Land Use types Driven Variations in Soil Properties of Kaseny watershed, Eastern Ethiopia
Abstract
Purpose: Assessing soil responses to human activities is critical for sustainable land management and understanding the ecological consequences of land use. This study evaluates the impact of different land-use types on soil physicochemical properties in the Kaseny Watershed, eastern Ethiopia, providing localized insights for agricultural and conservation planning.
Methods: Soil samples were collected from natural forests, plantations, cultivated lands, and grazing lands at depths of 0–20 cm and 20–40 cm, with three replications per land use type. A total of 24 disturbed samples were analyzed for chemical properties and 24 undisturbed samples for physical properties, following FAO standard procedures. Data were analyzed using two-way ANOVA, Pearson correlation, and LSD tests at P < 0.05 in SAS 9.0.
Results: Land use and soil depth significantly affected soil properties. Sand content was highest in cultivated soils (23.10%) and lowest in natural forests (15.47%), while clay content was highest in forests (56.80%) and lowest in cultivated lands (44.69%). Bulk density was greater in cultivated (1.50 g cm⁻³) and grazing lands (1.49 g cm⁻³) than in forests (1.11 g cm⁻³). Soil organic carbon (SOC) and total nitrogen (TN) were highest in forests (5.03% and 0.37%, respectively) and lowest in cultivated (0.87% and 0.12%) and grazing lands (0.83% and 0.16%). SOC and TN decreased with depth. The C:N ratio was highest in forests (15.07) and lowest in cultivated (6.17) and grazing lands (5.14). Available phosphorus, exchangeable bases (Ca²⁺, Mg²⁺, K⁺, Na⁺), and cation exchange capacity were also highest in forests and lowest in plantations and cultivated lands.
Conclusion: Natural forests maintain superior soil quality due to continuous organic matter inputs and minimal disturbance, whereas cultivated, plantation, and grazing lands suffer degradation from residue removal, nutrient mining, erosion, and trampling. Sustainable practices such as residue retention, integrated fertilization, liming, limiting eucalyptus expansion, and soil conservation measures are recommended to restore soil health and maintain productivity in the Ethiopian highlands.
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1. INTRODUCTION 
Land use refers to the ways humans organize, manage, and utilize land to maintain specific cover types (Ufot et al., 2016). Land use change occurs when one type of land use is converted to another due to human activities influenced by socio-economic and environmental factors (Turner & Meyer, 1994). Soil, as a vital resource for sustainable agriculture, supports all land uses (Mulugeta & Karl, 2010). In Ethiopia, soil degradation is a major environmental and agricultural challenge, threatening both food security and productivity (Agegnehu et al., 2013; Tesfahunegn, 2013). Factors such as soil fertility limitations, population growth, and long-term cultivation have intensified land use changes, resulting in the degradation of soils, forests, and water resources, especially in African countries (Agidew & Singh, 2018; Foley et al., 2005; Thiombiano & Tourino-Soto, 2007).
Since the twentieth century, the conversion of natural forests to agricultural lands and settlements has become a global concern (Bekele et al., 2021; Fetene & Amera, 2018). These changes are major drivers of soil degradation, affecting soil quality worldwide (Ayoubi & Moazzeni Dehaghani, 2020). It is estimated that about 24 billion tons of fertile soil are lost annually, with 12 million hectares degraded due to land use changes and management practices (Elias et al., 2019; Tellen & Bernard, 2018). Land use changes strongly influence key soil properties such as phosphorus, potassium, calcium, magnesium, total nitrogen, soil organic carbon, and bulk density (Annan-Afful et al., 2005; Gupta et al., 2022). In Ethiopia, poor soil management and population pressure have led to losses of up to 42 t/ha per year on cultivated lands (Hurni, 1993). Numerous studies in eastern and adjacent Ethiopian regions demonstrate how land use types drive significant variations in soil properties. For example, in the Kersa sub‑watershed in eastern Ethiopia, soil quality indicators such as soil organic carbon, total nitrogen, and bulk density varied significantly across land use types, with forest and less disturbed lands generally maintaining superior soil quality compared to continuously cultivated areas (Mulat, Kibret & Bedadi, 2021)
Although studies have examined the effects of land use on soil physical and chemical properties in Ethiopia (Tolesa et al., 2021), the impact of land use on key soil parameters in the northern highlands, particularly the Kassegni Watershed, remains underexplored. Agricultural productivity in the region is constrained by low soil fertility, limited farmland, and rising population pressure. Conversion of natural vegetation to croplands and grazing lands has further degraded soils, increased erosion risk, and lowered crop yields. Soil quality has therefore declined, driven by population pressure, deforestation, urban expansion, plantation forests, cropland growth, and overgrazing. Understanding how different land use types affect soil properties and fertility is essential for sustaining soil productivity. This study aims to assess the impact of land use on soil physicochemical properties in the Kaseny Watershed, eastern Ethiopia, providing insights to guide integrated soil and land management strategies for restoring degraded lands and promoting sustainable agriculture
 2. Materials and methods
2.1 Description of Study area
The study was conducted in the Kaseny Watershed, Arberkete Kebele, West Hararghe Zone, near Chiro town, Ethiopia (Figure 1), located at 9°05'N, 40°35'E in the eastern highlands (West Hararghe Zone of Agriculture, 2024). The area had undulating to steep slopes, making it highly vulnerable to soil erosion and land degradation due to unsustainable farming, deforestation, and overgrazing. The climate was sub-humid to semi-arid, with unimodal rainfall from June to September, averaging 1,200 mm annually, and mean temperatures of 22–24°C, supporting mixed crop-livestock systems. Dominant soils were Nitisols and Andosols. Smallholder households practiced mixed farming, cultivating cereals, vegetables, fruits, and spices across croplands, riparian zones, and grazing lands, with land-use patterns shaped by topography and resource availability. These biophysical and socio-economic conditions made the Kaseny Watershed an ideal site to evaluate soil and water conservation, agroforestry, and organic fertilization strategies aimed at improving soil fertility, water retention, crop productivity, and sustainable livelihoods.
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Figure 1 Location map of the study area
2.2. Climate and Topography
Based on data from the nearby Chiro meteorological station, the Kaseny Watershed receives an average annual rainfall of approximately 1,200 mm (West Hararghe Zone of Agriculture, 2024). According to traditional agro-ecological classification, the watershed falls within the midland to lowland zone, with mean annual temperatures ranging from 22ºC to 24ºC. The area features undulating to steep slopes, and the dominant soils Nitisols and Andosols combined with the rugged topography, make the soils highly susceptible to erosion. As a result, large portions of the watershed show signs of land degradation, with numerous rills and gullies across croplands and grazing areas (West Hararghe Zone of Agriculture, 2024).
2.3 Land Use and Vegetation Cover
The land use types within the Kaseny Watershed are diverse, comprising cultivated lands, settlements, grazing areas, and bush or forestlands (Table 1) (West Hararghe Zone of Agriculture, 2024). Cultivated fields dominate the landscape, covering approximately 185.65 ha (77.8%) with slopes ranging from 3 to 20%, reflecting the reliance of smallholder households on crop production for food and income. Settlement areas account for 23.86 ha (10%), while forested regions cover 19.54 ha (8.1%), providing important ecosystem services such as soil protection, carbon storage, and biodiversity conservation. Grazing lands with scattered bushes make up 9.55 ha (4%) and are critical for livestock feeding and maintaining nutrient cycling in the watershed. Land use in the Kaseny Watershed is therefore closely linked to both the livelihoods of local communities and the maintenance of ecological functions, highlighting the need for integrated land management practices to balance agricultural production with environmental sustainability (West Hararghe Zone of Agriculture, 2024).
Table1 Description of the Land Use Types and sampling site in Alalo Watershed
	Land Use Type
	Description
	Sampling Points (3 Replications)
	Average Coordinates

