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Several studies have assessed the dynamics of soil quality induced by soil 
and water conservation (SWC), but many showed disagreement over the 
efficacy of SWC interventions in the Ethiopian highlands. This study used a 
before and after soil and water conservation practices (SWCP) comparison 
approach to evaluate the effect of SWCP on soil quality dynamics. Fifty-four 
composite and 10 undisturbed soil samples were collected in 2012 (before 
SWCP) and 2022 (after SWCP). Statistical mean, analysis of variance, and 
principal component analysis were applied to test the significant differences 
among treatments. The findings demonstrated that SWCP has significantly 
improved most of the soil quality indicators such as soil organic matter, 
total nitrogen, available phosphorous, pH, total porosity, field capacity, and 
available water, and reduced the value of bulk density and coarse fragments. 
The interaction effect of landscape position and types of structures provided 
statistically significant results for soil organic matter, total nitrogen, 
magnesium, calcium, and base saturation. Soil and stone-faced soil bunds 
treated at lower landscapes were superior in improving soil quality attributes. 
The soil quality indexing showed, the overall soil quality improvement as a 
result of SWCP was about 32.15%. The level of improvement for different 
SWCPs was 32% for stone faced soil bunds and 33% for soil bunds. The 
findings revealed that SWCP implementation can improve soil quality. Soil 
organic matter is a key biological quality component that contributed 25% to 
the soil quality index and highly impacted soil physicochemical properties. 
We suggest additional assessment of best and integrated land management 
practices to ensure further improvement in soil quality, crop productivity, 
and ecosystem services in the subhumid ecosystems.
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1 Introduction

In the last 50 years, about 2 billion hectares of land have been 
degraded, resulting in the loss of 11.9 to 13.4% of the world’s 
agricultural supply (Tsymbarovich et al., 2020; Hussain et al., 2021). 
Land degradation is defined in this context as the loss of land quality 
and, as a result, land productivity (Rashid et al., 2016). Productivity in 
Africa has fallen by half, owing mostly to soil erosion and its 
consequences (Lal, 2015; Bekele et al., 2022). This results in a yield loss 
ranging from 2 to 40%, depending on local socio-environmental 
conditions (Eswaran et al., 2019).

As part of other agricultural lands of the world, soil erosion is 
widespread in the East African highlands, including in the Ethiopian 
highlands (Girmay et al., 2020). The problem of soil erosion in the 
Ethiopian highlands was felt some 4,000 years ago with the 
introduction of agriculture (Wassie, 2020). As studied, this has 
reduced soil fertility and land productivity (Meseret, 2016). The 
amount of soil lost in Ethiopia’s highlands varied from 5 to 
300 t ha−1 yr.−1 depending on terrain, land use, and agro-ecological 
zones (Selassie and Amede, 2014; Meseret, 2016; Lemma et al., 2019; 
Adem et al., 2020). This estimate is equivalent to the loss of more than 
3 mm of topsoil per year (Zegeye et al., 2010). On the other hand, it 
takes about 100 years to form 1 cm of soil (Chalise et al., 2019). As a 
result, the erosion rate in Ethiopia is higher than soil formation rates.

Laboratory and field experiments have been conducted to assess 
the effects of erosion on soil quality and productivity (Wang et al., 
2020). In soil quality assessment studies, various types of soil quality 
indicators, also known as soil characteristics, were used. The choice of 
a relevant attribute was determined by the research purpose and the 
availability of data. For example, some studies use a combination of 
soil physicochemical properties (Rinot et al., 2019; Leul et al., 2023), 
whereas others consider selected variables to address specific soil 
quality (Alemayehu and Fisseha, 2018; Alewoye Getie et al., 2020). 
These studies have shown that soil erosion induced soil quality 
deterioration including nutrient availability, water-holding capacity, 
and soil response to fertilization (Nachimuthu and Hulugalle, 2016; 
Kebede et al., 2022).

Moreover, some studies have been conducted to measure soil 
quality changes as a result of SWC treatments. Amare et al. (2013), 
Belayneh et al. (2019), Mengistu et al. (2016), Siraw et al. (2020), and 
Tolesa et  al. (2021) discovered a significant improvement in soil 
organic carbon, total nitrogen, available phosphorous, available 
potassium, pH, clay content, cation exchange capacity, and soil 
hydrology in Ethiopian highlands. Mengistu et al. (2016) found that 
conserved plots had higher magnesium and calcium content than 
non-conserved plots. All these studies have found that conserved plots 
improved several soil quality indicators than non-conserved plots.

