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Aims

This study examines the effects of land-use types and slope position on selected soil physico-chemical properties in the Ageza Watershed, Northwestern Ethiopia, focusing on soil fertility depletion and its impact on agricultural productivity.





Materials and methods

The experiment utilized a randomized complete block design (RCBD) with three replications, involving three land-use types and slope positions. A total of 27 soil samples (both disturbed and undisturbed) were collected, prepared, and analyzed for selected physico-chemical properties following standard laboratory procedures. Data were analyzed using two-way ANOVA with SAS software.





Results

Significant variations in most soil physico-chemical properties were observed across land-use types and slope positions. Soil bulk density, organic carbon (OC), total nitrogen (TN), available phosphorus (Av. P), cation exchange capacity (CEC), and exchangeable bases significantly (P ≤ 0.001) differed among the land-use types and slope positions. The main effects showed significant (P ≤ 0.05) differences in sand, silt, and clay contents across the land-use types. However, pH did not show significant differences (P > 0.05). Soil bulk density, silt content, Av. P, exchangeable bases, and CEC all showed significant (P ≤ 0.01) differences among the slope positions. Forest land had the highest values for clay (46.11%), OC (6.08%), Av. P (20.60 mg/kg), CEC (33.89 cmol (+) kg-¹), and exchangeable cations: Ca²+ (23.72 cmol (+) kg-¹), Mg²+ (4.40 cmol (+) kg-¹), K+ (1.18 cmol (+) kg-¹), and Na+ (0.77 cmol (+) kg-¹). Grazing land exhibited higher silt and bulk density, while cultivated land had higher sand content. Lower slope positions recorded the highest values for clay (47.33%), silt (20.77%), pH (4.90), Av. P (16.61 mg/kg), Ca²+ (20.10 cmol (+) kg-¹), Mg²+ (3.73 cmol (+) kg-¹), K+ (1.00 cmol (+) kg-¹), Na+ (0.66 cmol (+) kg-¹), and CEC (28.71 cmol (+) kg-¹), while bulk density was higher in the upper slope position.





Conclusion

Land-use types and slope positions significantly influence variations in soil physico-chemical properties and overall soil fertility status. Forest preservation and management are essential to improve the soil fertility in this region.
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Introduction

The decline in soil productivity in Africa can be attributed to inappropriate land-use practices that lead to nutrient depletion and soil erosion (1, 2). Negative nutrient balances in Sub-Saharan Africa (SSA) are the primary causes of declining per-capital food production (3). Ethiopian highland areas are characterized by high rainfall and have continually practiced diversified cultivation with rapid land-use changes (4). In Ethiopia, land-use changes, such as conversion of natural vegetation to cultivated land, result in rapid nutrient depletion from the soils (5). Due to continuous agriculture and overgrazing, half of Ethiopia’s farmland is moderately to strictly degraded and nutritionally depleted (6). Intensive and continuous cultivation of land without proper management resulted in a decline in soil physical, chemical, and biological properties which aggravates crop yield reduction and food insecurity (7, 8). also noted that continuous cultivation and application of acid-forming fertilizers affect the transformation and availability of macro- and micro-nutrients.

Topography or slope position affects soil properties by influencing water movement, erosion, and deposition. Steeper slopes experience quicker water runoff, leading to reduced water retention and higher erosion rates, which result in thinner and less fertile soils (9). In contrast, gentle slopes and flat areas facilitate water infiltration and retention, allowing for deeper soil development and higher fertility owing to the accumulation of sediments and organic matter (10). This difference also affects soil parameters, including soil bulk density, total porosity, water-holding capacity, clay content, and organic matter content, all of which play critical roles in determining soil structure and fertility. The total nitrogen and cation exchange capacity (CEC) are crucial for nutrient availability and retention. These factors directly influence crop yield and quality by affecting root growth, water availability, and the soil’s ability to retain and supply essential nutrients. Total nitrogen and cation exchange capacity (CEC) are crucial for nutrient availability and retention, ensuring that crops have access to the nutrients needed for optimal growth and development. High levels of nitrogen are particularly important to promote vegetative growth and the protein content in crops, while a higher CEC indicates a greater capacity of the soil to hold and exchange nutrients, enhancing overall soil fertility. These variations can significantly impact the nutrient profile of the soil, further influencing crop yield and quality by affecting plant metabolism, growth rates, and resistance to diseases. Additionally (11), reported that the availability of micronutrients, along with exchangeable bases, such as calcium (Ca²+), magnesium (Mg²+), potassium (K+), and sodium (Na+), varies across different slope positions, affecting the overall nutrient profile of the soil. Losing topsoil through erosion contributes to loss of inherent soil fertility levels of nitrogen (N), phosphorus (P), and potassium (K) and thus to a decline in potential crop yields (12).