	Forest land
	Natural forests and native trees with dense canopy cover and minimal human disturbance, mainly in the upper northeastern part of the watershed
	1) 9.1160°N, 40.3200°E
2) 9.1162°N, 40.3203°E
3) 9.1161°N, 40.3201°E
	9.1161°N, 40.3201°E

	Grazing land
	Open areas dominated by grasses and low vegetation, primarily used for livestock grazing. Typically found in mid-slope regions
	1) 9.1080°N, 40.3150°E
2) 9.1082°N, 40.3152°E
3) 9.1081°N, 40.3151°E
	9.1081°N, 40.3151°E

	Cultivated land
	Areas used for growing seasonal and annual crops, dominant in the lower and central watershed, mainly on Vertisols
	1) 9.1020°N, 40.3180°E
2) 9.1022°N, 40.3182°E
3) 9.1021°N, 40.3181°E
	9.1021°N, 40.3181°E

	Plantation forest
	Areas planted with fast-growing Eucalyptus species for timber, fuel wood, and construction, mostly adjacent to natural forests
	1) 9.1140°N, 40.3210°E
2) 9.1142°N, 40.3212°E
3) 9.1141°N, 40.3211°E
	9.1141°N, 40.3211°E


Note: The soil sampling points listed above were collected directly in the field using a Garmin GPS device, providing precise latitude and longitude coordinates for each land use type. This ensures accuracy, transparency, and reproducibility of the data.
2.4 Methodology
2.4.1 Soil sampling and sample preparation 
 The Kaseny watershed was purposively selected for this study due to its diverse land use types, pronounced land degradation, and high agricultural potential. Four land use categories cultivated land, grazing land, forest land, and plantation forest were identified and classified based on detailed field observations and consultations with key informants. These land use types were deliberately chosen to be adjacent and to share similar soil characteristics, climatic conditions, and slope gradients, thereby minimizing the influence of confounding factors.
For chemical and selected physical analyses, a total of 24 disturbed soil samples were collected from the four land use types at two soil depths (0–20 cm and 20–40 cm), with three replications per land use type. Within each 20 m × 20 m sampling plot, five soil pits were established in an X-pattern, with four pits located at the corners and one at the center. In addition, 24 undisturbed soil samples were obtained from the same pits using a 10.85 cm³ soil core sampler for the determination of bulk density and moisture content. Non-soil materials, including gravel, plant debris, and old manure, were carefully removed prior to and following sample collection to ensure sample purity.
Both in-situ and ex-situ sample handling protocols were rigorously followed to maintain sample integrity. Soil samples were properly bagged, labeled, and stored in a contaminant-free environment until analysis. Prior to laboratory analysis, samples were air-dried, ground, and sieved through a 2 mm mesh. Selected physical and chemical properties were analyzed following FAO-standard soil analytical procedures at the Soil Laboratory of Haramaya University, a leading institution in agricultural and environmental research in Ethiopia.
 2.4.2 Analysis of soil physicochemical properties
[bookmark: _Toc97271019]Soil pH was measured in both distilled water and 1 M potassium chloride (KCl) at a soil-to-solution ratio of 1:2.5 using a Thermo-Russel pH meter with a glass electrode, calibrated with standard buffer solutions of pH 7 and 4 (Day, 1965), after air-drying and sieving the samples through a 2 mm mesh to remove debris and coarse particles. Soil moisture content was determined gravimetrically by weighing fresh samples before and after oven-drying at 105 °C for 24 hours. Bulk density was measured using the volumetric method on undisturbed soil cores collected from the field and oven-dried at 105 °C for 24 hours (Yerima & Van Ranst, 2005a).
Soil organic carbon was determined using the wet digestion Walkley–Black method (1934) on air-dried, ground samples from which plant residues had been removed, while total nitrogen was analyzed on similarly pre-processed samples using the Kjeldahl digestion, distillation, and titration procedure (Anderson & Ingram, 1993). Available phosphorus was extracted by the Olsen method (1954) on air-dried, sieved samples. Cation exchange capacity (CEC) was measured following Chapman’s ammonium acetate extraction method (1965) after pre-washing soils with neutral ammonium acetate to remove soluble salts. Exchangeable bases (Ca²⁺, Mg²⁺, K⁺, and Na⁺) were extracted with 1.0 M NH₄OAc, with calcium and magnesium quantified by atomic absorption spectrophotometry, and potassium and sodium determined using a flame photometer (Thomas, 1990). 
2.4.3 Statistical analysis
Analyses of natural forestland, cultivated land, grazing land, pastureland, and plantation forestland were conducted in triplicate to ensure accuracy and reliability. Variations in soil physicochemical properties across land use types and soil depths were evaluated using a two-way analysis of variance (ANOVA) with the General Linear Model (GLM) procedure in SAS version 9.00 (SAS, 2002), allowing simultaneous assessment of the main effects of land use, soil depth, and their interactions. Prior to ANOVA, the normality of the data was confirmed using the Shapiro–Wilk test (Shapiro et al., 1965), and homogeneity of variances across groups was verified using Levene’s test (Levene, 1960).