In contrast, particular research works found an absence of 
substantial positive improvements in soil quality indicators after SWC 
treatments. For instance, although the contents of exchangeable 
potassium and magnesium in the conserved micro-watershed were 
slightly higher than that in the non-conserved plots, the differences 
were statistically non-significant (Du et al., 2022). Mengistu et al. 
(2016) reported a statistically non-significant difference in soil organic 
carbon content between soils treated with SWC measures and those 
without in the Bokole watershed, and a non-significant improvement 
in soil hydrology parameters at the Anjeni watershed after 25 years of 
conservation work. Similarly, Amare et  al. (2013) found 

non-significant changes in pH, available phosphorous, available 
potassium, calcium, and magnesium between conserved and 
un-conserved sites.

Regardless of the disparities in research results, most prior studies 
made in Ethiopia were based on paired sites, i.e., a comparison of 
conserved and non-conserved sites due to a lack of historical data on 
soil qualities before SWCP was made. This method, on the other hand, 
was incapable of accounting for the intrinsic variability of soil 
chemical characteristics over a short distance. In general, there is 
disagreement on the efficacy of SWC interventions implemented in 
Ethiopia (Dagnew et al., 2015). As Tilahun and Belay (2019) suggested 
the response of land to SWC measures is the result of a complex 
interaction of several factors such as agroecology, age of treatments, 
and placement of structures. The present study hypothesized that soil 
and water conservation practices in sub-humid tropics will have a 
significant beneficial impact on soil quality.

Most previous research relied on the short-term effects of SWC 
using paired site comparison of conserved and unconserved adjacent 
sites due to a lack of historical data on soil quality indicators (Yu et al., 
2018). Soil properties, on the other hand, changed dynamically 
throughout time and under any conditions. This study is uniquely 
designed to examine the true and long-term (2012–2022) soil quality 
improvement in subhumid ecosystems over space and time as a result 
of the implementation of SWCP in the area. Therefore, the objective 
of the present study is to (i) assess the dynamics of soil properties 
caused by SWCP and (ii) evaluate the effects of conservation practices 
and landscape on soil properties in the sub-humid highlands 
of Ethiopia.

2 Materials and methods

2.1 Area description

The study was conducted in the Debre Mawi watershed, located 
in the northwestern Ethiopian highlands (Figure 1). The watershed 
has an area of 97 ha and is located between 11°21′18″ to 11°22′1” 
North latitudes and 37°25′3″ to 37°25’l37”East longitudes. The 
elevation varies between 2,195 to 2,308 meters above the mean sea 
level. The slope gradient varies from plain (0–5%), gentle (5–8%), 
moderate (8–15%), steep (15–30%), to extremely steep (>30%) 
accounting for about 17.46, 22.72, 38.53, 21.18 and 0.14% of the area. 
The climate is sub-humid, with a mean annual total rainfall of 
1,240 mm and a mean annual temperature of about 20°C (Dagnew 
et al., 2015). The rainfall pattern is mono-modal, largely concentrated 
between June and September. The major soils are Haplic Vertisols 
(32.33%), Luvic Nitisols (23.96%), Haplic Luvisols (21.58%), Vertic 
Cambisols (16.16%), and Haplic Leptsols (5.97%).

2.2 Soil and water conservation structures 
inventory

The soil and water conservation structures were extracted from 
Google Images, verified on the ground, and categorized into three 
management conditions: non-conserved, soil bund, and stone-faced 
soil bund areas. The stone-faced soil bunds and soil bunds covered 
about 51 and 32% of the watershed, respectively, leaving 17% to 
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be non-conserved. The SWCPs were made up of stone and soil with 
heights ranging from 0.3 to 0.6 meters. The horizontal distance 
between the bunds was 32 meters. On hilly terrain, the spacing was 
lowered so that the greatest height change between successive bunds 
was 1.5 meters (Mhiret et al., 2019).

2.3 Experimental setup and design

The research in general has a factorial experiment with three 
experimental variables, time (before and after), types of SWC 
structures (non-conserved, soil bund and stone bund) and landscape 

units (upper, middle and lower landscape positions) considered as 
depicted in Table  1. This study employed the before and after 
intervention comparison technique to compare soil quality before and 
after the implementation of soil and water conservation. Before the 
implementation of SWCP, a preliminary soil sampling was conducted 
in January 2012. Stone-faced soil bunds and soil bunds were the two 
main SWC structures, which were largely built from 2012 to 2014. 
Subsequently, soil samples were collected in 2022 at the same location 
sites as the ones taken before the implementation of SWCP and used 
to represent soil data after the implementation of SWCP. Samples were 
also collected in 2022 at non-conserved locations to verify the true 
changes in soil quality brought by SWCP.

