like 

Cynodon dactylon and Cypress grass. In contrast, the 

MZ-50-2 pedon had increased sub-surface salinity due 

to shallow groundwater near the surface and more 

moisture at the surface, which promotes the leaching 

of soluble salts to the lower soil horizons as compared 

to MZ-50-1 pedon (Table 5).  

 

The Ap-Bn-Bkn and Ap-AB-Bkn horizon sequence 

indicates in MZ-50-1 and MZ-50-2 pedons 

respectively, that factors such as irrigation water, 

sugarcane residuals, tillage, drainage, and time have 

contributed to the soil development of this area. 

Similar finding was reported for the same soil 

(Booker, 2009). The formation of A-horizons in the 

soil pedons resulted mainly from the deposition and 

accumulation of pumice gravels and humified organic 

matter from sugarcane residue. It was formed by dense 

subsurface horizons in the soil pedons, particularly the 

Bkn2 and Bkn3 horizons in MZ-50-1 and MZ-50-2, 

due to pedogenic features resulting from translocation 

of soil materials. All horizons in the soil pedons had 

distinct horizon boundaries but the transitions from A 

to B horizons were gradual and diffuse with smooth 

boundaries in the MZ-50-1 and the MZ-50-2 pedons, 

respectively (Table 2). 

 

The soil color (moist) of the surface horizons was very 

dark gray (2.5Y 3/1) for the MZ-50-1 pedon and black 

(10YR 2/1) for the MZ-50-2 pedon (Table 2). 

Similarly, the subsurface horizons of MZ-50-1 pedon 

had soil colors (moist) of dark gray (5Y 4/1) to very 

dark grayish brown (10YR 3/2). whereas the 

subsurface horizons of MZ-50-2 pedon had moist soil 

colors of very dark greenish gray (10Y 3/1) to very 

dark greyish brown (2.5Y 3/2) (Table 2). A brownish 

to black soil color of the studied soils could be due to 

the dispersion of soil organic matter and humic 

substances. Factually, soils with increased sodium 

levels were called black alkali soils for the reason that 

a complex of Na-humic substances resulted in their 

dark color (Rashad et al., 2022). Numerous studies 

confirm that drainage water promote the ability to 

mobilize salts and sodium hazards in the saline-sodic 

soil, directly influencing the soil color (Sharma et al., 

2016; Mohamed, 2017; Choudhury, 2021).  

 

The surface horizons exhibited a weak, very fine 

granular soil structure, whereas different structures 

including weak to moderate grade, medium to very 

fine aggregates and angular and sub-angular blocky 

structures were observed in subsurface horizons 

(Table 2). Similarly, Jafarpoor et al. (2021) reported 

that the structures of surface horizons were weak to 

medium, very fine to coarse granular, and also 

medium subangular blocky in saline-sodic soils of the 

Urmia plain in the Northwest of Iran. Perhaps the EC 

to ESP ratio play an important role in regulating soil 

structure, particularly through their effect on 

cementing agents between soil particles (Odeh and 

Onus, 2008). The weak and small granular structure at 

the surface may indicate the dispersing effect of higher 

sodium content as compared to the subsurface, 

especially in the soil MZ-50-2 pedon (Table 2). In 

general, the EC to ESP ratio showed a stronger 

relationship with soil particle dispersion scores than 

ESP, indicating that soil dispersion can be more 

objectively determined by incorporating the 

correlation between EC and Na+ content (Odeh and 

Onus, 2008; Jafarpoor et al.,  2021). Surface horizons 

in the two pedons showed two to five percent coarse 

fragments by volume, while coarse surface fragments 

showed medium size in the two soil pedons. This 

finding could be attributed to the destructive effect of 

sodium on soil aggregates through the dispersion of 

clay particles, resulted for the reduction coarse 

fragments (Liu and She, 2017).   
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Table 2. Selected morphological properties of the pedons. 

1. Coarse fragment: Size: - M = Medium; F = Fine 

2. Soil structure: Grade: - W = Weak; M = moderate  

                          Size: - VF = Very fine; FI = Fine; ME = Medium 

                                     Type: - GR = Granular; BA =Angular blocky; BS = Sub-angular blocky 

3. Boundary: Distinctness: - C = Clear; G = Gradual; D = Diffuse  

                   Shape: - S = Smooth 

4. Soil consistence: Dry: - LO = Loose; SO = Soft (very weakly coherent and fragile); SH = Slightly hard 

                                         Moist: - LO = Loose; VF = Very friable; FR = Friable  

                                         Wet plastic: - NP = Non-plastic, SP = slightly plastic 

  

               

Horizon Depth (cm) 1Coarse fragment Colour Munsell 2Soil structure 3Boundary 4Soil consistence 

Abun. (%) Size Dry Moist Grade Size Type Distinctness Shape Dry Moist W.  

Pedon 1, MZ-50-1 (from irrigation water on the taking side) 

Ap 0-38 2 M 2.5Y 7/1 2.5Y 3/1 W VF GR C S SO LO SP 

Bn 38-70 0 - 7.5YR 7/1 5YR 4/1 W VF BS G S LO FR NP 

Bkn1 70-150 0 - 2.5Y 8/2 2.5Y 4/1 W VF BS C S LO VF NP 

Bkn2 150-200+ 5 F 7.5YR 7/8 10YR 3/2 M ME BA - - SH FR SP 

Pedon 2, MZ-50-2 (from irrigation water on the draining side) 

Ap 0-23 2 M 10YR 6/1 10YR 2/1 W VF GR C S SO LO SP 

AB 23-40 5 M 2.5Y 6/2 10Y 3/1 W FI BS D S SO VF NP 

Bkn1 40-75 0 - 2.5Y 7/1 2.5Y 3/1 W ME BS C S LO VF NP 

Bkn2 75-155 0 - 10Y 7/1 5YR 4/2 W FI BS C S LO FR NP 

Bkn3 155-185+ 2 F 10YR 5.5/4 2.5Y 3/2 M ME BS - - SH FR SP 
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The surface soil showed a soft consistency when dry, 

a loose consistency when moist, and a slightly plastic 

consistency when wet in the two soil pedons (Table 2). 

Likewise, the subsurface horizons had loose to slightly 

hard (dry), loose to friable soil (moist) and non-plastic 

to slightly plastic (wet) consistence (Table 2). They 

have slightly harder dry soil consistency than other 

surface horizons due to the high clay content in the 

Bkn2 horizon of the MZ-50-2 pedon and the Bkn3 

horizon of the MZ-50-1 pedon. An excess 

concentration of exchangeable calcium or sodium in 

soil colloids affects the degree of cohesion or adhesion 

of the soil mass (Taghizadehghasab et al., 2021). 

Researchers found that friability decreased in high-

sodium soils, like the studied soils, due to poor 

physical properties, such as increased bulk density and 

reduced soil aggregates, leading to loss of workability 

(Liu and She, 2017; Taghizadehghasab et al., 2021). 

 

Soil physical characteristics 

 

Particle size distribution 

 

The sand proportion was the highest in all horizons of 

the soil pedons (Table 3). Accordingly, the textural 

classes of the soils of the study site ranged from sandy 

loam-to-silty clay loam in the two pedons (Table 3). 

The sand and clay contents showed an irregular trend 

with soil depths (Table 3). The possible reason for the 

predominance of sand is due to the pumice material 

deposited by alluvial processes and the removal of 

finer particles by wind showing that these soils are 

shaped by both geological and climatic factors. In line 

with this, Mesfin (1998) and Zewdie (2004) also 

reported that the soils in the Rift Valley areas were 

highly eroded by wind during dry seasons because of 

their low structural stability, weak coherence, low bulk 

density and low moisture retaining capacity.  Hailay et 

al. (2000) and Getahun (2009) observed a similar 

phenomenon in the soils of Abaya Estate Farm in the 

southern Rift Valley of Ethiopia and the Dirma 

Irrigation Project in Dessie Zuria and Kalu districts. 

 

The silt-to-clay ratio in the soil pedons ranged from 

1.01 to 1.50 for the MZ-50-1 pedon and from 1.10 to 

2.84 for the MZ-50-2 pedon (Table 3). The soils in 

both pedons have a silt-to-clay ratio greater than 1.00, 

suggesting the parent material is not overly altered by 

pedogenic processes like chemical weathering 

(Nwaka, 1990; Yakubu and Ojanuga, 2013). This 

could be the case for soils derived from alluvium 

parent materials or soils in environments with 

relatively stable conditions. As van-Wambeke (1962) 

reported, the silt-to-clay ratio of the studied pedons is 

greater than 0.15, indicating a young soil with a high 

degree of weathering potential. 

 

Bulk and particle densities, total porosity, and soil 

water retention 

 

The bulk densities of the soils in both pedons ranged 

from 1.18 to 1.37 g cm-3, but there was no clear trend 

with depth (Table 3). The highest bulk density values 

were recorded in the sub-surface horizons Bkn2 of the 

MZ-50-1 pedon and Bkn3 of the MZ-50-2 pedon 

(Table 3). On the other hand, the bulk density values 

of the surface layers (A horizons) ranged from 1.19 to 

1.25 g cm-3 (Table 3). The bulk density values of the 

surface layers are within an ideal range for plant 

growth in mineral soils in accordance with the rating 

by Hazelton and Murphy (2016). The particle densities 

of soils varied from 2.47 to 2.60 g cm-3 in the two 

pedons (Table 3). Similar to the bulk density, the 

particle density data in the two pedons did not indicate 

a consistent pattern with soil depth. According to 

various literature sources (e.g. Gerrard, 2000; Brady 

and Weil, 2017) indicate that particle density is 

affected by the mineral composition, crystal structure 

of mineral particles, and organic matter content in 

soils. The particle density of most mineral soils ranges 

from 2.60 to 2.75 g cm-3 (Hazelton and Murphy, 

2016); based on this, particle density values of the soil 

in the two pedons were below critical. In general, high 

pumice mineral compositions in the soils of the 

present study might have reduced the bulk and particle 

density values, due to their lightweight and porous 

nature (Arbelo et al., 2006; Bache et al., 2008; 

Panagos et al., 2024). 

 

The soil porosity in the studied soil pedons varied from 

45.63 to 54.09% (Table 3). The variation in total 

porosity could be due to changes in soil bulk and 

particle density values. The lowest soil total porosity 

values were recorded in the subsurface horizons of the 

pedons (Table 3). It is the texture of the soil that 

determines the range of total porosity that is going to 

affect soil properties and root growth. Sands with less 

than 40% pore space can restrict root growth because 

of their excessive strength (Licida et al., 2024). In 

contrast, clay soils can have higher limits on total 

porosity, with values below 50% being a rough 

approximation for restriction, as indicated by (Harrod, 

1975). As a result of the above criteria, the studied 

soils have an optimal soil porosity for root growth. A 

similar result was reported by (Arbelo et al., 2006) in 

pumice-derived saline-sodic soils with Anthracambids 

soil properties on the southeastern slopes of Tenerife 

(Canary Islands).  
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Table 3. Selected physical properties of the studied soils in Metehara Sugar Estate, Central Rift Valley of 

Ethiopia. 

Horizons Depth 

(cm) 

PSD (%) ST Silt/clay SD (g cm-3) TP 

(%) 

SMC (vol.  %) AW 

(mm/m) Sand  Silt Clay BD PD FC PWP 

Pedon 1, MZ-50-1 (from irrigation water on the taking side) 

Ap 0-38 52.93 23.66 23.41 SCL 1.01 1.22 2.60 53.07 28.49 13.55 149.4 

Bn 38-70 59.41 24.06 16.53 SCL 1.45 1.19 2.54 53.15 23.71 10.87 128.4 

Bkn1 70-150 63.26 19.15 17.59 SL 1.09 1.25 2.59 51.74 - - - 
Bkn2 150-200+ 49.98 29.99 20.03 L 1.50 1.34 2.54 47.24 - - - 
Mean 56.40 24.22 19.39 - 1.26 1.25 2.57 51.30 26.10 12.21 138.90 

SE 3.02 2.22 1.53 - 0.12 0.03 0.02 1.39 2.39 1.34 10.50 

Pedon 2, MZ-50-2 (from irrigation water on the draining side) 

  Ap 0-23 45.93 32.04 22.03 L 1.45 1.21 2.47 51.01 28.64 13.42 152.2 

  AB 23-40 46.63 27.90 25.42 SCL 1.10 1.25 2.51 50.20 26.71 12.85 138.6 

Bkn1 40-75 51.78 28.84 19.38 L 1.47 1.18 2.57 54.09 24.65 11.99 126.6 

Bkn2 75-155 53.62 32.00 14.38 SL 2.84 1.31 2.54 48.43 - - - 

Bkn3 155-185+ 44.08 32.18 23.74 L 1.35 1.37 2.52 45.63 - - - 

Mean 48.41 30.59 20.99 - 1.64 1.26 2.52 49.87 26.67 12.75 139.13 

SE 1.82 0.92 1.93 - 0.31 0.03 0.02 1.40 1.15 0.42 7.39 

SE = Standard error; PSD = Particle size distribution; ST = soil texture; SD = soil density; BD = bulk density; PD = 

particle density; TP = total porosity; SMC = soil moisture content; FC = field capacity; PWP = permanent waiting 

point; AW = available water; SCT = silty clay loam; SL= sandy loam; L = loam 

 

 

At field capacity (-33 kPa), the volumetric soil water 

content of the effective root zone for sugarcane ranged 

from 22.71 to 28.64%, whereas it ranged from 10.87 

to 13.55% at permanent wilting point (-1500 kPa) 

(Table 3). According to the correlation analysis (Table 

7), bulk density was significantly correlated with 

water content at field capacity (r=-0.69*) and 

permanent wilting point (r=-0.62*). As bulk density 

decreases and vice versa, this negative correlation 

implies that water retention at these two points 

increases. From the correlation matrix, it is evident 

that bulk density had a less significant effect on water 

content at permanent wilting point. Furthermore, OC 

(r = 0.82** and r = 0.71**) were strongly associated 

with field capacity and permanent wilting point soil 

water content, respectively, but ESP (r = -0.73* and r 

= -0.62*) had a negative correlation with field capacity 

and permanent wilting point soil water content 

respectively (Table 7). Soil organic carbon and ESP 

influenced soil water retention, especially high affect 

water on content at field capacity due to their 

hydrophilic and hydrophobic properties, as well as 

their respective positive and negative effects on soil 

structure (Singh et al., 2023).  