Relationships between soil properties were examined using Pearson correlation coefficients (Pearson, 1896) to assess the strength and direction of associations. Post hoc mean comparisons were performed using the Least Significant Difference (LSD) method at a 5% significance level, enabling identification of specific land use types and soil depths that differed significantly. This approach provided a detailed understanding of how land management practices and soil stratification influence soil quality.
3. Results and Discussion
3.1. Effects of land use types and soil depth on selected soil physical properties
3.1.1 Soil Texture
The analysis showed that the proportions of sand and clay differed significantly (P < 0.01) among various land use types and soil depths, whereas the average silt content remained statistically similar (Table 2). This indicates that variations in soil texture are mainly driven by changes in sand and clay fractions influenced by land use and depth.
Sand content varied notably (P < 0.01), with cultivated land having the highest proportion 23.10% and grazing land the lowest value 15.63%, while natural forest and plantation forest had intermediate values of 15.47% and 17.83%, respectively (Table 2). Across the soil profile, sand slightly declined from 19.43% at 0–20 cm to 17.25% at 20–40 cm, suggesting that finer particles accumulate at deeper layers. The elevated sand content in cultivated soils is likely due to disturbances such as tillage, as well as the loss of finer clay and silt particles through erosion or leaching. In contrast, forested and grazing lands maintain lower sand levels and a more stable soil structure supported by continuous litter deposition, minimal disturbance, and reduced erosion. Similar trends have been observed by Molla et al. (2022) in the Ganzer watershed and Ewunetu et al. (2025) in the Tach Karnuary watershed, confirming that converting land to cultivation generally leads to coarser soil texture.
Silt content did not differ significantly across land use types or soil depths (P > 0.05), ranging from 25.73% in natural forests to 32.21% in cultivated lands, and remained relatively stable with depth 28.61–25.5% (Table 2). This suggests that silt is less affected by land use, likely due to its intermediate particle size, which makes it less prone to erosion than sand and less mobile than clay. 
In contrast, clay content varied significantly (P < 0.05); with the highest proportion in natural forest soils 56.8% and the lowest in cultivated lands 44.69%, while grazing and plantation forests were intermediate 53.80% and 52.24% (Table 2). Clay increased with depth from 51.96% at 0–20 cm to 55.25% at 20–40 cm, reflecting accumulation in less disturbed soils. The higher clay content in forested areas is likely due to reduced erosion, organic matter accumulation, and minimal disturbance, whereas cultivated soils may lose clay through erosion, tillage, and leaching.
These variations in soil texture influence fertility and crop performance. High sand content lowers water and nutrient retention, stable silt supports moderate water holding and nutrient availability, and higher clay improves nutrient retention and water-holding capacity but may impede drainage if excessive. Thus, managing soil texture through organic amendments, conservation tillage, and sustainable land use practices is critical for maintaining soil productivity.
3.1.2 Soil Bulk Density (BD)
Bulk density (BD) varied significantly across land use types and soil depths (P < 0.01), with natural forest soils showing the lowest BD 1.10 g/cm³, cultivated and grazing lands the highest 1.5 and 1.49 g/cm³, respectively), and plantation forest intermediate 1.31 g/cm³ (Table 2). BD also increased with depth, from 1.15 g/cm³ at 0–20 cm to 1.41 g/cm³ at 20–40 cm, indicating greater compaction in subsurface layers. These differences are primarily linked to vegetation cover, organic matter content, and soil disturbance: cultivated lands experience mechanical compaction from tillage, lower organic inputs, and reduced root biomass, whereas forested soils benefit from continuous litter deposition and extensive root networks that maintain porosity. Similar trends have been reported by Cherinet Miju et al. (2025), Workina et al. (2025), and Molla et al. (2022), showing lower BD in forested soils and higher BD in cultivated areas across the Ethiopian highlands. High BD reduces porosity, root growth, water infiltration, and nutrient availability, lowering productivity. Applying organic amendments, cover crops, and reduced tillage can lower BD, improve soil structure and fertility, and enhance crop yields sustainably.
Table 2 Main effects of land use and soil depth on selected soil physical properties
	Treatment
	Particle Distribution (%)
	Textural
	BD
	MC