Nevertheless, studies of soil physico-chemical properties concerning land-use types and slope positions effect at the local level have not been well documented due to the limited research on their combined impact in this particular region. Understanding soil physico-chemical properties for agricultural productivity, environmental sustainability, or sound management of land resources and minimizing soil erosion in the study area have paramount importance. By examining how land-use and slopes influence these properties, the research aims to provide valuable insights that can inform land-use planning, conservation efforts, or agricultural practices in the region. By addressing the research gap and providing a clear rationale, the study can contribute meaningfully to the existing body of knowledge and potentially have practical implications for stakeholders in the region.





Materials and methods




Description of the study area

The present study was conducted at Ageza watershed, northwestern Ethiopia (Figure 1). Astronomically, the watershed is located at 10°56′27.53″ latitude and 36°52′27.55″ longitude. The altitude of the watershed ranges from 1,800 to 2,953 msl. According to the National Meteorology Agency of Bahir Dar Meteorology Station weather data from 2010 to 2019, the mean minimum and maximum temperatures of the study area were 12.98°C and 26.26°C, respectively. The mean annual rainfall is 1,864.13 mm, with the main wet season being from June to September (Figure 2). Moreover, the soil types of the study area are Nitisols, characterized as shallow, moderate to deep, and very deep in depth and sandy clay to clay textural types (13).




Figure 1 | The location map of Ageza watershed.






Figure 2 | The mean monthly rainfall and temperature of the Ageza watershed.







Land-use types and management systems

The study area is characterized by a mixed farming system with the dominant crops of wheat (Triticum aestivum), potato (Solanum tubersoum), barely (Hordeum vulgare), and maize (Zea mays L.). The study area has also great potential for forest plantation, especially Eucalyptus globules, Acacia decurrences, and Cupresses lustanica tree species which are widely planted. In the watershed, there are different land-use types: cultivated (CL), natural forest (NL), grazing (GL), and plantation lands (EP). The share of land-use types of the watershed was 37.5%, 25%, 12.5%, and 12.5% cultivated, grazing, natural forest, and plantation lands, respectively (Banja District Agriculture Office, 2020).

Crop production is widely practiced through traditional subsistence farming on individual land holding under rain-fed agriculture. Agriculture is dependent upon rainfall, and land is cultivated using a horse and other draft animals. The natural vegetation of the present study area is very scattered, except for some trees and grasses in certain areas. The land management systems for the cultivation of such crops in the watershed include terracing, repeated contour plowing, application of chemical fertilizers and herbicide, composting, and hand weeding. However, there is no practice of fallowing in the watershed due to a shortage of land and high population pressure.





Experimental design and sampling techniques

The experiment was designed using a fractional combination of three land-use types—cultivated land (CL), grazing land (GL), and forest land (FL)—and three slope positions—upper slopes (>30%), middle slopes (15%–30%), and lower slopes (<15%)—according to FAO (2006). The layout followed a randomized complete block design (RCBD) with three replications. Composite soil samples were collected from each sampling block (10 m × 10 m in size) using auger. The soil samples were then taken from nine (9) points in an “X” pattern, and undisturbed soil samples were also taken by using core ring to investigate soil bulk density (BD). For soil physical property analysis, 27 undisturbed soil samples were taken from the deep (0–20 cm) through a steel core sampler. At each land-use type, three slope positions were selected from similar altitude and soil types. Global positioning system (GPS) and clinometers were used to read the geographical locations and slopes of the sampling sites of selected land-uses, respectively. Dead plants, furrows, old manures, wet spots, areas near trees, and the like were excluded during collection of the spill samples. The composited soil samples were collected from representative land-uses and slope positions with three replications.