 

The available water holding capacity, between FC and 

PWP, of the surface layers were 149.4 mm m-1 for the 

MZ-50-1 pedon and 152.2 mm m-1 for the MZ-50-2 

pedon (Table 3). Thus, as soil textures become finer, 

the amount of potentially plant-available water 

increases, particularly in soils containing silt plus clay. 

The available water of the subsurface layers 128.4 mm 

m-1 for the MZ-50-1 pedon and 126.6 to 138.6 mm m-

1 for the MZ-50-2 pedon (Table 3). The soils of the two 

pedons were categorized as medium (120 - 180 mm m-

1) according to Landon (2014) established irrigation 

suitability ratings. 

 

The soil water retention characteristic curves for the 

two soil pedons, the volumetric water contents at 

different heads were plotted against the specific matric 

potential values as indicated in the Figure 4. The 

dehydration process showed that the soil water 

contents decreased as the matric suction increased in 

the two pedons. In the lower suction range (pF <1), the 

soil water retention capacity was non-significantly 

changed between soil horizons of the two pedons, 

whereas in the higher suction range (pF = 1.7–2.5), the 

soil water retention capacities were changed among 

soil horizons of the two pedons (Figure 4). Overall, the 

soil water retention capacities of the MZ-50-1 pedon 

were relatively higher than those of the MZ-50-2 

pedon in most of soil horizons under a given matric 

suction in the lower matric suction range. In contrast, 

the higher matric suction region of soil water retention 

capacities in the MZ-50-1 pedon sharply declined than 

in the MZ-50-2 pedon in most soil horizons. In 

general, at high matric potentials, soil water retention 

increased with increasing ESP because sodium 

disperses soil particles, resulting in increased 

interlayer and adsorptive surfaces (Chaganti and 

Crohn, 2015). This result could be associated with 

sodium's deteriorating effect on soil structure, which 

causes clay particles to disperse and reduce structural 

stability.
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Figure 4. Soil-water retention characteristic curves of the MZ-50-1 (A) and the MZ-50-2 (B) soil pedons. 

 

 

Soil aggregate and hydraulic conductivity 

 

Soil grain sizes less than 2 mm dominated the 

aggregate size distribution in the topsoil (0 – 20cm) of 

the two pedons (Figure 5). Based on aggregate size 

categories defined by (Briar et al., 2011), the large 

macro-aggregates (size > 2.0 mm) ranged from 14.80 

to 16.03% and the macro-aggregates (size 2.0 – 1 mm) 

varied from 18.18 to 21.90% (Figure 5). Similarly, the 

small macro-aggregate (1 – 0.25 mm) ranged from 

37.12 to 41.80%, while the micro-aggregate, silt, and 

clay fractions (<0.25 mm) ranged from 24.95 to 

25.19% (Figure 5). The small aggregate size (< 1 mm) 

in the surface soils accounted for 62.07 to 67.00%, 

which was greater than the large aggregate size (> 1 

mm) that accounted for 33.00% to 37.93%. This could 

be due to the higher ESP value (Table 8) which was 

large enough to cause pronounced dispersion in the 

topsoils of the two pedons. In addition, the studied 

soils have low clay and organic matter contents, which 

resulted in weakly cemented soil particles and 

formation of soil aggregates. Several works studying 

the distribution of organic matter at different soil 

aggregate size fractions confirmed these conclusions 

(Okolo et al., 2020; Cao et al., 2021; Du et al., 2022) 

as well as the clay content affecting aggregate size 

(Biesgen et al., 2020; Zhai et al., 2021). 

 

 
Figure 5. The dry sieve fractions of soil aggregate size of two surfaces (0–20 cm) soils from Metehara sugar estate 

farm.  
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The mean weight diameters (MWD) of soil aggregate 

size of the two top soils (0-20 cm) ranged from 1.46 

mm for Pedon MZ-50-2 to 1.55 mm for Pedon MZ-

50-1 (Table 4).  Results showed that MWD decreased 

with increasing ESP due to negative effects of sodium 

on soil structure in agreement with (Emdad et al., 

2004); while increasing of EC diminished the effect of 

the ESP and increased soil structural stability. Studies 

conducted by Emdad et al. (2004), Gorakhki (2015) 

and Taghizadehghasab et al. (2021) showed that an 

increase in ESP to EC ratio results in the reduction of 

macroaggregates. For example, the lowest values of 

MWD (0.210 mm and 0.293 mm in sandy loam and 

clay loam soils, respectively) were observed in the 

soils treated with EC 0.2 dS m−1 and SAR 12 due to 

higher presence of sodium (Taghizadehghasab et al., 

2021). In general, MWD in dry-sieved aggregate 

indicates the soil's relative stability to external factors 

such as high sodium hazards and low organic carbon 

and clay content. 

 

The saturated hydraulic conductivity (SHC) of the 

upper 20 cm soil depth ranged from 3.74 μm s-1 for 

Pedon MZ-50-2 to 4.86 μm s-1 for Pedon MZ-50-1 

(Table 4).  Based on USDA-NRCS (2020) soil health 

classification system, the topsoil (0-20 cm) of the two 

pedons had moderately slow flow. This might have 

been due to slaking of the detached heavy texture 

particles and the breakdown resulting in the clogging 

of pores to some extent during flow (Hillel, 2004), 

increasing the resistance to water flow into the soil 

pore spaces. Additionally, the studied soil had a high 

ESP/ECe ratio that ensures soil dispersion, which 

resulted in markedly decreased saturated hydraulic 

conductivity values (Bache et al., 2008). In general, 

several researchers (Hillel, 2004; Bache et al., 2008) 

found the similar results with the current finding.  

 

 

Table 4. Mean weight diameter (MWD) and 

saturated hydraulic conductivity (SHC) of two 

surfaces soils from Metehara sugar estate farm. 

Pedon Soil 

depth 

(cm) 

Mean 

weight 

diameter 

(mm) 

HC  

(μm s-1) 

MZ-50-1 0-20 1.55 4.86 

MZ-50-2 0-20 1.46 3.74 

Mean  1.51 4.30 

SE  0.05 0.56 

SE = Standard error 

 

 

Soil chemical properties 

 

Soil reaction (pHe) and electrical conductivity 

(ECe) 

 

The pHe values (1: 1) soil to water ratio of saturated 

soil paste extracts differed across soil horizons of the 

two soil pedons (Table 5). Based on the rating by Jones 

(2003), the pHe of the surface soil of the MZ-50-1 

(8.22) and MZ-50-2 pedons (8.18) were moderately 

alkaline. In similar rating, the pHe of the sub-surface 

soils ranged from moderately alkaline to strongly 

alkaline in the MZ-50-1 soil pedon while the range 

was from slightly alkaline to moderately alkaline in 

the MZ-50-2 pedon (Table 5). 

 

  

Table 5. Soil reaction (pHe), electrical conductivity (ECe), water-soluble cations (Ca2+, Mg2+, K+ and Na+) and 

anions (CO3
2-, HCO3

-, SO4
2- and Cl-) and sodium adsorption ratio (SAR) of the soils of Metehara sugar estate. 

Horizon Depth 

(cm) 

pHe ECe 

(dS m-1) 

Soluble cations (meq/l) Soluble anions (meq/l) SAR 

Ca2+ Mg2+ Na+ K+ CO3
2- HCO3

- Cl- SO4
2- 

Pedon 1, MZ-50-1 

Ap 0-38 8.22 13.64 5.99 0.66 28.77 1.00 0.88 20.67 73.22 39.02 22.30 

Bn 38-70 8.54 9.51 3.25 0.77 34.17 0.82 0.91 8.82 67.50 37.50 34.08 

Bkn1 70-150 9.05 10.47 2.78 0.25 27.96 0.54 1.00 9.53 54.50 29.83 32.12 

Bkn2 150-200+ 8.33 12.60 3.67 0.15 32.01 0.79 0.64 10.84 84.73 44.49 31.76 

Mean 8.54 11.56 3.92 0.46 30.73 0.79 0.86 12.47 69.99 37.71 30.07 

SE 0.18 0.95 0.71 0.15 1.44 0.09 0.08 2.77 6.28 3.03 2.64 

Pedon 2, MZ-50-2 

Ap 0-23 8.18 10.43 4.65 0.41 34.51 1.33 0.85 16.96 82.64 61.67 30.68 

AB 23-40 8.45 11.80 4.82 0.67 42.37 0.84 0.84 9.57 72.40 46.93 36.17 

Bkn1 40-75 8.09 13.58 6.07 0.25 36.30 0.63 0.46 4.09 51.90 31.58 28.88 

Bkn2 75-155 8.08 13.06 1.80 0.17 21.15 0.94 0.52 5.53 68.25 44.50 30.13 

Bkn3 155-185+ 7.81 14.05 2.17 0.12 17.43 0.56 0.78 6.12 79.10 74.73 23.04 

Mean 8.12 12.58 3.90 0.32 30.35 0.86 0.69 8.45 70.86 51.88 29.78 

SE 0.10 0.66 0.82 0.10 4.74 0.14 0.08 2.31 5.36 7.45 2.10 

SE = Standard error  
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A slightly lower alkaline pHe was recorded in the sub-

surface of MZ-50-2 pedon, the irrigation water 

exiting/draining side, compared to MZ-50-1 pedon, 

the irrigation water entrance side. The main reason for 

the lower pHe value could be due to high moisture 

throughout the whole soil horizons of MZ-50-2 pedon 

and shallow ground water as compared to MZ-50-1 

pedon. This promotes leaching of soluble salt in the 

bottom soil depth and leached soluble salt 

accumulation in the groundwater (Gebrekidan, 1985), 

lowering the pHe of MZ-50-2 pedon soil, as compared 

to the MZ-50-1 pedon.  

 

This might also be attributed to the relatively high 

amount of sodium compared to the other basic cations 

such as Ca2+ and Mg2+, which was expressed as an 

increase in ESP or SAR value with an increase in soil 

pHe, especially in the subsurface of MZ-50-1 pedon.  

Pearson’s correlation matrix also showed soil reaction 

(pHe) was significantly and positively correlated with 

ESP (r = 0.62*) (Table 7), whereas it was negatively 

correlated with ECe (r = -0.63*). The results of this 

study were in agreement with those reported by 

different authors (Ghafoor et al., 2004; Mukungurutse 

et al., 2018).  
 

The electrical conductivity (ECe) of the soils 

determined in 1 to 1 (soil water ratio of saturated paste 

extract) is the most commonly used method for 

determining salt in soils. The ECe of the soils ranged 

from 9.51 to 14.05 dS m-1 (Table 5). According to the 

rate developed by (FAO, 1988), the soil ECe values 

obtained from the two studied pedons were classified 

as high to very high soil salinity class for most crops. 

The ECe values decreased irregularly with depth in the 

soil of MZ-50-1 pedon but increased with depth in the 

soil of MZ-50-2 pedon.  

 

This high ECe is exacerbated by poor irrigation 

practices, unmeasured and excess application of 

irrigation water, and a lack of an appropriate drainage 

system, which resulted in rising groundwater levels 

close to the surface, making farm areas vulnerable to 

secondary salinization. Furthermore, the expansion 

and intrusion of Lake Beseka, which is sodic (Na 1758 

to 1196.3 mg/l) and saline (EC 4934.2 to 6745.0 

μs/cm) at different flow rate (Shishaye and Asfaw, 

2020), into the Metehara estate farm might have 

resulted in the formation and expansion of salt-

affected soils, primarily in the Abadir and northern 

sections of the estate farm (Booker, 2009; Afework, 

2018).  