	
	Sand
	Silt
	Clay
	Class
	gcm-3
	(%)

	Land Use Type

	Natural forest
	15.47c
	27.73a
	56.80a
	Clay
	1.11c
	29..53a

	Cultivated land
	23.10a
	32.21a
	44.69c
	Clay
	1.5a
	23.07c

	Grazing  land
	15.63b
	30.57a
	53.80b
	Clay
	1.49a
	22.84cb

	Plantation forest
	17.83c
	29.93a
	52.24ba
	Clay
	1.31b
	24.56b

	LSD (0.05)
	2.01
	3.00
	    4.55
	-
	0.06
	1.94

	P-value
	**
	Ns
	*
	-
	**
	**

	SEM (±)
	0.85
	0.90
	1.66
	-
	0.02
	0.67

	Soil Depth (cm)

	0-20
	19.43a
	28.61a
	51.96b
	Clay
	1.15b
	25.69b

	20-40
	17.25b
	25.50a
	55.25a
	Clay
	1.41a
	27.25a

	LSD (0.05)
	1.42
	2.12
	3.21
	-
	0.04
	1.37

	P-value
	**
	Ns
	*
	-
	**
	*

	SEM (±)
	0.71
	0.66
	1.24
	-
	0.04
	1.37

	CV (%)
	9.95
	8.40
	6.86
	-
	4.00
	6.21


Mean values within a column followed by the different letters are significantly different from each other at **p < 0.01 and *p < 0.05; (NS = Not significant; BD = Bulk density; MC=Moisture Content
3.1.3 Soil moisture content
The results indicated that soil moisture content varied highly significantly (P < 0.01) across different land use types and soil depths, while the interaction between these factors was not significant (P > 0.05) (Table 2). Natural forest soils retained the highest moisture 29.53%, whereas cultivated and grazing lands had the lowest values 23.07% and 22.84%, respectively) (Table 2). Moisture content increased slightly with depth, from 25.69% at 0–20 cm to 27.25% at 20–40 cm. The higher moisture under forested areas is likely due to continuous organic matter deposition, which enhances water retention, and canopy shading that reduces evaporation (Gebrekidan and Negassa, 2006). In contrast, the lower moisture in cultivated and grazing lands may result from reduced vegetation cover, greater soil exposure to evaporation.
[bookmark: _GoBack]The slightly greater moisture in the subsurface 20–40 cm can be attributed to reduced solar heating and the accumulation of finer particles, particularly clay, which improve water-holding capacity (Assefa et al., 2020). Similar patterns have been reported by Molla et al. (2022) and Asmare et al. (2023) in the Ethiopian highlands, as well as by Kassie eat al (2025) in northwest. Higher moisture in forested and plantation lands supports improved root development, nutrient uptake, and plant growth, whereas lower moisture in cultivated and grazing areas may limit crop establishment and yield. This underscores the importance of practices such as organic matter addition, mulching, and soil conservation to enhance water retention in degraded soils.
3.2. Effects of land use types and soil depths on soil chemical properties
3.2.1 Soil pH
Soil pH showed significant variation among land use types and soil depths (P < 0.01) (Table 3), with values ranging from 4.95 to 6.05, indicating moderately acidic soils (Tadese, 1991). Natural forest soils recorded the highest pH 6.05, whereas plantation forests, particularly Eucalyptus-dominated areas, exhibited the lowest pH 4.95. Cultivated and grazing lands had intermediate pH values 5.03–5.31. These variations reflect the effects of vegetation cover and land management on soil acidity through organic matter inputs, nutrient uptake, and leaching of base cations.
Higher pH in natural forests is likely associated with organic matter accumulation and the release of basic cations during decomposition, while lower pH under Eucalyptus plantations may result from intensive uptake of base cations, increasing Al³⁺ and H⁺ concentrations (Yitaferu et al., 2013). Cultivated soils tend to acidify due to continuous nutrient removal, limited organic inputs, and frequent tillage (Belay et al., 2023; Getnet et al., 2025). Grazing lands may also experience reduced pH because of overgrazing, low litter input, and soil compaction.
Soil depth influenced pH, with slightly higher values in the subsurface (20–40 cm; 5.27) than in the surface layer (0–20 cm; 5.08), likely due to increased clay content and accumulation of base cations at depth (Molla & Yalew, 2018; Sabiela et al., 2020; Molla et al., 2022; Getnet et al., 2025). Maintaining optimal soil pH through lime application is therefore recommended, particularly for plantation and cultivated lands, to enhance nutrient availability and productivity.
 3.2.2 Soil organic carbon (SOC)