Soil laboratory analysis

Soil texture was analyzed by using the Bouyoucos hydrometer method (14) after dispersing the soils with sodium hexamethaphosphate (NaPO3)6, and hydrogen peroxide (H2O2) was used to destroy the organic matter. From undisturbed soil samples, soil bulk density was determined using the core sampling method after drying the soil samples in an oven at 105°C until a constant weight was obtained (15). After the core sampled-soil was oven-dried, the BD was calculated by dividing the mass of the oven-dried soil (g) with the respective volume (cm3) as they are existing under natural field conditions. Total porosity (TP) was calculated using (Equation 1) from the values of BD and particle density (PD), with the latter assumed to be what we used as the average value of 2.65 g cm-3.



Soil pH was measured in a suspension of 1:2.5 soil-to-potassium-chloride (KCl) solution ratio (16). Organic carbon was analyzed using the wet oxidation method (17) with potassium dichromate (K2Cr2O7) in a sulfuric acid solution and titrated with 0.5 N ferrous sulfate solutions. Total N was determined by employing Kjeldahl digestion, distillation, and titration method (18). Soil available phosphorus (Av. P) content was determined by the Bray II method (19), with hydrochloric acid (HCl, 1 M) after extraction of phosphate determined photometrically. The exchangeable bases of calcium (Ca²+), magnesium (Mg²+), potassium (K+), and sodium (Na+) were extracted with 1 N NH4OAC (ammonium acetate) at pH 7. Exchangeable Ca²+ and Mg²+ were measured by using an atomic absorption spectrophotometer (AAS), and exchangeable K+ and Na+ were determined by using a flame photometer (20). For the determination of cation exchange capacity (CEC), the soil samples were leached with 1 N ammonium acetate solution and washed with ethanol (97%) to remove excess salt, followed by leaching with sodium chloride to displace the adsorbed (NH+4) (21). The quantity of ammonia was then measured by distillation and taken as CEC of the soil (22).





Statistical analysis

A two-way analysis of variance (ANOVA) was performed to assess the significance of differences in soil parameters between slope positions, land-use types, and its interaction effects. Data were subjected to ANOVA with the RCBD method using a statistical analysis system (23). The least significant differences (LSD) by Fisher’s test were used to separate significantly differing treatment means after main effects were found significant at P ≤ 0.05 using SAS software version 9.4. Moreover, simple correlation analyses were employed using Pearson’s correlation coefficient to determine the degree and direction of associations between selected soil physico-chemical properties.






Results and discussion




Soil physical properties




Soil texture

The clay and silt contents showed highly significant (P ≤ 0.01) and significant (P< 0.05) differences, while the sand contents were not significantly (P > 0.05) influenced by the interaction effects of land-use types and slope positions, respectively (Table 1). Considering the interaction effects of land-uses and slope positions, the highest clay (51.34%) and silt (25.06%) contents were recorded in the lower slope of FL and middle slope of GL, respectively (Table 2). The lowest clay (32.66%) and silt (15.00%) contents were recorded under CL of upper slope and CL of middle slope positions, respectively (Table 2). Cultivated land has the lowest (32.66%) clay content compared to FL and GL use types. The reason for the lowest clay in upper slope of CL might be due to the removal of clay from the surface by erosion, tillage activities, and transformation of clay minerals to other minerals by weathering and other pedogenetic processes. This agrees with the previous finding of (24) at the Abobo area, western Ethiopia. However, most of the CL in the study area lacks management practices and erosion controlling mechanisms that resulted in low clay content in the cultivated field relative to the rest of the land-use types (25).