 

Organic Carbon, Total Nitrogen, Carbon to 

Nitrogen Ratio and Available Phosphorus 

 

The soil organic carbon (OC) content in the 0 to 75 cm 

depth of the two pedons ranged from 0.98 to 2.04% 

(Table 6). Based on classifications by Tadese (1991), 

the soil organic carbon contents in the pedons could be 

classified as low to medium. In the topsoil, the MZ-

50-2 pedon had higher soil organic carbon content 

when compared to the MZ-50-1 pedon. This is due to 

the substantially increased sodicity of the MZ-50-2 

pedon in the topsoil layer, which might have induced 

soil particle dispersion and anaerobic conditions, 

lowering oxidation of organic matter and increased 

soil organic carbon.  

 

  

Table 6. Organic carbon (OC), total nitrogen (TN), carbon to nitrogen ratio (C:N), and available phosphorus 

(Av. P) contents of the soils of Metehara sugar estate. 

Horizon Depth (cm)  OC (%) TN (%) C:N Av. P (mg kg-1) 

Pedon 1, MZ-50-1 

Ap 0-38 1.62 0.123 13.11 6.75 

Bn 38-70 0.98 0.078 12.56 5.24 

Bkn1 70-150 0.47 0.037 12.70 4.37 

Bkn2 150-200+ 0.52 0.048 10.83 3.92 

Mean 0.90 0.07 12.30 5.07 

SE 0.27 0.02 0.50 0.62 

Pedon 2, MZ-50-2 

Ap 0-23 2.04 0.150 13.60 7.58 

AB 23-40 1.53 0.131 12.75 6.92 

Bkn1 40-75 0.98 0.089 11.01 5.84 

Bkn2 75-155 0.79 0.078 10.13 5.98 

Bkn3 155-185+ 0.58 0.053 10.94 4.85  

Mean 1.18 0.10 11.69 6.23 

SE 0.27 0.02 0.64 0.47 

SE = Standard error  
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Table 7.  Pearson’s correlation matrix for various soil physicochemical parameters. 

 BD FC  PWP pHe ECe Ex. Ca Ex. Mg Ex. K ESP OC TN Av. P  CEC Fe  Cu  Zn  Mn 

BD 1                  

FC  -0.69* 1                

PWP -0.62* 0.78** 1               

pHe -0.31NS -0.52NS -0.44NS 1              

ECe 0.47NS 0.63* 0.45NS -0.63* 1             

Ex. Ca -0.63* 0.84** 0.63* -0.51NS 0.69* 1            

Ex. Mg -0.51NS 0.42NS 0.50NS 0.02NS -0.34NS 0.67* 1           

Ex. K -0.35NS 0.57* 0.64* -0.17NS 0.56NS 0.64* 0.67* 1          

ESP 0.65* -0.73* -0.62* 0.62* -0.40NS -0.61NS -0.19NS -0.55NS 1         

OC -0.59NS 0.82** 0.71* -0.15NS -0.61NS 0.65* 0.61NS 0.69* -0.69* 1        

TN -0.57NS 0.67** 0.60NS -0.21NS -0.63* 0.62* 0.59 NS 0.73* -0.66* 0.96** 1       

Av. P  -0.54NS 0.59NS 0.66* 0.77* -0.50NS 0.55NS 0.67* 0.60NS 0.64* 0.74* 0.67* 1      

CEC -0.71* 0.80** 0.74* -0.06NS -0.46NS 0.86** 0.59NS 0.64* -0.05NS 0.68* 0.61NS 0.76* 1     

Fe  -0.71* 0.68* 0.58NS -0.36NS -0.35NS 0.70* 0.49NS 0.60NS -0.26 NS 0.73* 0.72* 0.65* 0.67* 1    

Cu  -0.64* 0.71* 0.65* -0.47NS -0.29NS 0.61NS 0.54NS 0.65* -0.54 NS 0.68* 0.63* 0.59NS 0.62* 0.74* 1   

Zn  -0.46NS 0.77* 0.80** -0.32NS -0.09NS 0.69* 0.38NS 0.61NS -0.11 NS 0.78** 0.66* 0.53NS 0.67* 0.71* 0.67* 1  

Mn -0.57NS 0.48NS 0.37NS -0.63* -0.25NS 0.46NS 0.54* 0.55NS -0.14 NS 0.65* 0.59NS 0.48 NS 0.63* 0.46NS 0.71* 0.79** 1 

* = significant at P < 0.05; ** = significant at P < 0.01; NS = non-significant; BD = bulk density; FC = field capacity; PWP = premiant waiting point; ECe = Electrical 

conductivity; Ex. Ca = exchangeable calcium; Ex. Mg = exchangeable magnesium; Ex. K = exchangeable potassium; ESP = Exchangeable sodium percentage; OC = 

organic carbon; TN = total nitrogen Av. P = Available phosphorus; CEC = Cation exchange capacity; Fe = Iron; Mn = manganese; Zn = Zinc and Cu = Cupper. 
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The results of this research were consistent with the 

review paper by (Datta et al., 2019) in the major salt-

affected soils of irrigated areas around the world. Soil 

organic carbon decreased with increasing depth in the 

studied pedons, with the exception of the top layer of 

the soil MZ-50-1 pedon (Table 6). In general, the study 

soils are severely affected by salinity and/or sodicity, 

which reduces plant growth and root biomass. 

Additionally, complete removal of sugarcane residue 

result in a decrease of soil organic carbon (Datta et al., 

2019). The findings of this study are in agreement with 

the results reported by van-Noordwijk et al. (1997) 

and Datta et al. (2019). 

 

The total nitrogen in the soils of the two pedons ranged 

from 0.037 to 0.15%, indicating that the soils have low 

total nitrogen contents (EthioSIS, 2014). It was also 

observed that the total nitrogen content of both soil 

pedons decreased with depth, as was the case with soil 

organic carbon (Table 6). As indicated in Table 7, TN 

is positively correlated with OC (𝑟 = 0.96, 𝑝 < 0.001) 

and clay content (𝑟 = 0.65, 𝑝 < 0.05) but negatively 

correlated with ECe (𝑟 = -0.63, 𝑝 < 0.05) and ESP (𝑟 

= -0.66, 𝑝 < 0.05). The main reasons for the low N 

status of the soils of the study areas could be due to i) 

volatilization loss of N in the form of ammonia which 

is likely to occur in alkaline soils (Wu et al., 2023); ii) 

low input of organic matter in salt-affected soils (Rao 

and Batra, 1983); iii) high leaching losses of N in the 

form of NO3 under saline soil (Nacide et al., 2013); iv) 

induced biological stress on microbial assemblages 

that resulted in smaller and less efficient microbial 

communities for nitrogen mineralization (Zhang et al., 

2023).  

 

The present finding is supported by different reports 

(Rao and Batra, 1983; Nacide et al., 2013; Zhang et 

al., 2023). Soils with high salt content like the studied 

soils can indeed lead to a nitrogen deficiency for crops. 

Soils with less than 0.07% total N tend to have limited 

potential for nitrogen mineralization, while significant 

amount of nitrogen mineralization for the next crop 

cycle would likely occur in those exceeding 0.15% TN 

(Hartz, 2007). Based on this, it seems that the studied 

soils fall within the low nitrogen mineralization 

potential range. Thus, devising an appropriate strategy 

to supply nitrogen fertilizer is crucial for supporting 

and enhancing crop productivity in such challenging 

soil conditions.  

 

The carbon to nitrogen ratio (C:N) showed narrow 

variation among the soils of the two pedons (Table 6). 

In general, the C:N values were between 10.13 and 

13.60 showing an optimal range of mineralization 

accordance with the ratings of (Brust, 2019). 

However, there is an irregular variation in the carbon-

to-nitrogen ratio (C:N) with increasing soil depth, 

indicating that the recognized horizons are subjected 

to different conditions of mineralization (Table 6). 

This is similar to the findings by Gebrekidan and 

Negassa (2006) where the C:N ratio varied markedly 

with increasing soil depth. High concentrations of salts 

in soils results in decreased microbial respiration 

which alters microbial nitrogen (N) and carbon (C) 

mineralization (Pathak and Rao, 1998; Yousif and 

Mubarak, 2009).  

 

The available phosphorus content of the soils in the 

pedons ranged from 3.92 to 7.58 mg kg−1 (Table 6), 

indicating a low available P content the soils across 

horizons (Cottenie, 1980). Available P content showed 

non-systematic patterns of distribution with depth and 

did not show any clear pattern of variability among 

soils of studied pedons. This low phosphorous content 

in the soils could be due to lack of phosphorus fertiliser 

application and complete removal of sugarcane 

residues from the fields for more than 55 years. In 

addition, the studied soils were derived from extrusive 

volcanic materials like pumice that can have very high 

phosphate-fixation properties (Rechberger et al., 

2021). The findings of this study are in line with the  

reports by Havlin et al. (1999) and Booker (2009). The 

low P content of the soils could be one of the major 

soil fertility limiting factors in the area. Therefore, any 

economical agricultural production would require 

raising the available P content of the soils through 

various P management methods, such as fertilization 

and/or organic material applications. 

 

Cation exchange capacity, exchangeable bases, and 

base saturation 

 

The cation exchange capacity (CEC) of the soils in the 

two pedons ranged from 11.23 to 24.39 Cmolc kg-1 

(Table 8). The CEC of the soils generally showed 

decreasing trend with soil depth in both pedons. 

Similar results were reported by Gao and Chang 

(1996) from the same site. The soils in the pedons have 

higher proportions of sand than clay particles, 

resulting in lower negatively charged sites that 

facilitate the adsorption and retention of cations. The 

low organic matter content observed in the studied 

soils (Table 6) also leads to a decrease in negatively 

charged sites. Based on the rating by Hazelton and 

Murphy (2016), the CEC values of the studied soils 

could be classified as low to medium, which result in 

poor to medium nutrient retention and buffering ability 

of the soils. On the other hand, the CEC of the clay 

varied from 58.34 to 117.79 cmolc kg−1, indicating a 

higher proportion of 2:1 clay minerals, most likely 

sodium and calcium montmorillonite, as suggested by 

Ismadji et al. (2015). Generally, CEC clay is a very 

important soil property influencing soil structure 

stability, nutrient availability, soil pH, and the soil’s 

reaction to fertilizers and other ameliorants (Hazelton 

and Murphy, 2016). 
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Table 8. Cation exchange capacity (CEC), exchangeable bases (Ca, Mg, K and Na), Ca:Mg, K:Mg, ESP and 

base saturation of soils in the pedons of Metehara sugar estate. 

Horizon Depth 

(cm) 

CEC (cmolc·kg−1)  Ex. basic cations (cmolc·kg−1) Ca:Mg K:Mg ESP 

(%) 

PBS 

(%) Soil Clay Ca Mg Na K 

Pedon 1, MZ-50-1 

Ap 0-38 21.85 93.77 11.45 1.92 6.19 1.77 6.00 0.91 28.41 97.61 

Bn 38-70 19.47 117.79 9.01 1.88 7.25 0.87 4.79 0.46 37.24 97.64 

Bkn1 70-150 12.89 73.28 5.98 1.02 4.46 0.76 5.86 0.75 34.60 94.80 

Bkn2 150-200+ 14.31 71.44 6.30 1.15 5.24 0.95 5.48 0.83 36.62 95.32 

Mean 17.13 89.07 8.19 1.49 5.79 1.09 5.53 0.74 34.22 96.34 

SE 2.12 10.83 1.28 0.24 0.60 0.23 0.27 0.10 2.02 0.75 

Pedon 2, MZ-50-2 

Ap 0-23 24.39 110.71 12.51 1.97 7.98 1.44 6.35 0.73 32.72 97.99 

AB 23-40 22.34 87.88 10.27 1.47 9.03 1.16 6.99 0.79 40.42 98.16 

Bkn1 40-75 19.81 102.22 8.66 1.63 6.13 0.95 5.31 0.58 30.94 87.68 

Bkn2 75-155 11.23 78.09 4.97 1.00 3.39 0.83 4.97 0.83 30.19 90.74 

Bkn3 155-185+ 13.85 58.34 7.18 0.84 4.10 0.73 8.55 0.87 29.60 92.78 

Mean 18.32 87.45 8.72 1.38 6.13 1.02 6.43 0.76 32.77 93.47 

SE 2.50 9.20 1.29 0.21 1.08 0.13 0.64 0.05 1.98 2.05 

SE = Standard error  

 

 

The results revealed that the contents of exchangeable 

Ca and Mg varied from 4.97 to 12.51 and 0.84 to 1.97 

cmolc kg−1, respectively, whereas exchangeable K 

varied from 0.73 to 1.77 cmolc kg−1 (Table 8). 

According to the ratings established by FAO (2006), 

the exchangeable Ca and Mg contents of the soils in 

the pedons could be classified as medium to high and 

low to medium, respectively, whereas that of K could 

be categorised as high to very high. The variation in 

exchangeable basic cations in the soils might have 

been due to the differences in clay minerals and soil 

organic carbon contents (Brady and Weil, 2017). Also, 

the combination of volcanic materials (per-alkaline in 

composition plus ancient alluvial soils) for soil 

formation and the aridity (high evapotranspiration 

exceeding rainfall) of weather conditions could be 

responsible for net accumulation rather than leaching 

of cations. 