Soil organic carbon (SOC) varied significantly across land use types and soil depths (P ≤ 0.01) (Table 3). Natural forest soils had the highest SOC content (5.03%), reflecting continuous inputs of litter, roots, and woody materials, minimal disturbance, and reduced erosion, all of which favor carbon accumulation. Plantation forests showed moderate SOC levels 2.04%, whereas cultivated 0.87% and grazing lands 0.83% recorded the lowest values. The low SOC in cultivated and grazing areas is mainly attributed to frequent tillage, residue removal, livestock trampling, and increased erosion, which accelerate organic matter decomposition and limit carbon inputs (Molla et al., 2022; Solomon et al., 2002; Bore & Bedadi, 2015; Asmare & Mamo, 2023). In addition, exposed soils in these land uses are more susceptible to water and wind erosion, further reducing SOC, while forest soils benefit from protective litter cover and favorable microclimatic conditions that slow decomposition (Miju et al., 2025).
SOC declined with soil depth, with higher concentrations in the surface layer 0–20 cm with 2.36% than in the subsurface layer 20–40 cm with1.56% (Table 3). This pattern reflects the accumulation of organic matter near the soil surface from litter and animal residues (Gebreselassie & Ayanna, 2013; Fekad et al., 2020; Wachu & Ibrahim, 2025) and is consistent with earlier findings showing greater SOC in topsoil due to continuous organic inputs and limited decomposition at depth (Molla et al., 2022; Asmare et al., 2023). Overall, these results highlight the strong influence of land use and management on SOC dynamics and emphasize the importance of organic amendments, residue retention, and reduced soil disturbance for sustaining soil fertility, water-holding capacity, and crop productivity
3.2.3 Total nitrogen (TN)
Total nitrogen (TN) varied significantly among land use types and soil depths (P < 0.01) (Table 3). Natural forest soils contained the highest TN 0.37%, followed by plantation forests (0.19%) and grazing lands 0.16%, while cultivated soils had the lowest TN 0.12%. Higher TN in forest soils is mainly due to continuous organic matter inputs from litter and roots, which enhance nitrogen accumulation through mineralization and nutrient cycling. In contrast, intensive tillage, residue removal, and rapid organic matter decomposition in cultivated lands reduce nitrogen levels, while grazing and plantation lands maintain intermediate TN due to partial litter return and management effects (Chemeda et al., 2017; Habtamu, 2018; Fekad et al., 2020; Molla et al., 2022; Getnet et al., 2025).
TN also decreased with soil depth, with higher concentrations in the surface layer 0–20 cm; 0.31% than in the subsurface 20–40 cm; 0.21%, reflecting greater organic matter accumulation near the soil surface and progressive nitrogen loss at depth through mineralization and leaching. Similar depth-wise declines in TN have been reported across Ethiopian highlands (Molla & Yalew, 2018; Mulugeta Tufa et al., 2019; Fekadu et al., 2020; Molla et al., 2022; Asmare et al., 2023). Based on Landon’s (1991) classification, TN levels are high under natural forest but low in cultivated, plantation, and grazing lands, highlighting the strong influence of land use management on soil fertility and long-term productivity.
3.2.4 Carbon-to-nitrogen ratio (C:N)
The C:N ratio varied significantly among land use types (P < 0.01) but did not differ significantly with soil depth or land use–depth interaction. Natural forest soils exhibited the highest C:N ratio 15.07, followed by Eucalyptus plantations 8.79, cultivated land 6.17, and grazing land 5.14 (Table 3), indicating that land use strongly regulates the balance between soil organic carbon and total nitrogen, an important indicator of organic matter quality and nutrient cycling efficiency.
The higher C:N ratio in natural forests is attributed to continuous and diverse organic inputs, including litter fall, woody debris, and fine root turnover, along with reduced decomposition under shaded microclimates, which promote carbon accumulation relative to nitrogen (Gebreselassie & Ayanna, 2013; Molla et al., 2022; Miju et al., 2025). In contrast, the lowest C:N ratios in cultivated and grazing lands reflect intensive disturbances, residue removal, and enhanced mineralization that accelerate organic matter decomposition and carbon loss (Chimdi et al., 2012; Fekad et al., 2020; Asmare & Mamo, 2023). Grazing pressure further reduces litter inputs and organic matter through trampling and overgrazing (Wachu & Ibrahim, 2025). Eucalyptus plantations showed intermediate C:N ratios due to slow-decomposing, low-nitrogen litter and high nutrient uptake by trees (Yitaferu et al., 2013; Bore & Bedadi, 2015; Getnet et al., 2025). Sustainable land management practices such as residue retention, reduced tillage, controlled grazing, and diversification of plantation species are recommended to improve soil organic matter quality and optimize C:N balance across disturbed land uses.
Table 3 Main effects of land use and soil depth on selected soil chemical properties
	Treatment
	pH (H2O)
	   SOC (%)
	
	TN (%)
	C: N
	AvP (mg/kg)