Table 1 | Main effects of land-use and slopes on selected soil physical properties at Ageza watershed.




Table 2 | Interaction effects of land-uses and slopes on selected soil physical properties at Ageza watershed.







Bulk density

The soil BD value was significantly (P ≤ 0.05) affected by the interaction effects of land-use types and slope positions, while the main effects of land-use types and slope positions showed very highly significant (P ≤ 0.001) differences (Tables 1, 2). Considering the interaction effects, the highest (1.28 g cm-3) and lowest (0.91 g cm-3) value of BD was recorded from GL of upper and FL of lower slopes, respectively (Table 2). This lowest BD value in FL soils is due to its highest soil organic matter (OM) content (26). The lowest bulk density value in the lower slope position was attributed to reduced compaction due to less traffic and disturbance (27), which minimized the impact of human activities on soil structure. Additionally, natural processes, such as erosion and sediment transport, help alleviate compaction by removing compacted layers, further enhancing the soil conditions in this area. The highest BD in GL of the upper slope indicates that soil compaction was enhanced due to free overgrazing pressure and livestock disturbance over trampling, especially during the rainy season (28).





Total porosity

The total porosity value was not significantly (P ≤ 0.05) affected by the interaction effects of land-use types and slope positions, while it was significantly affected by the main effects of land-use types and slope positions at P ≤0.05 (Table 1). Regarding land-use types, the highest and lowest mean value of TP (43.88%) and (40.11%) was recorded under FL and GL, respectively (Table 1). The highest soil mean TP under the soils of FL use type may be attributed to the higher OM contents, while the lowest TP might be the result of higher animal tracking in the soils of GL. A decline in TP in the soils of grazing and cultivated lands as compared to soils of FL was attributed to a reduction in pore size distribution, and it is also closely related to the magnitude of SOM loss which depends on the intensity of soil management practices (29).

Regarding slope positions, the highest (43.90%) and lowest (39.66%) mean value of TP was recorded in the lower and upper slope positions, respectively (Table 1), which might be due to high BD and low clay and OM contents in the soils of the upper slope as compared to the lower slope. In this study, TP of the soil increases with the decrease of slope gradient. Total porosity increases as BD decreases, while it decreases as BD increases (30). Higher TP can make the soil workable and will have favorable plant rooting conditions.






Soil chemical properties




Soil pH

Soil reaction (pH) was not significantly different (P > 0.05) by the interaction effects of land-use types and slope cases as well as the main effects of land-use types. However, a significant difference (P ≤ 0.05) was observed in pH among slope positions, where the highest (4.90) mean soil pH was recorded in the lower slope, followed by the middle (4.88) one, whereas the lowest (4.56) was observed in the upper slope (Table 3). The higher pH value recorded in the lower slope might be due to the removal of basic cations from higher topography positions (upper and middle slopes) by erosion and its subsequent accumulation in the lower slope. In line with this finding (31), reported that the loss of base-forming cations through leaching and runoff generated from accelerated erosion reduces soil pH and thereby increases soil acidity in the upper slope. Correspondingly (32), reported highest basic cation concentration and pH at bottom slope position (33). also reported that continuous cultivation practices, excessive precipitation, and steepness of topography could be some of the factors responsible for the reduction of soil pH at the middle and upper elevations.


Table 3 | Main effects of land-uses and slopes on pH, organic carbon, total nitrogen, and available phosphorous.







Soil organic carbon

Soil organic carbon content showed non-significance (P > 0.05) by their interaction effects of land-use types and slope positions, albeit it was very highly significantly (P ≤ 0.001) affected by land-use types (Tables 3, 4). Regarding land-use types, the highest (6.08%) mean SOC content was recorded in the FL soil, while the lowest (2.27%) was under CL. The SOC mean value has increased from CL to GL and FL, respectively (Table 3), which might be because, in FL, falling of plant materials could increase SOC. On the contrary, the lowest SOC content of CL might result from the removal of SOC through oxidation because of intensive cultivation and erosion (34). In consent to this, the study by (35) on SOC in Ethiopia implied that over-cultivation depletes SOC. Besides this (36), stated that, under the CL use type, losses of SOC were not fully compensated by organic matter inputs from the crop residues. This result is also in agreement with (37), who stated that a higher SOC content was observed in natural FL while it was lower in CL due to plant litter fall, which, in turn, enhanced the fraction of soil organic matter in soils of FL (38).