 

The exchangeable basic cations on the soil matrix 

were in the order Ca > Na > Mg > K, and the amount 

of exchangeable sodium is greater than 15% of the 

cation exchangeable sites, resulting in poor soil 

structure (Yang et al., 2023). The Ca:Mg ratio ranged 

from 6.00 to 6.35 in the surface soils (Table 8). In 

general, Ca:Mg ratio above 5:1 may induce Mg 

deficiency while values lower than 3:1 may result in 

Ca deficiency while both inhibit P availability 

(Hazelton and Murphy, 2016; Kibret et al., 2023). On 

the other hand, K:Mg ratio of the soil ranged from 0.46 

to 0.91 (Table 8). According to (Loide, 2004), a K:Mg 

ratio greater than 0.70 threshold  indicates the presence 

of an adequate amount of potassium in the soil to meet 

its requirement for plant growth. 

 

The exchangeable sodium constituted more than 28% 

of the cation exchangeable capacity across the studied 

soil pedons (Table 8) surpassing the critical threshold 

of 15%. According to (Hazelton and Murphy, 2016) 

classification system, there exists a serious sodicity 

problem in the studied soils. The percent base 

saturation (PBS) in the soil pedons ranged between 

87.67 to 98.16 % (Table 8).  This high base saturation 

is likely due to less precipitation compared to 

evapotranspiration at the site, causing an accumulation 

of basic cations in the upper soil layers. Based on 

(Brady and Weil, 2017) ratings, the PBS of the soils is 

very high indicating low level of basic cations 

leaching owing to lack of quality irrigation water.  

 

Water-soluble cations, anions and sodium 

adsorption ratio (SAR) 

 

Sodium was the dominant water-soluble cation 

followed by calcium, potassium and magnesium in 

decreasing order in all horizons of the pedons (Table 

5). Similarly, Cl− was the dominant anion throughout 

the pedons followed by SO4
2-, HCO3

− and CO3
2- (Table 

5). The consistent increments of Cl−, SO4
2- and HCO3

− 

anions matched with ECe and soluble Na in the MZ-

50-1 and MZ-50-2 soil pedons (Table 5). Chloride, 

sulphate and bicarbonate anions as well as sodium and 

calcium cations were the major contributor ions for the 

development of salinity and/or sodicity in the studied 

soils of Metehara sugar estate.  

 

The sodium adsorption ratio (SAR) is a useful index 

of the soil sodicity in terms of the relative 

concentration of water soluble sodium to the 

proportions of water soluble calcium and magnesium 

concentrations in soil solution (Gregorich and Carter, 
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2007). The amount of SAR in soil-saturated paste 

extract ranged from 22.30 to 36.17 (Table 5). The SAR 

values across the studied pedons were greater than the 

critical threshold (Brady and Weil, 2017). This results 

in dispersion of soil particles and preventing the 

formation of soil aggregates (Hazelton and Murphy, 

2016).  

 

Micronutrients 

 

The available micronutrient contents (Fe, Mn, Zn, Cu, 

and B) of the soil decreased irregularly with soil depth 

in the pedons (Table 9). In accordance with the ratings 

of Jones (2003), the concentrations of available 

micronutrients were: Fe low to medium; Mn low to 

very low; Zn low to very low; Cu low to medium and 

B medium to high (Table 9). The deficiencies of Fe, 

Mn, Cu, and Zn are commonly associated with high 

soil alkalinity and low soil organic matter, as well as 

excessive irrigation, prolonged wet soil conditions, 

poor drainage, and soil salinity (Daba, 2015). 

Mohiuddin et al. (2022) reported similar results and 

showed the significant influence of soil texture, 

alkalinity, organic matter, exchangeable sodium 

percentage and salinity on the available and mobility 

of micronutrients in salt affected soils within the arid 

and semiarid agricultural regions of Pakistan.  

 

The deficiency of the micronutrients might have also 

resulted from the absence of micronutrient in the 

fertilizers used, alongside their continuous removal by 

sugarcane biomass for more 55 years. Sugarcane 

plantations have specific micronutrient requirements, 

such as 6 to 10 kg ha-1 Fe, 2.5 to 6 kg ha-1 Cu, 3 to 6 

kg ha-1 Mn, and 5 to 8 kg ha-1 Zn to achieve optimal 

production (Spironello et al., 1997; Calheiros et al., 

2007; Penatti, 2013). On the other hand, the amount of 

B in the studied soil pedons was sufficient for 

supporting plant growth. High B concentrations occur 

in salt affected soils of arid and semiarid regions with 

limited rainfall that restricts leaching as was also 

reported by different authors (Vijayakumar et al., 

2011; Mohiuddin et al., 2022) in different salt-affected 

soils of arid and semiarid agricultural areas. 

 

Available micronutrient concentrations (Fe, Cu, Mn, 

Zn, and B) declined with increasing soil depths of the 

studied pedons (Table 9) corroborating previous 

findings (Macedo et al., 2017; Dhaliwal et al., 2022). 

This could be attributed to the declining OC with soil 

depth (Table 6). A positive significant correlation was 

also observed between all micronutrients with soil OC 

and CEC (Table 7).  
 
Salinity and Sodicity Characteristics of Soils 

 

Salt-affected soils have high levels of soluble salts, 

exchangeable sodium, or both, necessitating special 

remedial measures and management practices 

(Ghafoor et al., 2004). Salt-affected soils are in 

general classified as; saline, sodic or saline-sodic, 

based on their respective electrical conductivity (ECe) 

and sodium adsorption ratio (SAR) of the saturated 

paste extracts or the sodium on the exchange sites 

(exchangeable sodium percentage, ESP) (Allison and 

Richards, 1954; FAO, 1988). Accordingly, the soils in 

the study area are saline-sodic, with ECe and ESP 

values greater than 4 dS m-1 and 15%, respectively, in 

all horizons of the two pedons (Table 10).  

 

 

Table 9. Available micronutrients (Fe, Mn, Zn Cu, and B) contents of soils of Metehara sugar estate. 

Horizon Depth (cm) Available soil micronutrients (mg kg-1) 

Fe Mn Zn Cu B 

Pedon 1, MZ-50-1 

Ap 0-38 10.67 7.94 0.98 3.05 2.33 

Bn 38-70 7.80 6.80 0.74 1.86 1.43 

Bkn1 70-150 5.92 5.34 0.52 2.10 2.08 

Bkn2 150-200+ 6.13 4.12 0.63 0.94 1.17 

Mean 7.63 6.05 0.72 1.99 1.75 

SE 1.10 0.83 0.10 0.43 0.27 

Pedon 2, MZ-50-2 

Ap 0-23 13.11 5.52 0.96 2.67 2.36 

AB 23-40 10.57 6.10 0.88 1.93 2.89 

Bkn1 40-75 11.09 3.08 0.53 1.98 1.71 

Bkn2 75-155 7.22 3.72 0.47 1.32 0.98 

Bkn3 155-185+ 5.35 2.35 0.56 1.67 1.34 

Mean 9.47 4.15 0.68 1.91 1.86 

SE 1.40 0.72 0.10 0.22 0.34 

SE = Standard error 
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Table 10. Characterization of salt affected soils of Metehara sugar estate. 

Horizon Depth (cm) pHe ECe ESP SAR Salt affected soils classes 

Pedon 1, MZ-50-1 

Ap 0-38 8.22 13.64 28.41 22.30 Saline-sodic soils 

Bn 38-70 8.54 9.51 37.24 34.08 

Bkn1 70-150 9.05 10.47 34.60 32.14 

Bkn2 150-200+ 8.33 14.60 36.62 31.77 

Mean  8.54 11.56 34.22 30.07  

SE  0.18 0.95 2.02 2.64  

Pedon 2, MZ-50-2 

Ap 0-23 8.18 10.43 32.72 30.68 Saline-sodic soils 

 

 

AB 23-40 8.45 11.80 40.42 36.17 

Bkn1 40-75 8.09 13.58 30.94 28.88 

Bkn2 75-155 8.08 12.06 32.29 30.13 

Bkn3 155-185+ 7.81 14.05 29.60 23.04 

Mean  8.12 12.58 32.77 29.78  

SE  0.10 0.66 1.98 2.10  

SE = Standard error 

 

 

Identification of the Soil Types of Metehara sugar 

estate 

 

The soil types of the study area were identified 

according to IUSS Working Group WRB (2022). The 

morphological properties in the field description and 

the physicochemical analysis results of the samples 

collected from every identified horizon were used for 

the grouping. The surface soil of the two pedons 

exhibited a very fine aggregate size with a granular 

structure. The surface soil texture of the two pedons 

varied from silty clay loam to loam, with clay content 

greater than 10% and 3% above that of the layer 

directly buried by the layers. The topsoil of the two 

pedons had a soil organic carbon content of ≥ 0.3% 

with a weighted average of ≥ 0.5% soil organic carbon 

with the land surface being raised and a thickness of 

20 cm. The surface layers of the MZ-50-2 and MZ-50-

1 soil pedons meet the criteria for the Irragric 

diagnostic horizon and no diagnostic horizon, 

respectively. 

Subsurface horizons of both pedons on the irrigation 

water entering side (MZ-50-1 pedon) and the water 

draining side (MZ-50-2 pedon) were greater than 15 

cm in thickness, with sandy loam-to-silty-clay-loam 

soil texture and having in 50% of the layer soil 

aggregate structure. The subsurface horizon of the 

MZ-50-1 soil pedon has a saturation extract pHe ≥ 8.5 

and ECe ≥ 8 dS m-1, measured at 25 °C. The 

subsurface layers of the MZ-50-1 soil pedon meet the 

criteria for the Salic diagnostic horizon, identifying it 

as a Solonchak soil type (IUSS Working Group WRB, 

2022). While the subsurface soil layers of the MZ-50-

2 pedon also exhibited more than 1 unit value and 

chroma of Munsell color (moist) over 90% of their 

exposed moisture surface area than that of the 

overlying layer. As a result of the subsurface layers of 

MZ-50-2 soil pedon fulfilling the criteria for the 

Cambic diagnostic horizon, it is classified as a 

Cambisol (IUSS Working Group WRB, 2022). 

 

The soil texture in the two pedons ranged from sandy 

loam to silty clay loam, with a thickness of ≥ 30 cm 

found within 100 cm of the mineral soil surface. The 

soil in both pedons contained more than 15% Na plus 

Mg and more than 6% Na in the exchange complex, 

with a thickness of the mineral soil surface greater than 

20 cm. Additionally, the ECe of the soils is greater 

than 4 dS m-1 within 100 cm of the soil surface, and 

the soil has a thickness is greater than 10 cm, 

beginning at the surface and homogenized through 

ploughing. The soil's characteristics qualify it for the 

Loamic and Puffic suffixes identified in the MZ-50-1 

pedon, as well as the Loamic, Sodic, Protosalic, and 

Aric suffixes identified in the MZ-50-2 pedon. 

Therefore, the soils represented by the MZ-50-1 and 

MZ-50-2 pedons were identified as Fluvic Sodic 

Solonchak (Loamic, Puffic) and Fluvic Irragric 

Cambisols (Loamic, Sodic, Protosalic, Aric), 

respectively (IUSS Working Group WRB, 2022).  
 

 

Table 11. Diagnostic horizons, quantifiers, and soil types of Metehara sugar estate according to WRB. 

Pedon 
Diagnostic horizon Diagnostic 

properties 
Soil types 

Surface Sub-surface 

MZ-50-1 - Salic - Fluvic Sodic Solonchak (Loamic, Puffic) 

MZ-50-2 Irragric Cambic - Fluvic Irragric Cambisols (Loamic, Aric, Protosalic, Sodic) 
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CONCLUSION 

 

A field study was carried out to characterize salt 

affected soils of the Metehara sugar estate, central rift 

valley, Ethiopia. The results revealed variations in 

morphological, physical, and chemical properties of 

the soils across the two pedons, which indicate their 

variation in productive potential and management 

requirements for specific agricultural use. Sodium and 

calcium, as basic cations, along with Cl−, SO4
2−, and 

HCO3
− anions were the primary ions contributing to 

salinity and/or sodicity issues affecting plant growth in 

the studied soil pedons. Soil in the two studied pedons 

significant limitations on soil aggregate size, saturated 

hydraulic conductivity, and soil water retention. In the 

study area, organic carbon, cation exchange capacity, 

Cu, and Fe levels are low to medium, whereas total 

nitrogen, available P, Mn, and Zn levels are low to 

very low. Thus, the soils represented by the MZ-50-1 

and MZ-50-2 pedons were identified as Fluvic Sodic 

Solonchak (Loamic, Puffic) and Fluvic Irragric 

Cambisols (Loamic, Aric, Protosalic, Sodic), 

respectively. Moreover, the soils in the study area 

were classified as saline-sodic soils with high sodium 

hazards and soluble salts. The extent and nature of the 

problem differ from plot to plot within the study area; 

thus, plot-specific soil characterization is crucial for 

recommending suitable amendments.  