	                                                                   Land use type

	Natural Forest
	6.05a
	5.03a
	
	0.37a
	13.59a
	4.76a

	Cultivated land
	5.31b
	0.87c
	
	0.12b
	7.25c
	2.85b

	Grazing Land
	5.03b
	0.83c
	
	0.16b
	5.19c
	3.08b

	Plantation Forest
	4.95b
	2.04b
	
	0.19b
	10.74b
	2.35c

	LSD (0.05)
	0.12
	0.35
	
	0.05
	1.94
	0.44

	P-Value
	**
	**
	
	**
	**
	**

	SEM (±)
	0.05
	0.11
	
	0.02
	0.59
	0.23

	Soil Depth (cm)

	0-20
	5.08b
	2.36a
	
	0.31a
	7.61a
	3.71a

	20-40
	5.27a
	1.56b
	
	0.21b
	7.43a
	2.55b

	LSD (%)
	0.08
	0.24
	
	0.03
	2.08
	0.31

	P-Value
	**
	**
	
	**
	Ns
	**

	SEM (±)
	0.05
	0.29
	
	0.02
	0.86
	0.39

	CV (%)
	1.83
	16.00
	
	21.90
	27.33
	11.34


Mean values within a column followed by the different letters are significantly different from each other at **P < 0.01 and *P < 0.05; NS = Not significant; SOC=Soil organic carbon; AvP= Available Phosphorus
3.2.5 Available Phosphorus (AvP)
The results showed that available phosphorus (AvP) differed significantly (P < 0.01) across land use types and soil depths (Table 3). Natural forest soils had the highest AvP 4.76 mg/kg, followed by cultivated land 3.08 mg/kg, Eucalyptus plantations 2.85 mg/kg, and grazing land 2.35 mg/kg. AvP also decreased with depth, with surface soils 3.71 mg/kg richer than subsurface layers 2.55 mg/kg, indicating that both land use and soil depth strongly influence phosphorus availability.
Higher AvP in natural forests is attributed to continuous recycling of phosphorus via litter fall, organic matter decomposition, and minimal soil disturbance, with organic acids from decomposition mobilizing P bound to minerals (Solomon et al., 2002; Molla et al., 2022; Abebe et al., 2024). The shaded environment further protects soil from erosion and P loss. In contrast, grazing lands exhibited the lowest AvP due to overgrazing, soil compaction, and biomass removal, which reduce organic inputs and limit root and microbial activity for P mobilization (Wachu & Ibrahim, 2025). Cultivated soils had intermediate AvP, likely from fertilizer inputs, but continuous cultivation, residue removal, and erosion prevent levels from matching forests (Chimdi et al., 2012; Fekad et al., 2020; Asmare & Mamo, 2023). Eucalyptus plantations showed lower AvP than cultivated land, as fast-growing trees uptake nutrients, and allelopathic, recalcitrant litter slows P release and may immobilize soil phosphorus (Bore & Bedadi, 2015; Getnet et al., 2025). The decrease of AvP with depth reflects its concentration in topsoil due to organic matter accumulation, fertilizer application, and surface root activity, as phosphorus is relatively immobile (Gebreselassie & Ayanna, 2013; Miju et al., 2025). Retaining organic residues, practicing integrated nutrient management, and minimizing soil disturbance are suggested to sustain phosphorus availability, especially in cultivated and grazing lands.
3.2.6 Exchangeable bases 
The results indicated that exchangeable bases (Ca²⁺, Mg²⁺, Na⁺, and K⁺) were significantly (P < 0.01) influenced by both land use type and soil depth (Table 4). Natural forest soils had the highest concentrations (Ca²⁺ = 21.07 cmolc kg⁻¹, Mg²⁺ = 4.09 cmolc kg⁻¹, Na⁺ = 0.94 cmolc kg⁻¹, K⁺ = 1.18 cmolc kg⁻¹), likely due to abundant organic matter input, minimal disturbance, favorable pH, and higher clay content, all of which enhance cation retention. The continuous recycling of organic residues through litter fall and decomposition may further replenish these basic cations (Muche et al., 2015). The elevated values in forest soils also suggest the possibility that site-specific factors such as microclimate, species composition, and localized organic matter dynamics contribute to spatial variability in cation levels.
In contrast, Eucalyptus plantations recorded the lowest exchangeable bases (Ca²⁺ = 14.08 cmolc kg⁻¹, Mg²⁺ = 2.97 cmolc kg⁻¹, Na⁺ = 0.32 cmolc kg⁻¹, K⁺ = 0.33 cmolc kg⁻¹), likely due to the high nutrient uptake of fast-growing trees, deep rooting, and continuous soil cation depletion. Additionally, the poor nutrient quality, recalcitrant nature, and allelopathic properties of Eucalyptus litter slow decomposition and limit cation recycling, while acidic soil conditions may enhance leaching of basic cations (Demessie et al., 2012; Jaleta, 2020).
Cultivated and grazing lands exhibited intermediate values. The slightly higher Ca²⁺ and Mg²⁺ in grazing lands compared with cultivated soils may result from manure return by livestock, which partially replenishes cations. However, both land uses remain lower than natural forests due to nutrient removal through crop harvest, residue extraction, erosion, and limited organic matter inputs (Fekad et al., 2020; Asmare & Mamo, 2023).
Table 4 Main effects of land use types and soil depth on exchangeable bases and CEC.
	Treatment
	Exchangeable base (cmolckg-1)
	CEC

	
	Ca2+
	Mg2+
	Na+
	K+
	(cmolckg-1)