Table 4 | Interaction effects of land-uses and slopes on pH, organic carbon, total nitrogen, and available phosphorous.







Total nitrogen

The TN content of the soil was non-significant (P > 0.05) by the interaction effects of land-use types and slope positions, while it was very highly significantly (P ≤ 0.001) affected by land-use types (Tables 3, 4). Based on the effect of land-uses on soil TN, the highest (0.21%) mean value was recorded under FL and the lowest (0.09%) in the CL (Table 3). This result indicated that soil TN comes from the soil OM of FL which had a high SOC content (Table 3). The low TN content recorded in the soils of the CL might be due to the rapid mineralization of soil OM. Reduced input of plant residues in such cereal-based farming systems into the soils is expected to contribute to the depletion of SOC and thereby TN in these CL soils. This finding agrees with the findings of (39), who reported that variation of TN paralleled with that of the change in SOC content in the soils of Girar Jarso of North Shoa Zone, Oromia, Ethiopia.

Furthermore (40), and (41) reported a low input of plant residues resulted in low TN. Similarly, the results of the SOC of the present study are in accordance with the findings of (42), who noted that the intensive and continuous cultivation forced the oxidation of SOC and thus resulted in a reduction of TN. Concomitantly (43), stated that OM is the main supplier of soil N, S, and P in low-input farming systems, and the continuous decline in the SOC content of soils of CL is likely to affect the soil productivity.





Available phosphorus

The ANOVA indicated that Av. P content was highly significantly (P ≤0.01) affected by the interaction effects of land-use types and slope positions; it was likewise very highly significantly (P ≤ 0.001) affected by land-use types. Considering the interaction effects of land-use types and slope positions, the highest (23.90 mg/kg) and lowest (8.80 mg/kg) value of Av. P was recorded in the cultivated land of lower slope and grazing land of upper slope positions, respectively (Table 4). The highest Av. P in the CL might be due to the continuous application of P-containing fertilizers. The results agreed with that of (44) who observed that the lowest concentration of Av. P was found under GL and highest under CL (45, 50). also reported comparable results that a high concentration of Av. P was found under CL as compared with uncultivated lands.





Cation exchange capacity

The results of ANOVA indicated that CEC was highly significantly affected by interaction effects of land-use types and slope positions (Table 5); it was likewise very highly significantly and highly significantly affected by the main effects of land-use types and slope positions (Table 6). Considering the interaction effects, the highest CEC (34.96 cmol kg-1) mean value was recorded under FL of lower slope positions and lowest (16.35 cmol kg-1) under CL of the upper slope class (Table 5). This might be because FL soil had a high clay and OM that cause a higher buffering capacity than CL. Similarly (46), reported that the amount and type of clay mineral are responsible for high CEC since both clay and organic colloids are negatively charged and can act as anions. Thus, clay and OM can absorb and hold positively charged ions (cations) (47). generalized that higher CEC values might imply that the soils have a high buffering capacity against induced change.


Table 5 | Interaction effects of land-uses and slopes on exchangeable bases and cation exchange capacity.




Table 6 | Main effects of land-uses and slopes on exchangeable bases and cation exchange capacity.