 

Acknowledgements  

We are also grateful to the laboratory personnel at 

Ethiopia's Werer Agricultural Research Centre and 

Hawassa University for determining soil 

physicochemical parameters. Dr. Alemayehu Kiflu 

deserves special recognition for his assistance during 

soil profile characterization. 

 

Funding. This study was carried out in Ethiopia as 

part of the project "PhD dissertation research entitled 

"Evaluation of Phosphogypsum as a Reclaiming 

Material for Salt-Affected Soils." The authors gladly 

recognize the financial funding received for the 

implementation of this project is came from OCP-

Ethiopia. 

 

Conflict of interest. The authors declare no conflict 

of interest.    

 

Compliance with ethical standards. Not applicable.    

 

Data Availability. The datasets analyzed during the 

current study are available from the corresponding 

author upon reasonable request. 

  

Author contribution statement (CRediT). A. 

Worku – Conceptualization, Data curation, Formal 

analysis, Visualization, Validation, Investigation, 

Methodology, Writing - original draft. S. Beyene – 

Validation, Methodology, Supervision, Writing- 

review and editing. K. Kibret – Validation, 

Supervision, Writing-review and editing. S. Kidanu – 

Supervision, and project administration. K. EL-

Mejahed – Supervision and editing. F. Kebede – 

Supervision and editing. 

  

REFERENCES 

 

Afework, M., 2018. Analysis and Mapping of Soil 

Salinity Levels in Metehara Sugarcane Estate 

Irrigation Farm Using Different Models. p. 

85. MScThesis, Addis Ababa University, 

Ethiopia. 

https://etd.aau.edu.et/items/c08662f4-3888-

4403-be97-41024f36c23c 

 

Allison, L. and Richards, L., 1954. Diagnosis and 

Improvement of Saline and Alkali Soils. Soil 

and Water Conservative Research Branch, 

Agricultural Research Service. p. 60. 

Washington D.C. 

https://www.ars.usda.gov/ARSUserFiles 

/20360500/hb60/pdf/ 

 

Amita-Raj, A.R., Chakrabarti, B., Pathak, H., Singh, 

S.D., Mina, U. and Purakayastha, T.J., 2019. 

Growth, Yield and Nitrogen Uptake in Rice 

Crop Grown under Elevated Carbon Dioxide 

and Different Doses of Nitrogen Fertilizer. 

Indian Journal of Experimental Biology, 57, 

pp. 181–87. 

https://nopr.niscpr.res.in/bitstream/1239/459

14/1/IJEB%2057%.pdf 

 

Arbelo, C.D., Rodríguez‐Rodríguez, A., Guerra, J.A., 

Mora, J.L., Notario, J.S. and Fuentes, F., 

2006. Soil Degradation Processes and Plant 

Colonization in Abandoned Terraced Fields 

Overlying Pumice Tuffs. Land Degradation 

and Development, 17(6), pp. 571-588. 

https://doi.org/10.1002/ldr.735 

 

Awulachew, S.B., 2019. Irrigation Potential in 

Ethiopia: Constraints and Opportunities for 

Enhancing the System. Gates Open 

Research, 22(3), p. 22. 

https://doi.org/10.21955/gatesopenres.11149

43.1 

 

Bache, B., Chesworth, W., Chesworth, W., Gessa, C. 

and Lewis, D.T., 2008. Bulk Density. 

Encyclopedia of Soil Science. Encyclopedia 

of Earth Sciences Series. Springer, 

Dordrecht. https://doi.org/10.1007/978-1-

4020-3995-9_80 

 

Berger, K.C. and Truog, E., 1939. Boron 

https://etd.aau.edu.et/items/c08662f4-3888-4403-be97-41024f36c23c
https://etd.aau.edu.et/items/c08662f4-3888-4403-be97-41024f36c23c
https://www.ars.usda.gov/ARSUserFiles%20/20360500/hb60/pdf/
https://www.ars.usda.gov/ARSUserFiles%20/20360500/hb60/pdf/
https://nopr.niscpr.res.in/bitstream/1239/45914/1/IJEB%2057%25.pdf
https://nopr.niscpr.res.in/bitstream/1239/45914/1/IJEB%2057%25.pdf
https://doi.org/10.1002/ldr.735
https://doi.org/10.21955/gatesopenres.1114943.1
https://doi.org/10.21955/gatesopenres.1114943.1
https://doi.org/10.1007/978-1-4020-3995-9_80
https://doi.org/10.1007/978-1-4020-3995-9_80


Tropical and Subtropical Agroecosystems 28 (2025): Art. No. 106                                                                                               Worku et al., 2025 

20 

Determination in Soil and Plant. Industrial 

and Engineering Chemistry Analytical 

Edition, 11, pp. 540–545. 

https://doi.org/10.1021/ac50138a007 

 

Biesgen, D., Frindte, K., Maarastawi, S. and Knief, C., 

2020. Clay Content Modulates Differences in 

Bacterial Community Structure in Soil 

Aggregates of Different Size. Geoderma, 

376, p. 114544. 

https://doi.org/10.1016/j.geoderma.2020.114

544 

 

Blake, G. and Hartge, K., 1986. Bulk Density. In: 

Methods of Soil Analysis, edited by Klute, 

A., 2nd edition. NJ, USA: Wiley, Hoboken. 

https://doi/10.2136/sssabookser 

 

Blake C.A., 1965. Methods of Soil Analysis. In: Part 

I, Physical and Mineralogical Properties. 

Madison, Wisconsin, USA. American Society 

of Agronomy, p. 770. 

https://acsess.onlinelibrary.wiley.com/doi/bo

ok/10.2134/agronmonogr9.1 

 

Booker T., 2009. Re-Evaluation of Plantation Soils at 

Metahara Sugar Factory. UK. Final report, 1, 

pp. 37-41. the report were submitted to 

Ethiopian Sugar Industry Group.  

 

Børresen, T. and Haugen, L.E., 2003. Soil Physics: 

Field and Laboratory Methods. Department 

of Plant and Environmental Sciences, 

Agricultural University of Norway.  

 

Bouyoucos, G.J., 1962. Hydrometer Method 

Improvement for Making Particle Size 

Analysis of Soils. Agronomy Journal, 54, pp. 

179–186. 

https://doi.org/10.2134/agronj1962.0002196

2005400050028x 

 

Brady, R.C. and Weil, R.R., 2017. The Nature and 

Properties of Soils. Edited by Brady, R.C. 

and Weil, R.R.15th edition. New Jersy 

Columbus, USA: Pearson Education Ltd. 

https://doi.org/10.2136/sssaj2016.0005br 

 

Briar, S.S., Fonte, S.J., Park, I., Six, J., Scow, K. and 

Ferris, H., 2011. The Distribution of 

Nematodes and Soil Microbial Communities 

across Soil Aggregate Fractions and Farm 

Management Systems. Soil Biology and 

Biochemistry, 43(5), pp. 905-914. 

https://doi.org/10.1016/j.soilbio.2010.12.017 

 

Brust, G.E., 2019. Management Strategies for Organic 

Vegetable Fertility. In: Safety and Practice 

for Organic Food, pp. 193–212. Maryland, 

USA: Academic Press. 

https://doi.org/10.1016/B978-0-12-812060-

6.00009-X 

 

Calheiros, S., Oliveira, M., Freire, M., Macêdo, G. and 

Ferreira, J., 2007. Nutrição e Adubação Da 

Cana-de-Açúcar. Informe Agropecuário, 

28(239), pp. 30–43. 

https://www.redalyc.org/pdf/4457/44574411

2031.pdf 

 

Cao, Y., Shao, P., Chen, Y., Zhou, X., Yang, L., Shi, 

H., Yu, K., Luo, X. and Luo, X., 2021. A 

Critical Review of the Recovery of Rare 

Earth Elements from Wastewater by Algae 

for Resources Recycling Technologies. 

Resource Conservation and Recycling, 169, 

p. 105519. 

https://doi.org/10.1016/j.resconrec.2021.105

519 

 

Chaganti, V. and Crohn, D., 2015. Evaluating the 

Relative Contribution of Physiochemical and 

Biological Factors in Ameliorating a Saline-

Sodic Soil Amended with Composts and 

Biochar and Leached with Reclaimed Water. 

Geoderma, 259, pp. 45–55. 

https://doi.org/10.1016/j.geoderma.2015.05.

005 

 

Choudhury, M., 2021. Investigation of Groundwater 

and Soil Quality near to a Municipal Waste 

Disposal Site in Silchar, Assam, India. 

International Journal of Energy and Water 

Resources, 6, pp. 37–47. 

https://doi.org/10.1007/s42108-021-00117-5 

 

CIMMYT., 2013. Soil Aggregate Stability by Wet 

Sieving. A Practical Guide for Comparing 

Crop Management Practices p. 27. 

https://repository.cimmyt.org/entities/public

ation/f03feba3-daa1-4f94-a114-

91232af3a4da/full 

 

Cottenie, A., 1980. Soil and Plant Testing as a Basis of 

Fertilizer Recommendations. FAO Soil 

Bulletin 38/2. Rome, Italy. 

https://www.echocommunity.org/resources/7

2f89fdf-719a-417c-a124-7789038cee9a 

 

Csikós, N. and Tóth, G., 2023. Concepts of 

Agricultural Marginal Lands and Their 

Utilisation: A Review. Agricultural Systems, 

204, p. 103560. 

https://doi.org/10.1016/j.agsy.2022.103560 

 

Daba, A.W. and Qureshi, A.S., 2021. Review of Soil 

https://doi.org/10.1021/ac50138a007
https://doi.org/10.1016/j.geoderma.2020.114544
https://doi.org/10.1016/j.geoderma.2020.114544
https://doi/10.2136/sssabookser
https://acsess.onlinelibrary.wiley.com/doi/book/10.2134/agronmonogr9.1
https://acsess.onlinelibrary.wiley.com/doi/book/10.2134/agronmonogr9.1
https://doi.org/10.2134/agronj1962.00021962005400050028x
https://doi.org/10.2134/agronj1962.00021962005400050028x
https://doi.org/10.2136/sssaj2016.0005br
https://doi.org/10.1016/j.soilbio.2010.12.017
https://doi.org/10.1016/B978-0-12-812060-6.00009-X
https://doi.org/10.1016/B978-0-12-812060-6.00009-X
https://www.redalyc.org/pdf/4457/445744112031.pdf
https://www.redalyc.org/pdf/4457/445744112031.pdf
https://doi.org/10.1016/j.resconrec.2021.105519
https://doi.org/10.1016/j.resconrec.2021.105519
https://doi.org/10.1016/j.geoderma.2015.05.005
https://doi.org/10.1016/j.geoderma.2015.05.005
https://doi.org/10.1007/s42108-021-00117-5
https://repository.cimmyt.org/entities/publication/f03feba3-daa1-4f94-a114-91232af3a4da/full
https://repository.cimmyt.org/entities/publication/f03feba3-daa1-4f94-a114-91232af3a4da/full
https://repository.cimmyt.org/entities/publication/f03feba3-daa1-4f94-a114-91232af3a4da/full
https://www.echocommunity.org/resources/72f89fdf-719a-417c-a124-7789038cee9a
https://www.echocommunity.org/resources/72f89fdf-719a-417c-a124-7789038cee9a
https://doi.org/10.1016/j.agsy.2022.103560


Tropical and Subtropical Agroecosystems 28 (2025): Art. No. 106                                                                                               Worku et al., 2025 

21 

Salinity and Sodicity Challenges to Crop 

Production in the Lowland Irrigated Areas of 

Ethiopia and Its Management Strategies. 

Land 10(12),  p. 1377. 

https://doi.org/10.3390/land10121377 

 

Daba, A.W., 2015. Assessment and Mapping of 

Fertility Status of Salt Affected Soils 

Amibara Area, Central Rift Valley of 

Ethiopia. p. 119. MScThesis, Haramaya 

University, Haramaya, Ethiopia. 

http://ir.haramaya.edu.et/hru/bitstream/handl

e/123456789/4965/Final 

Thesis11.pdf?sequence=1 

 

Datta, A., Setia, R., Barman, A., Guo, Y. and Basak, 

N., 2019. Carbon Dynamics in Salt-Affected 

Soils. In: Research Developments in Saline 

Agriculture, edited by P. Dagar, J., Yadav, R., 

Sharma, pp. 369–89. Singapore: Springer. 

https://doi.org/10.1007/978-981-13-5832-

6_12 

 

Dhaliwal, S., Sharma, V., Kaur, J., Shukla, A., 

Hossain, A., Abdel-Hafez, H., Gaber, A., 

Sayed, S. and Singh, V., 2022. The 

Pedospheric Variation of DTPA-Extractable 

Zn, Fe, Mn, Cu and Other Physicochemical 

Characteristics in Major Soil Orders in 

Existing Land Use Systems of Punjab, India. 