	Land Use Type

	Natural Forest
	21.07a
	4.09a
	0.94a
	1.18a
	38.11a

	Cultivated land
	14.95b
	3.68b
	0.35c
	0.48b
	31.18c

	Grazing Land
	16.07b
	3.51b
	0.49b
	0.52b
	35.50b

	Plantation Forest
	14.08c
	2.97c
	0.32d
	0.33c
	33.09c

	LSD (0.05)
	1.67
	0.29
	0.07
	0.14
	1.36

	P-Value
	**
	**
	**
	**
	**

	SEM (±)
	0.84
	0.13
	0.03
	0.05
	0.68

	Soil Depth (cm)

	0-20
	15.34b
	3.02b
	0.54b
	0.53b
	35.51a

	20-40
	19.03a
	3.78a
	0.63a
	0.78a
	34.44a

	LSD (0.05)
	1.18
	0.20
	0.05
	0.10
	2.49

	P-Value
	**
	**
	Ns
	**
	Ns

	SEM (±)
	0.81
	0.11
	0.05
	0.09
	0.87

	CV (%)
	8.09
	6.48
	10.99
	18.54
	3.16


Mean values within a column followed by the different letters are significantly different from each other at ** =Signicant at P < 0.01 and *=Significant at P < 0.05. NS = not Significant at P>0.05; CEC=Cation Exchange Capacity
Soil depth significantly affected exchangeable bases, with higher concentrations observed in the subsurface layer (20–40 cm) than in the surface (0–20 cm). This pattern may be attributed to downward cation movement with percolating water and their association with higher clay content in deeper horizons, which enhances cation exchange capacity and retention (Molla & Yalew, 2018; Molla et al., 2022). Similar findings were reported by Admas (2018), showing greater exchangeable base concentrations in deeper soil layers in the Agedit watershed, Northwest Ethiopia. Overall, the findings suggest that natural forests act as a reservoir of exchangeable bases due to sustained organic matter cycling, while land conversion to plantations, grazing, or cultivated systems reduces cation availability through nutrient mining, leaching, and soil degradation. The observed variation also highlights the possibility that site-specific factors such as tree species, litter quality, microclimate, and soil texture may modulate cation distribution across land uses and depths. Maintain soil cation status, practices such as organic residue and diversified tree species in plantations could be recommended to enhance nutrient recycling and minimize cation depletion.
3.2.7 Cation Exchange capacity (CEC)
Cation exchange capacity (CEC) showed a highly significant variation (P < 0.01) among land use types, but it was not significantly influenced by soil depth (Table 4). The highest CEC 38.11 cmolc kg⁻¹ was observed in natural forest soils, whereas the lowest values were recorded under cultivated lands (31.18 cmolc kg⁻¹) and plantation forests 33.09 cmolc kg⁻¹. Grazing lands also exhibited relatively lower CEC 35.50 cmolc kg⁻¹ compared to natural forests. The higher CEC in natural forest soils can be attributed to the continuous accumulation of organic matter from litter fall and minimal soil disturbance, which enhances the soil’s ability to retain and exchange cations. Conversely, the comparatively lower CEC in cultivated and plantation soils is likely associated with reduced soil organic matter, intensive soil disturbance, and removal of plant residues, which together decrease the soil’s exchange capacity. These findings are in agreement with Molla et al. (2022), who reported higher CEC values in natural forest soils compared to cultivated and plantation systems in northwestern Ethiopia. Similarly, Chemeda et al. (2017) confirmed that low organic matter inputs and higher erosion rates in cultivated fields contributed to reduce CEC.
Although soil depth did not significantly affect CEC, a slight reduction in values was observed at subsurface layers 34.44 cmolc kg⁻¹ compared to surface layers 35.51 cmolc kg⁻¹. This decline could be linked to the vertical distribution of organic matter, which is more concentrated in the surface horizon and decreases with depth. Molla and Yalew (2018) and Molla et al. (2022) also noted a similar pattern of decreasing CEC with soil depth due to lower organic matter accumulation in deeper soil layers. Overall, the results highlight that land use change, particularly conversion of forests to cultivated and plantation systems, significantly reduces soil CEC mainly through declining soil organic matter and nutrient depletion.
3.3 Correlation among Selected Soil Physicochemical Properties 
The correlation analysis (Table 5) revealed strong inter linkages among soil properties, showing that fertility is shaped by the interaction of texture, organic matter, and chemical characteristics. Clay content was negatively associated with bulk density (r = –0.48) but positively correlated with moisture content, pH, SOC, CEC, and exchangeable bases, indicating that fine-textured soils enhance water-holding capacity, nutrient retention, and buffering against acidity. In contrast, bulk density showed negative relationships with nearly all fertility indicators, reinforcing the detrimental effects of compaction on soil structure, moisture availability, and nutrient exchange. Moisture content was positively and significantly related to SOC, TN, AvP, CEC, and base cations, highlighting its role in promoting microbial activity, organic matter decomposition, and nutrient cycling. Soil pH exhibited positive correlations with AvP, CEC, and exchangeable bases, suggesting that balanced acidity improves phosphorus availability and stabilizes base cations. SOC emerged as a central fertility driver, showing strong positive associations with TN, AvP, CEC, and base cations, underscoring its role in nutrient storage, soil structure improvement, and cation exchange.
 Similarly, TN was strongly linked with SOC, AvP, pH, and exchangeable bases, confirming the dependence of nitrogen cycling on organic matter and chemical balance. AvP also correlated positively with SOC, TN, pH, CEC, and exchangeable bases, reflecting the influence of organic matter and cations in reducing P fixation. Exchangeable bases were strongly associated with clay, SOC, TN, AvP, and pH, but negatively with BD, sand, and silt, implying that fertile soils are those with higher organic matter and finer texture. CEC, as an integrative indicator, showed similar positive relationships with SOC, clay, pH, TN, AvP, and base cations, while being negatively related to BD, sand, and silt. Overall, the results indicate that soil fertility is enhanced in clay-rich, organic matter dominated, and well-structured soils, while high BD and sandy texture undermine nutrient cycling, water storage, and productivity.