Exchangeable basic cations (Ca²+, Mg²+, K+, and Na+)

Exchangeable basic cations were highly significantly (P ≤ 0.01) affected by the interaction effects of land-use types and slope positions (Table 5); it was likewise very highly significantly (P ≤ 0.001) affected by the main effects of land-use types and slope positions (Table 6). Regarding interaction effects of land-use types and slope positions in exchangeable cations, the highest Ca²+ (24.47 cmol (+) kg-1), Mg²+ (4.54 cmol (+) kg-1), K+ (1.22 cmol (+) kg-1), and Na+ (0.80 cmol (+) kg-1) and the lowest Ca²+ (11.44 cmol (+) kg-1), Mg²+ (2.12 cmol (+) kg-1), K+ (0.57 cmol (+) kg-1), and Na+ (0.37 cmol (+) kg-1) values were recorded in the FL of lower slope and CL of upper slope, respectively (Table 5). This is because of the presence of different woody species and perennial plants in FL which can add soil OM and reduce the rate of soil erosion. This result agrees with the work of (24), who reported that exchangeable soil cations were higher in FL than CL and GL.






Correlation matrix of soil physico-chemical properties

The correlation was done to describe the relationship among each soil property and parameter considered in the analysis of the present study. Bulk density was positively and significantly correlated with pH (r­­­ = 0.49**) and silt (r­ = 0.53**) but had a significant and negative relationship with OM (r = -0.1**) and the rest of the selected parameters. The correlation indicated that the presence of a higher clay fraction and OM content lowers soil BD. This study agrees with (48) who revealed that OM decreases BD through its positive effect on soil aggregation. Sand was positively and significantly correlated with BD (r­­­ = 0.01**) and negatively correlated with the rest of the physico-chemical properties. Similarly, clay was significantly correlated positively and negatively with pH (r­­­ = 0.06**) and BD (r­ = -0.2**), respectively, but negatively correlated with other soil properties. Silt was negatively and significantly correlated with BD (r = 0.53**) and sand (r­­­ = 0.14**).

Soil pH was negatively and significantly correlated with sand (r­­­ = -0.19**) and positively correlated with the rest of the physico-chemical properties. Soil OC was negatively and significantly correlated with BD (r­ = -0.1**), sand (r­­­ = -0.28**), and silt (r­­­ = - 0.22**) as sand particles allow further decomposition of OM and positively and significantly correlated with clay (r­­­ = 0.45**), CEC (r­­­ = 0.83**), and TN (r­­­ = 0.89**). This might be because clay is poor in aeration, resulting in slow oxidation process in the soil system. Available phosphorous was positively and significantly correlated with CEC (r­­­ = 0.79**) and all exchangeable cations Ca²+ (r­­­ = 0.77**), Mg²+ (r­­­ = 0.76**), K+ (r­­­ = 0.75**), and Na+ (r­­­ = 0.74**) and negatively and significantly correlated with BD (r­­­ = -0.004**), sand (r­­­ = -0.16**), and silt (r­­­ = -0.08**). The CEC was positively correlated with OM (r = 0.83***) and clay (r = 0.67). The CEC was also positively and significantly associated with pH (r = 0.19***) and exchangeable bases (Ca2+ (r = 0.99***), Mg2+ (r = 0.98***), K+ (r = 0.97***), and Na+ (r = 96***)), respectively. This indicates that CEC can be influenced by the contributions of soil OM and clay content.

This result was in line with the investigation of (24). Besides that (49), disclosed that the amount of clay and type of mineral present in the soils are important controlling factors for CEC. The CEC increases when the content of exchangeable bases increases in the soil and vice versa. Hence, CEC was associated positively with exchangeable bases but negatively and significantly correlated with sand (r = -0.48**) and BD (r = -0.17**).






Conclusions

The study revealed significant impacts of both land-use types and slope positions on most of the soil physico-chemical properties. Forest land demonstrated superior soil fertility, characterized by higher levels of organic carbon (OC), available phosphorus (Av. p), cation exchange capacity (CEC), and exchangeable bases, compared to grazing and cultivated lands. Lower slope positions consistently showed better soil fertility indices, including higher clay content, silt, pH, and exchangeable bases, while bulk density was higher in the upper slope position. The findings emphasize the importance of maintaining forest land and implementing appropriate land management practices, particularly in lower slope areas, to prevent soil fertility depletion and enhance agricultural productivity in the region. Sustainable land-use practices are crucial to mitigate soil degradation and ensure long-term agricultural sustainability.
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