Sustainability, 14(1), p. 29. 

https://doi.org/10.3390/ su14010029 

 

Ditzler, C., Scheffe, K. and Monger, H., 2017. Soil 

Survey Manual. In: Agriculture Handbook, 

edited by Government Printing Office, 4th 

edition. Washington, D.C. 

https://resources.isric.org/guide/soil_survey_

manual 

 

Du, J., Liu, K., Huang, J., Han, T., Zhang, L., 

Anthonio, C.K., Shah, A., Khan, M.N., 

Qaswar, M. and Huang, M., 2022. Organic 

Carbon Distribution and Soil Aggregate 

Stability in Response to Long-Term 

Phosphorus Addition in Different Land-Use 

Types. Soil and Tillage Research, 215, p. 

105195. 

https://doi.org/10.1016/j.still.2021.105195 

 

Elliott, E.T., 1986. Aggregate Structure and Carbon, 

Nitrogen, and Phosphorus in Native and 

Cultivated Soils. Soil Science Society of 

America Journal, 50(3), pp. 627–33. 

https://doi.org/10.2136/sssaj1986.03615995

005000030017x 

 

Emdad, M.R., Raine, S.R., Smith, R.J. and Fardad, H., 

2004. Effect of Water Quality on Soil 

Structure and Infiltration under Furrow 

Irrigation. Irrigition Science, 23, pp. 55–60. 

https://doi. org/10.1007/s00271-004-0093-y 

 

ESIG (Ethiopian sugar industry group), 2023. 

Overview of Metehara Sugar Factory from 

Ethiopian Sugar Industry Profile. Ethiopian 

Sugar Industry Group. 

https://etsugar.com/esig/2023/01/27/metehar

a-sugarfactory 

 

EthioSIS (Ethiopia Soil Information System), 2014. 

Soil Fertility Status and Fertilizer 

Recommendation Atlas of Ethiopia. 

https://data.ata.gov.et/dataset/soil-fertility-

status-and-fertilizer-recommendation-atlas 

 

FAO (Food and Agriculture Organization), 1988. Salt 

Affected Soils and Their Management. 

Rome, Italy. 

https://www.fao.org/4/x5871e/x5871e00.pdf 

 

FAO (Food and Agriculture Organization), 1999. Soil 

Salinity Assessment: Methods and 

Interpretation of Electrical Conductivity 

Measurements. Rome, Italy. 
https://www.fao.org/4/x2002e/x2002e.pdf 

 

FAO (Food and Agriculture Organization), 2006. 

World Reference Base for Soil Resources, A 

Framework for International Classification, 

Correlation and Communication. Rome, 

Italy. 
https://www.fao.org/fileadmin/templates/nr/i

mages/resources/pdf 

 

Fekadu, E., Kibret, K., Bedadi, B. and Melese, A., 

2018. Characterization and Classification of 

Soils of Yikalo Subwatershed in Lay Gayint 

District, Northwestern Highlands of Ethiopia. 

Eurasian Journal of Soil Science, 7 (2), pp. 

151–66. https://doi:10.18393/ejss.376267 

 

Gao, G. and Chang, C., 1996. Changes in Cation 

Exchange Capacity and Particle Size 

Distribution of Soils Associated with Long-

Term Annual Applications of Cattle Feed Lot 

Manure. Journal of Soil Science, 161(2), pp. 

115–120. 
https://journals.lww.com/soilsci/abstract/199

6/02000/particle_size_distribution_6.aspx 

 

Gebrekidan, H. and Negassa, W., 2006. Impact of 

Land Use and Management Practices on 

Chemical Properties of Some Soils of Bako 

Areas, Western Ethiopia. Ethiopian Journal 

of Natural Resources, 8(2), pp. 177–197. 

https://doi.org/10.3390/land10121377
https://doi.org/10.1007/978-981-13-5832-6_12
https://doi.org/10.1007/978-981-13-5832-6_12
https://resources.isric.org/guide/soil_survey_manual
https://resources.isric.org/guide/soil_survey_manual
https://doi.org/10.1016/j.still.2021.105195
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://etsugar.com/esig/2023/01/27/metehara-sugarfactory
https://etsugar.com/esig/2023/01/27/metehara-sugarfactory
https://data.ata.gov.et/dataset/soil-fertility-status-and-fertilizer-recommendation-atlas
https://data.ata.gov.et/dataset/soil-fertility-status-and-fertilizer-recommendation-atlas
https://www.fao.org/4/x5871e/x5871e00.pdf
https://www.fao.org/4/x2002e/x2002e.pdf
https://www.fao.org/fileadmin/templates/nr/images/resources/pdf
https://www.fao.org/fileadmin/templates/nr/images/resources/pdf
https://doi:10.18393/ejss.376267
https://journals.lww.com/soilsci/abstract/1996/02000/particle_size_distribution_6.aspx
https://journals.lww.com/soilsci/abstract/1996/02000/particle_size_distribution_6.aspx


Tropical and Subtropical Agroecosystems 28 (2025): Art. No. 106                                                                                               Worku et al., 2025 

22 

https://agris.fao.org/agris-

search/search.do?recordID=ET2009000159 

 

Gebrekidan, H., 1985. Investigation on Salt Affected 

Soils and Irrigation Water Quality in Melka 

Sedi-Amibara Plain, Rift Valley Zone of 

Ethiopia. MScThesis, Addis Ababa 

University, Ethiopia. p. 132.   
 

Gerrard, J., 2000. Fundamentals of Soil: Routledge 

Fundamentals of Physical Geography Series. 

1st edition. p. 230. London, England: Taylor 

and Francis. 

https://doi.org/10.4324/9780203754535 

 

Getahun, H., 2009. Assessment of Soils of Irrigated 

Lands and Irrigation Water Quality in 

Relation to Salinity and Sodicity at Dirma 

Areas of South Wello Zone of Amhara 

Region. p. 108. MScThesis, Haramaya 

University, Ethiopia. 
http://ir.haramaya.edu.et/hru/handle/123456

789/29 

 

Ghafoor, A., Manzoor, Q. and Ghulam, M., 2004. Salt-

Affected Soils: Principles of Management. 

Lahore, Pakistan: Allied Book Centre. p. 304. 
https://hdl.handle.net/10568/36588 

 

Gorakhki, M., 2015. Pore Fluid Salinity Effects on 

Sedimentation and Geotechnical Properties 

of Fine-Grained Soils. p. 89. M.Sc.Thesis, 

Colorado State University, USA. 
https://api.mountainscholar.org/server/api/co

re/bitstreams/2d129665-5fd4-

19d351454/content 

 

Gregorich, E. and Carter, M., 2007. Soil Sampling and 

Methods of Analysis. Florida, USA. 

https://doi.org/10.1201/9781420005271 

 

Gupta, M., Srivastava, P.K., Niranjan, A. and Tewari, 

S.K., 2016. Use of a Bioaugmented Organic 

Soil Amendment in Combination with 

Gypsum for Withania Somnifera Growth on 

Sodic Soil. Pedosphere, 26, pp. 299–309. 
https://doi.org/10.1016/S1002-

0160(15)60044-3 

 

Gupta, P.K., 2004. Soil, Plant, Water and Fertilizer 

Analysis. In: Shyam Printing Press. p. 146. 

Agrobios, India: AGROBIOS (INDIA). 

http://www.kopykitab.com/product/7111 

 

Hailay, T., Tadele, G.S. and Tekalign, M., 2000. 

Assessment of Salinity/ Sodicity Problems in 

Abaya State Farm, Southern Rift Valley of 

Ethiopia. Ethiopian Journal of Natural 

Resources, 2, pp. 151-163. 
https://api.semanticscholar.org/CorpusID:13

0377519 

 

Harrod, M., 1975. Field Experience on Light Soils. In: 

Soil Physical Conditions and Crop 

Production, p. 193. London. 
 
Hartz, T.K., 2007. Soil Testing for Nutrient 

Availability: In: Procedures and 

Interpretation for California Vegetable Crop 

Production. Depratment of Plant Sciences. 

Davis, California, USA. 
https://vric.ucdavis.edu/Soiltestingnutrientav

ailability.pdf 

 

Havlin, J., Beaton, J., Tisdale, S. and Nelson, W., 

1999. An Introduction to Nutrient 

Management. In: Soil Fertility and 

Fertilizers, 6th edition. Prentice Hall Inc., 

NewJersey. 
https://www.cabidigitallibrary.org/doi/full/1

0.5555 

 

Hazelton, P. and Murphy, B., 2016. Interpreting Soil 

Test Results: What Do All the Numbers 

Mean? European Journal of Soil Science, 

58(5), pp. 109–120. 

https://doi:10.1071/9780643094680 

 

Hillel, D., 2004. Introduction to Environmental Soil 

Physics. 1st edition. Amsterdam: Elsevier. 

https://doi.org/10.1016/B978-0-12-348655-

4.X5000-X 

 

Hopmans, J., Qureshi, A.S., Kisekka, I., Munns, R., 

Grattan, S.R., Rengasamy, P., Ben-Gal, A., 

Assouline, S., Javaux, M., Minhas, P.S. and 

Raats, P., 2021. Critical Knowledge Gaps and 

Research Priorities in Global Soil Salinity. 

Advances in Agronomy, 169, pp. 1-191. 

https://doi.org/10.1016/bs.agron.2021.03.00

1 

 

Ismadji, S., Soetaredjo, F. and Citra, A., 2015. Clay 

Materials for Environmental Remediation. 

In: Briefs in Molecular Science., p. 180. 

Springer Cham. https://doi.org/10.1007/978-

3-319-16712-1 

 

IUSS Working Group WRB, 2022. World Reference 

Base for Soil Resources. International Soil 

Classification System for Naming Soils and 

Creating Legends for Soil Maps. 4th Edition. 

Vienna, Austria. 

https://obrlsoil.github.io/wrbsoil2022/index.

html 

 

https://agris.fao.org/agris-search/search.do?recordID=ET2009000159
https://agris.fao.org/agris-search/search.do?recordID=ET2009000159
https://doi.org/10.4324/9780203754535
http://ir.haramaya.edu.et/hru/handle/123456789/29
http://ir.haramaya.edu.et/hru/handle/123456789/29
https://hdl.handle.net/10568/36588
https://api.mountainscholar.org/server/api/core/bitstreams/2d129665-5fd4-19d351454/content
https://api.mountainscholar.org/server/api/core/bitstreams/2d129665-5fd4-19d351454/content
https://api.mountainscholar.org/server/api/core/bitstreams/2d129665-5fd4-19d351454/content
https://doi.org/10.1201/9781420005271
https://doi.org/10.1016/S1002-0160(15)60044-3
https://doi.org/10.1016/S1002-0160(15)60044-3
http://www.kopykitab.com/product/7111
https://api.semanticscholar.org/CorpusID:130377519
https://api.semanticscholar.org/CorpusID:130377519
https://vric.ucdavis.edu/Soiltestingnutrientavailability.pdf
https://vric.ucdavis.edu/Soiltestingnutrientavailability.pdf
https://www.cabidigitallibrary.org/doi/full/10.5555
https://www.cabidigitallibrary.org/doi/full/10.5555
https://doi:10.1071/9780643094680
https://doi.org/10.1016/B978-0-12-348655-4.X5000-X
https://doi.org/10.1016/B978-0-12-348655-4.X5000-X
https://doi.org/10.1016/bs.agron.2021.03.001
https://doi.org/10.1016/bs.agron.2021.03.001
https://doi.org/10.1007/978-3-319-16712-1
https://doi.org/10.1007/978-3-319-16712-1
https://obrlsoil.github.io/wrbsoil2022/index.html
https://obrlsoil.github.io/wrbsoil2022/index.html


Tropical and Subtropical Agroecosystems 28 (2025): Art. No. 106                                                                                               Worku et al., 2025 

23 

Jafarpoor, F., Manafi, S. and Poch, R., 2021. Textural 

Features of Saline-Sodic Soils Affected by 

Urmia Lake in the Northwest of Iran. 

Geoderma, 392: p. 115007. 

https://doi.org/10.1016/j.geoderma.2021.115

007 

 

Jones, B. 2003. Agronomic Hand Book: Management 

of Crops, Soils and Their Fertility. 1st Edition. 

p. 450. Washington USA: CRC Press. 

https://doi.org/10.1201/9781420041507 

 

Kebede, F., 2023. Status, Drivers, and Suggested 

Management Scenarios of Salt-Affected Soils 

in Africa. In: Biosaline Agriculture as a 

Climate Change Adaptation for Food 

Security, pp. 259–284. Casablanca, Morocco: 

Springer Cham. https://doi:10.1007/978-3-

031-24279-3_13 

 

Kibret, K., Beyene, S. and Erkossa, T., 2023. Soil 

Fertility and Soil Health. In: The Soils of 

Ethiopia, edited by Alfred E. H., 1st edition, 

pp. 157–192. Springer. 

https://doi:10.1007/978-3-031-17012-6 

 

Landon, J.R., 2014. A Handbook for Soil Survey and 

Agricultural Land Evaluation in the Tropics 

and Subtropics. In: Booker Tropical Soil 

Manual, p. 530. Routledge, London: Taylor 

and Francis. 

https://doi.org/10.4324/9781315846842 

 

Licida, M., Paul, D. and Kenneth, W., 2024. Effects of 

Soil Structure Complexity to Root Growth of 

Plants with Contrasting Root Architecture. 