	
	Sand
	Silt
	Clay
	BD
	MC
	pH
	OC
	TN
	C:N
	Av_P
	Ca
	Mg
	Na
	K
	CEC

	Sand 
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Silt
	0.53**
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	

	Clay
	-0.80**
	-0.83**
	1.00
	
	
	
	
	
	
	
	
	
	
	
	

	BD
	0.36ns
	0.27ns
	-0.48 *
	1.00
	
	
	
	
	
	
	
	
	
	
	

	MC
	-0.71**
	-0.42*
	0.64**
	-0.70**
	1.00
	
	
	
	
	
	
	
	
	
	

	pH
	-0.55**
	-0.33ns
	0.58*
	-0.31ns
	0.73**
	1.00
	
	
	
	
	
	
	
	
	

	OC
	-0.44*
	-0.29ns
	0.48*
	-0.90**
	0.85**
	0.45
	1.00
	
	
	
	
	
	
	
	

	TN
	-0.45*
	-0.45*
	0.47*
	-0.83**
	0.70**
	0.18ns
	0.87**
	1.00
	
	
	
	
	
	
	

	C:N
	-0.21ns
	0.03ns
	0.12 ns
	-0.80**
	0.64**
	0.44*
	0.81**
	0.24
	1.00
	
	
	
	
	
	

	AvP
	-0.26ns
	-0.13ns
	0.23 ns
	-0.68**
	0.74**
	0.47*
	0.88**
	0.79**
	0.62**
	1.00
	
	
	
	
	

	Ca
	-0.58**
	-0.25ns
	0.47**
	-0.35ns
	0.72**
	0.89**
	0.46*
	0.27ns
	0.37ns
	0.61**
	1.00
	
	
	
	

	Mg
	-0.44*
	-0.28 ns
	0.49**
	-0.14*
	0.55**
	0.74**
	0.28ns
	0.11ns
	0.17ns
	0.37ns
	0.75**
	1.00
	
	
	

	Na
	-0.56**
	-03 ns
	0.49*
	-0.38ns
	0.76**
	0.75**
	0.63**
	0.49*
	0.51*
	0.71**
	0.83**
	0.80**
	1.00
	
	

	K
	-0.62**
	-0.35 ns
	0.55**
	-0.47
	0.84**
	0.65**
	0.62**
	0.56**
	0.37ns
	0.77**
	0.80**
	0.72**
	0.78**
	1.00
	

	CEC
	-0.72**
	-0.28 ns
	0.55**
	-0.30
	0.66**
	0.63**
	0.51*
	0.35
	0.37
	0.47*
	0.76**
	0.69**
	0.83**
	0.75**
	1.00


[bookmark: _Toc95630177][bookmark: _Toc97797016]Table 5 Pearson’s correlation coefficients (r) matrix among soil physicochemical parameters 
Correlation value followed by (**) are highly significant correlated with each other, Correlation value followed by (*) are significant correlated with each other and Correlation value followed by (ns) are not significant each other at (p<0.05)

4. Conclusions 
The study clearly shows that both land use types and soil depth play a major role in shaping soil properties and fertility. Natural forests had more clay, which helps the soil hold water and nutrients while maintaining a stable structure, whereas cultivated and grazing lands had higher sand content due to frequent disturbance and erosion. Soil pH was generally higher in natural forests but lower in Eucalyptus plantations, likely influenced by organic matter buildup, leaching of essential cations, and nutrient uptake by plants. Similarly, soil organic carbon (SOC) and total nitrogen (TN) were much higher in natural forests because of consistent litter fall, minimal soil disturbance, and reduced erosion, while cultivated and grazing lands showed lower levels due to intensive farming, residue removal, and faster organic matter decomposition. Available phosphorus (AvP) followed the same pattern, being highest in forest soils and surface layers, but lower in grazed and plantation lands where nutrients are removed or soil is compacted. Exchangeable bases (Ca²⁺, Mg²⁺, K⁺, Na⁺) and cation exchange capacity (CEC) were also most abundant in natural forests, reflecting the combined influence of higher clay, SOC, and pH, while other land uses had lower values due to nutrient depletion. Correlation analysis further confirmed that key soil properties clay, SOC, TN, AvP, exchangeable bases, pH, and CEC are strongly interconnected, whereas bulk density, sand, and silt tend to have a negative impact. Overall, the findings highlight that natural forests sustain better soil fertility, nutrient cycling, and structural stability, whereas intensive cultivation, overgrazing, and eucalyptus plantations can lead to soil degradation. This emphasizes the importance of adopting sustainable land management practices, including organic amendments, residue retention, and lime application, to maintain soil health and improve productivity across different land uses. 
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