Soil and Tillage Research, 238, p. 106023. 

https://doi.org/10.1016/j.still.2024.106023 

 

Lindsay, W.L. and Norvell, W.A., 1978. Development 

of a DTPA Soil Test for Zinc, Iron, 

Manganese and Copper. American Journal of 

Soil Science Society, 42, pp. 421–28. 

https://doi.org/10.2136/sssaj1978.03615995

004200030009x 

 

Liu, D. and She, D., 2017. Can Rock Fragment Cover 

Maintain Soil and Water for Saline-Sodic 

Soil Slopes under Coastal Reclamation? 

Catena, 151, pp. 213-224. 
https://doi.org/10.1016/j.catena.2016.12.020 

 

Loide, V., 2004. About the Effects of the Contents and 

the Ratios of Soil’s Available Calcium, 

Potassium and Magnesium in Liming of Acid 

Soils. Agronomy Research, 2(1), pp. 71–82. 
https://agronomy.emu.ee/vol021/p2109.pdf 

 

Macedo, R.S., Teixeira, W.G., Correia, M.M., 

Martins, G.C. and Vidal-Torrado, P., 2017. 

Pedogenetic Processes in Anthrosols with 

Pretic Horizon (Amazonian Dark Earth) in 

Central Amazon, Brazil. PLoS ONE, 12, p. 

e0178038. 
https://doi.org/10.1371/journal.pone.017803

8 

 

Megersa, O., Willibald, L. and Josef, F., 2009. Effect 

of Lake Beseka Expansion on the 

Sustainability of Metehara SE in the Awash 

River Basin, Ethiopia. In: 34th WEDC 

International Conference. Addis Ababa, 

Ethiopia. https://wedc-

knowledge.lboro.ac.uk/resources/conference

/34/Olumana_M_-_296.pdf 

 

Mesfin, A., 1998. Nature and Management of 

Ethiopian Soils. Alemaya, Ethiopia. Alemaya 

University of Agriculture. 
https://www.academia.edu/91672759/Nature

/and/Management/of/Acid/Soils/in/Ethiopia 

 

Mishra, V., Jha, S., Damodaran, T., Yash, P., Singh, 

S., Srivastava, D., Sharma, K. and Janki P., 

2019. Feasibility of Coal Combustion Fly 

Ash Alone and in Combination with Gypsum 

and Green Manure for Reclamation of 

Degraded Sodic Soils of the Indo‐Gangetic 

Plains: A Mechanism Evaluation. Land 

Degradation and Development, 30(11), pp. 

1300–1312. https://doi.org/10.1002/ldr.3308 

 

MoARD (Ministry of Agricultural and Rural 

Development), 2005. Agricultural Sector 

Policy and Investment Framework (PIF). In: 

Handbook of Federal Countries. Addis 

Ababa, Ethiopia. 
https://faolex.fao.org/docs/pdf/eth149550.pd

f 

 

Mohamed, N.N., 2017. Management of Salt-Affected 

Soils in the Nile Delta. In: The Nile Delta, pp. 

265-295. Cairo: Springer. 
https://www.springerprofessional.de/en/mgt-

of-salt-affected-soils-in-the-nile-

delta/12317300 

 

Mohiuddin, M., Irshad, M., Sher, S., Hayat, F., Ashraf, 

A., Masood, S., Bibi, S., Ali, J. and Waseem, 

M., 2022. Relationship of Selected Soil 

Properties with the Micronutrients in Salt-

Affected Soils. Land, 11(6): p. 845. 

https://doi.org/10.3390/land11060845. 

 

MoWR (Ministry of Water Resoucre), 1999. Study of 

Lake Beseka. Main Report (Volume 1). 

https://doi.org/10.1016/j.geoderma.2021.115007
https://doi.org/10.1016/j.geoderma.2021.115007
https://doi.org/10.1201/9781420041507
https://doi:10.1007/978-3-031-24279-3_13
https://doi:10.1007/978-3-031-24279-3_13
https://doi:10.1007/978-3-031-17012-6
https://doi.org/10.4324/9781315846842
https://doi.org/10.1016/j.still.2024.106023
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.1016/j.catena.2016.12.020
https://agronomy.emu.ee/vol021/p2109.pdf
https://doi.org/10.1371/journal.pone.0178038
https://doi.org/10.1371/journal.pone.0178038
https://wedc-knowledge.lboro.ac.uk/resources/conference/34/Olumana_M_-_296.pdf
https://wedc-knowledge.lboro.ac.uk/resources/conference/34/Olumana_M_-_296.pdf
https://wedc-knowledge.lboro.ac.uk/resources/conference/34/Olumana_M_-_296.pdf
https://www.academia.edu/91672759/Nature/and/Management/of/Acid/Soils/in/Ethiopia
https://www.academia.edu/91672759/Nature/and/Management/of/Acid/Soils/in/Ethiopia
https://doi.org/10.1002/ldr.3308
https://faolex.fao.org/docs/pdf/eth149550.pdf
https://faolex.fao.org/docs/pdf/eth149550.pdf
https://www.springerprofessional.de/en/mgt-of-salt-affected-soils-in-the-nile-delta/12317300
https://www.springerprofessional.de/en/mgt-of-salt-affected-soils-in-the-nile-delta/12317300
https://www.springerprofessional.de/en/mgt-of-salt-affected-soils-in-the-nile-delta/12317300
https://doi.org/10.3390/land11060845


Tropical and Subtropical Agroecosystems 28 (2025): Art. No. 106                                                                                               Worku et al., 2025 

24 

Addis Ababa, Ethiopia. 
https://openlake/beseka/report.mowr.gov.et/

pdf/12248621/03.pdf 

 

Mukungurutse, C.S., Nyapwere, N., Manyanga, A.M. 

and Mhaka, L., 2018. Pedological 

Characterization and Classification of 

Typical Soils of Lupane District, Zimbabwe. 

International Journal of Plant and Soil 

Science, 22(3), pp. 1–12. 

https://doi.org/10.9734/IJPSS/2018/39609. 

 

Munsell, 2009. Munsell Soil Color Charts. Mary land, 

USA. 

https://soils.uga.edu/files/2016/08/Munsell.p

df.  

Nacide, K., Sagliker, H. and Cengiz, D., 2013. 

Nitrogen Mineralization in Some Saline Soils 

at Eastern Mediterranean Coasts, Turkey. 

EurAsian Journal of BioSciences, 7, pp. 95–

100. 

https://doi.org/10.5053/ejobios.2013.7.0.11 

 

Nwaka, G., 1990. Studies on Dune Soils of Borno 

State. Morphology, Classification and 

Physical Properties. Annals of Borno, 6(7), 

pp. 198-204. https://doi.org/10.12691/wjar-

5-2-3 

 

Odeh, I. and Onus, A., 2008. Spatial Analysis of Soil 

Salinity and Soil Structural Stability in a 

Semiarid Region of New South Wales, 

Australia. Environment Management, 42, pp. 

265–78. https://doi.org/10.107/s0267-008-

9100-z. 

 

Okolo, C.C., Gebresamuel, G., Zenebe, A., Haile, M. 

and Eze, P., 2020. Accumulation of Organic 

Carbon in Various Soil Aggregate Sizes 

under Different Land Use Systems in a Semi-

Arid Environment. Agriculture, Ecosystems 

and Environment, 297, p. 106924. 

https://doi.org/10.1016/j.agee.2020.106924. 

 

Olsen, S.R., Cole, C.V., Watanable F.S. and Dean, 

L.A., 1954. Estimation of Variable 

Phosphorus in Soil by Extraction with 

Sodium Bicarbonate. p. 19. 
https://archive.org/details/estimationofava9o

lse/page/n1/mode/2up. 

 

Panagos, P., De-Rosa, D., Liakos, L., Labouyrie, M., 

Borrelli, P. and Ballabio, C., 2024. Soil Bulk 

Density Assessment in Europe. Agriculture, 

Ecosystems and Environment, 364, p. 

108907. 

https://doi.org/10.1016/j.agee.2024.108907. 

 

Pathak, H. and Rao, D., 1998. Carbon and Nitrogen 

Mineralization from Added Organic Matter 

in Saline and Alkali Soils. Soil Biology and 

Biochemistry, 30, pp. 695-702. 

https://doi.org/10.1016/S0038-

0717(97)00208-3. 

 

Penatti, C.P., 2013. Adubação Da Cana de Açúcar. 

Editora Ottoni, Piracicaba Brazil. p 78. 
https://livraria.funep.org.br/product/adubac-

o-da-cana-de-acucar-30-anos-de-

experiencia.pdf. 

 

Pereira, P., Bogunovic, I., Muñoz-Rojas, M. and 

Brevik, E.C., 2018. Soil Ecosystem Services, 

Sustainability, Valuation and Management. 

Current Opinion in Environmental Science 

and Health, 5, pp. 7–13. 

https://doi.org/10.106/j.coesh.2017.12.003. 

 

Qureshi, A.S., Tesfaye, E.M. and Melese, M.G., 2019. 

Extent Characterization and Management 

Strategies for the Salt Affected Soils in 

Ethiopia. In: Rehabilitation and Management 

of Salt-Affected Soils to Improve 

Agricultural Productivity in Ethiopia and 

South Sudan Project report 2, p. 62. Dubai, 

UAE. https://ramsap.biosaline.org/2024-

06/project-report-2-final-reduced_3.pdf. 

 

Rai, V., Singh, S., Tekam, Y., Upadhyay, S.K. and 

Sahu, D.K., 2023. Enhancing Soil 

Degradation Assessment through the 

Integration of GIS and RS: A Comprehensive 

Review. International Journal of 

Environment and Climate Change, 13(9), pp. 

2622-2632. 

https://doi:10.9734/ijecc/2023/v13i92559. 

 

Rao, D.L.N. and Batra, L., 1983. Ammonia 

Volatilization from Applied Nitrogen in 

Alkali Soils. Proceeding Plant and Soil, 70, 

pp. 219–225. 

https://doi.org/10.1007/BF02374782 

 

Rashad, M., Hafez, M. and Popov, A., 2022. Humic 

Substances Composition and Properties as an 

Environmentally Sustainable System: A 

Review and Way Forward to Soil 

Conservation. Journal of Plant Nutrition, 

45(7), pp. 1072–1122. 

https://doi.org/10.1080/01904167.2021.2005

801. 

 

Rechberger, M.V., Zehetner, F. and Gerzabek, M.H., 

2021. Phosphate Sorption‐desorption 

Properties in Volcanic Topsoils along a 

Chronosequence and a Climatic Gradient on 

https://openlake/beseka/report.mowr.gov.et/pdf/12248621/03.pdf
https://openlake/beseka/report.mowr.gov.et/pdf/12248621/03.pdf
https://doi.org/10.9734/IJPSS/2018/39609
https://soils.uga.edu/files/2016/08/Munsell.pdf
https://soils.uga.edu/files/2016/08/Munsell.pdf
https://doi.org/10.5053/ejobios.2013.7.0.11
https://doi.org/10.12691/wjar-5-2-3
https://doi.org/10.12691/wjar-5-2-3
https://doi.org/10.107/s0267-008-9100-z
https://doi.org/10.107/s0267-008-9100-z
https://doi.org/10.1016/j.agee.2020.106924
https://archive.org/details/estimationofava9olse/page/n1/mode/2up
https://archive.org/details/estimationofava9olse/page/n1/mode/2up
https://doi.org/10.1016/j.agee.2024.108907
https://doi.org/10.1016/S0038-0717(97)00208-3
https://doi.org/10.1016/S0038-0717(97)00208-3
https://livraria.funep.org.br/product/adubac-o-da-cana-de-acucar-30-anos-de-experiencia.pdf
https://livraria.funep.org.br/product/adubac-o-da-cana-de-acucar-30-anos-de-experiencia.pdf
https://livraria.funep.org.br/product/adubac-o-da-cana-de-acucar-30-anos-de-experiencia.pdf
https://doi.org/10.106/j.coesh.2017.12.003
https://ramsap.biosaline.org/2024-06/project-report-2-final-reduced_3.pdf
https://ramsap.biosaline.org/2024-06/project-report-2-final-reduced_3.pdf
https://doi:10.9734/ijecc/2023/v13i92559
https://doi.org/10.1007/BF02374782
https://doi.org/10.1080/01904167.2021.2005801
https://doi.org/10.1080/01904167.2021.2005801


Tropical and Subtropical Agroecosystems 28 (2025): Art. No. 106                                                                                               Worku et al., 2025 

25 

the Galápagos Islands. Journal of Plant 

Nutrition and Soil Science, 184(4), pp. 479-

491. https://doi.org/10.1002/jpln.202000488. 

 

Reynolds, W. and Elrick, D., 1985. In Situ 

Measurement of Field-Saturated Hydraulic 

Conductivity, Sorptivity, and the Alpha-

Parameters Using the Guelph Permeameter. 

Soil Science, 140, pp. 292–302. 

https://www.nrc.gov/docs/ml0037/ml003744

523.pdf. 

 

Shah, F. and Wu, W., 2019. Soil and Crop 

Management Strategies to Ensure Higher 

Crop Productivity within Sustainable 

Environments. Sustainability, 11(5), p. 1485. 

https://doi.org/10.3390/su11051485. 

 

Sharma, D.K., Singh, A., Sharma, P.C., Dagar, J.C. 

and Chaudhari, S.K., 2016. Sustainable 

Management of Sodic Soils for Crop 

Production: Opportunities and Challenges. 

Journal of Soil Salinity and Water Quality, 

8(2), pp. 109–130.  

 

Shishaye, H.A. and Asfaw, A.T., 2020. Analysis and 

Evaluation of the Spatial and Temporal 

Variabilities of River Water Quality 

Parameters. Applied Water Science, 10(5), p. 

141. https://doi.org/10.1007/s13201-020-

01222-2. 

 

Sileshi, G.W., Kihara, J., Tamene, L., Vanlauwe, B., 

Phiri, E. and Jama, B., 2020. Unravelling 

Causes of Poor Crop Response to Applied N 

and P Fertilizers on African Soils. 

Experimental Agriculture, 58, pp. 1–17. 

https://doi.org/10.1017/S0014479721000247

. 

 

Singh, P., Sharma, S., Nisar, S. and Choudhary, O.P., 

2023. Structural Stability and Organic Matter 

Stabilization in Soils: Differential Impacts of 

Soil Salinity and Sodicity. Journal of Soil 

Science and Plant Nutrition, 23(2), pp. 1751-

1773. https://doi.org/10.1007/s42729-023-

01136-3. 

 

Spironello, A., Van-Raij, B., Penatti, C.P., Cantarella, 

H., Morelli, J.L., Orlando, J.F, Quaggio, J.A. 

and Furlani, A.M.C.,  1997. Cana-de-Açúcar. 

In: Van-Raij, B., Quaggio, J.A. and Furlani, 

A.M.C., Editors. Recomendações de 

Adubação e Calagem Para o Estado de São 

Paulo. Boletim Técnico, Brazil. 100p. 
https://repositorio.unesp.br/server/api/core/bi

tstreams/c9ec89c9-23d3-4863-af6c-

fdb5cbab82c2/content. 

 

Statistical Analysis System (SAS) Institute Inc., 2023. 

SAS 9.4 Guide to Software Update and 

Product Change. 

https://documentation.sas.com/doc/en/pgmsa

scdc/9.4/3.5/whatsdiff/titlepage.htm. 

 

Tadese, T., 1991. Soil, Plant, Water, Fertilizer, Animal 

Manure and Compost Analysis, Addis 

Ababa, Ethiopia. Working Document. 13. 

https://hdl.handle.net/10568/4448. 

 

Taghizadehghasab, A., Safadoust, A. and Mosaddeghi, 

M.R., 2021. Effects of Salinity and Sodicity 

of Water on Friability of Two Texturally-

Different Soils at Different Matric Potentials. 

Soil and Tillage Research, 209, p. 104950. 

https://doi.org/10.1016/j.still.2021.104950. 

 

Teshome, Z. and Kibret, K., 2014. Characterization of 

Soil Management Groups of Metahara Sugar 

Estate in Terms of Their Physical and 

Hydraulic Properties. Advances in Crop 

Science and Technology, 3(1), pp. 1–5. 

https://doi:10.4172/2329-8863.1000159. 

 

Tully, K., Sullivan, C., Weil, R. and Sanchez, P., 2015. 

The State of Soil Degradation in Sub-Saharan 

Africa: Baselines, Trajectories, and 

Solutions. Sustainability, 7(6), pp. 6523–

6552. https://doi.org/10.3390/su7066523. 

 

Ukut, A.N., Akpan, U.S. and Udoh, B.T., 2014. 

Characterization and Classification of Soils 

in Steep Sided Hills and Sharpcrested Ridges 

of Akwa Ibom State, Nigeria. Net Journal of 

Agricultural Science, 2(2), pp. 50–57. 
https://www.netjournals.org/pdf/NJAS/2014

/2/13-058.pdf 

 

USDA-NRCS (United States of Department of 

Agriculture of Natural Resources 

Conservation Service), 2020. National Soil 

Survey Handbook: Title 430-VI. June 3, 

2020. USDA. 

https://www.nrcs.usda.gov/resources/guides-

and-instructions/national-soil-survey-

handbook. 

 

van-Noordwijk, M., Cerri, C., Woomer, L., Nugroho, 

K. and Bernoux. M., 1997. Soil Carbon 

Dynamics in the Humid Tropical Forest 

Zone. Geoderma, 79, pp. 187–225. 

https://doi.org/10.1016/S0016-

7061(97)0042-6. 

 

van-Reewijk, L.P., 1992. Procedures for Soil Analysis 

3rd Edition. International Soil Reference 

https://doi.org/10.1002/jpln.202000488
https://www.nrc.gov/docs/ml0037/ml003744523.pdf
https://www.nrc.gov/docs/ml0037/ml003744523.pdf
https://doi.org/10.3390/su11051485
https://doi.org/10.1007/s13201-020-01222-2
https://doi.org/10.1007/s13201-020-01222-2
https://doi.org/10.1017/S0014479721000247
https://doi.org/10.1017/S0014479721000247
https://doi.org/10.1007/s42729-023-01136-3
https://doi.org/10.1007/s42729-023-01136-3
https://repositorio.unesp.br/server/api/core/bitstreams/c9ec89c9-23d3-4863-af6c-fdb5cbab82c2/content
https://repositorio.unesp.br/server/api/core/bitstreams/c9ec89c9-23d3-4863-af6c-fdb5cbab82c2/content
https://repositorio.unesp.br/server/api/core/bitstreams/c9ec89c9-23d3-4863-af6c-fdb5cbab82c2/content
https://documentation.sas.com/doc/en/pgmsascdc/9.4/3.5/whatsdiff/titlepage.htm
https://documentation.sas.com/doc/en/pgmsascdc/9.4/3.5/whatsdiff/titlepage.htm
https://hdl.handle.net/10568/4448
https://doi.org/10.1016/j.still.2021.104950
https://doi:10.4172/2329-8863.1000159
https://doi.org/10.3390/su7066523
https://www.netjournals.org/pdf/NJAS/2014/2/13-058.pdf
https://www.netjournals.org/pdf/NJAS/2014/2/13-058.pdf
https://www.nrcs.usda.gov/resources/guides-and-instructions/national-soil-survey-handbook
https://www.nrcs.usda.gov/resources/guides-and-instructions/national-soil-survey-handbook
https://www.nrcs.usda.gov/resources/guides-and-instructions/national-soil-survey-handbook
https://doi.org/10.1016/S0016-7061(97)0042-6
https://doi.org/10.1016/S0016-7061(97)0042-6


Tropical and Subtropical Agroecosystems 28 (2025): Art. No. 106                                                                                               Worku et al., 2025 

26 

Center. Wageningen, Netherlands. 
https://wrb.isric.org/files/ISRIC.TechPap09.

2002.pdf 

 

van-Wambeke, A.R., 1962. Criteria for Classifying 

Tropical Soils by Age. Journal of Soil 

Science, 13, pp. 124-132. 

https://doi.org/10.1111/j.1365-

2389.1962.tb00689.x. 

 

Vijayakumar, R., Arokiaraj, A. and Martin P.P., 2011. 

Micronutrients and Their Relationship with 

Soil Properties of Natural Disaster Proned 

Coastal Soils. Research Journal of Chemical 

Sciences, 1(1), pp. 8–12. 
https://www.isca.in/rjcs/Archives/v1/i1/3.pd

f 

 

Walkley, A. and Black, I.A., 1934. An Examination of 

the Digestion Method for Determining Soil 

Organic Matter and a Proposed Modification 

of the Chromic Acid Titration Method. 

Journal Soil Science, 37, pp. 29–38. 
https://journals.lww.com/soilsci/citation/193

4/01000/an/examination-of-the-degtjareff-

method-for.3.aspx 

 

Wassie, S.B., 2020. Natural Resource Degradation 

Tendencies in Ethiopia: A Review. 

Environmental Systems Research, 9: p. 33. 

https://doi.org/10.1186/s40068-020-00194-

1. 

 

Wu, S., Zhang, Z., Sun, H. and Hu, H., 2023. 

Responses of Rice Yield, N Uptake, NH3 and 

N2O Losses from Reclaimed Saline Soils to 

Varied n Inputs. Plants, 13(12), p. 2446. 

https://doi.org/10.3390/plants12132446. 

 

Yakubu, M. and Ojanuga, A.G., 2013. Pedogenesis, 

Weathering Status and Mineralogy of the 

Soils on Ironstone Plateaux (Laterites), 

Sokoto Nigeria. Bayero Journal of Pure and 

Applied Science, 6(2), pp. 93 – 100. 

https://doi.org/10.4314/bajopas.v6i2.19 

 

Yang, Y, Jin, Z., Mueller, N., Driscoll, A., Hernandez, 

R., Grodsky, S., Sloat, L., Chester, V., Yong, 

Z. and David B., 2023. Sustainable Irrigation 

and Climate Feedbacks. Nature Food 4, pp. 

654–663. https://doi.org/10.1038/s43016-

023-00821-x. 

 

Yousif, A. and Mubarak, A., 2009. Variations in 

Nitrogen Mineralization from Different 

Manures in Semi-Arid Tropics of Sudan with 

Reference to Salt- Affected Soils. 

International Journal of Agricultural and 

Biology, 11, pp. 515–520. 
https://api.fspublishers.org/viewPaper/89331

_..pdf 

 

Zaman, M., Shabbir, A. and Lee, H., 2018. Guideline 

for Salinity Assessment, Mitigation and 

Adaptation Using Nuclear and Related 

Techniques. 1st edition. Vienna, Austria. 

Springer Nature, p. 183. 

https://doi.org/10.1007/978-3-319-96190-3. 

 

Zewdie, E., 2004. Characterization and Genesis of 

Some Soils of the Ethiopian Rift Valley 

Showing Andic Properties. Ethiopian 

Journal of Natural Resources, 6(2), pp. 215-

235. 
https://agris.fao.org/search/es/records/64724

d3e53aa8c8963059833 

 

Zhai, J., Zhang, Z., Melnikov, A., Zhang, M., Yang, L. 

and Jin, D., 2021. Experimental Study on the 

Effect of Freeze—Thaw Cycles on the 

Mineral Particle Fragmentation and 

Aggregation with Different Soil Types. 

Minerals, 11(9), p. 913. 

https://doi.org/10.3390/min11090913. 

 

Zhang, G., Bai, J., Zhai, Y., Jia, J., Zhao, Q., Wang, 

W. and Hu, X., 2023. Microbial Diversity and 

Functions in Saline Soils: A Review from a 

Biogeochemical Perspective. Journal of 

Advanced Research, 59, pp. 129–140. 

https://doi.org/10.1016/j.jare.2023.06.015 

 

 

https://wrb.isric.org/files/ISRIC.TechPap09.2002.pdf
https://wrb.isric.org/files/ISRIC.TechPap09.2002.pdf
https://doi.org/10.1111/j.1365-2389.1962.tb00689.x
https://doi.org/10.1111/j.1365-2389.1962.tb00689.x
https://www.isca.in/rjcs/Archives/v1/i1/3.pdf
https://www.isca.in/rjcs/Archives/v1/i1/3.pdf
https://journals.lww.com/soilsci/citation/1934/01000/an/examination-of-the-degtjareff-method-for.3.aspx
https://journals.lww.com/soilsci/citation/1934/01000/an/examination-of-the-degtjareff-method-for.3.aspx
https://journals.lww.com/soilsci/citation/1934/01000/an/examination-of-the-degtjareff-method-for.3.aspx
https://doi.org/10.1186/s40068-020-00194-1
https://doi.org/10.1186/s40068-020-00194-1
https://doi.org/10.3390/plants12132446
https://doi.org/10.4314/bajopas.v6i2.19
https://doi.org/10.1038/s43016-023-00821-x
https://doi.org/10.1038/s43016-023-00821-x
https://api.fspublishers.org/viewPaper/89331_..pdf
https://api.fspublishers.org/viewPaper/89331_..pdf
https://doi.org/10.1007/978-3-319-96190-3
https://agris.fao.org/search/es/records/64724d3e53aa8c8963059833
https://agris.fao.org/search/es/records/64724d3e53aa8c8963059833
https://doi.org/10.3390/min11090913
https://doi.org/10.1016/j.jare.2023.06.015