FIGURE 1

Location map of Debre Mawi over Ethiopia (A), abbay basin and lake tana (B) and watershed features of Debre Mawi (C).
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Concomitantly, the study (i) assess changes in soil properties due 
to SWC treatments and (ii) evaluate the interaction effects of 
conservation practices and landscape position (Table 1). In 2012, 5 
plots were established in the three landscapes for soil sampling before 
the implementation of SWCP. In 2022, the watershed area was divided 
into conserved and non-conserved areas, explicitly subdivided into 
soil bunds, stone-faced soil bunds, and non-conserved plots. The three 
landscape units intersected with the watershed categorization made in 
2022 (stone-faced soil bund, soil bund, and non-conserved areas), 
yielding 8 combinations after the implementation of SWCP. The 13 
representative plots were chosen as given in Table 1.

The primary study interest was to examine the impacts of SWCP 
on the dynamics of soil qualities after years of implementation. This 
temporal cluster analysis compares data collected from conserved 
plots in 2022 as one group to data obtained from non-conserved plots 
in 2012. The first group includes data from 10 conserved field plots 
with replications collected in 2022, whereas the second group includes 
data from 5 selected plots with replications gathered in 2012. This 
research design did not use data from non-conserved plots gathered 
in 2022.

Also, a comprehensive analysis was performed to analyze the 
interaction effect of landscape and conservation practices on soil 
properties. Landscape and types of conservation practices were 
experimental variables as indicated in Supplementary Table S1. The 
data collected before the implementation of SWCP in 2012 were 
labeled as “non-conserved 2012” for the interaction study. Some data 
was also collected from non-conserved plots found in the middle and 
lower landscape, and represented as “non-conserved 2022.” The 
statistical comparison was made among 11 treatment combinations 
(Supplementary Table S1).

2.4 Soil sampling

Soil sampling was systematically designed to represent 
experimental variables before and after the implementation of SWCP, 
landscape units, and conserved and non-conserved units, with 
replications. Soil samples from the selected plots (Table  1) were 
collected by delineating 10 m x 10 m size plots of 0–20 cm depth. 
Composite and core soil samples were collected using Auger and core 
sampler. Core samples were taken at the center of each plot using a 
sharp-edged steel cylinder (core sampler). Before the implementation 
of SWCP, 5 core samples were collected at 5 sampling plots without 
replication. Similarly, 5 undisturbed core samples were collected after 

the implementation of SWCP at the same location as the samples 
taken before the implementation of SWCP. A total of 10 undisturbed 
soil samples were collected without replication.

About 5 soil samples were obtained before the implementation of 
SWCP in 2012, whereas 39 soil samples were collected after the 
implementation of SWCP in 2022. A total of 54 disturbed soil samples 
were collected from experimental treatments and replications 
(Table 1). For non-conserved plots, soil samples were collected at the 
edge of rectangular plots. For conserved areas, samples were excavated 
from the upper (0.5 m from the upper bund), middle (midpoint 
between two successive bunds), and lower (0.5 m from the lower 
bund) part of two successive bunds.

2.5 Laboratory analysis procedures

Soil samples were analyzed at Lihiket Design and Supervision 
Corporation Soil Laboratory, Bahir Dar (Ethiopia) where the 
analysis procedures were similar for soil samples collected both 
before and after soil and water conservation have been 
implemented. The samples were air-dried, crushed, and passed 
through a 2-mm sieve. The soil material that remained on the 
sieve was considered a percent coarse fragment, expressed by the 
mass of coarse material divided by the mass of the soil sample 
multiplied by 100. Soil pH was determined potentiometrically in 
the supernatant suspension of 1:2.5 soil-to-water suspensions 
using a pH meter as described by Van Reeuwijk (1986). The 
electrical conductivity of the saturated paste (ECe) was evaluated 
on the filtrate of saturated soil paste extract obtained by vacuum 
suction using an electrical conductivity meter and adjusted to 
ECe at 25°C. Particle size distribution was determined by the 
hydrometer method (Bouyoucos, 1962) using sodium 
hexametaphosphate as dispersing agent, and bulk density was 
determined from the undisturbed core samples (Hao et al., 2008). 
Total porosity was determined using the formula indicated in 
Equation 1:

 
P b

s
= −1 100

ρ
ρ  

(1)

Where P is total porosity (%), ρb is the bulk density (g cm−3) and 
ρs  is the particle density equal to 2.65 g cm−3 (Landon, 2014).

Available phosphorous content was determined by 0.5 M 
sodium bicarbonate extraction solution (pH 8.5) by Olsen (1982) 

TABLE 1 Number of selected plots, replications, and disturbed soil samples assigned before and after the implementation of SWCP based on landscape 
and types of SWCP.

Landscape 
position

Before SWCP (2012) After SWCP (2022)

Selected 
plots

Replication Samples

Selected plots

Replication SamplesSoil 
bund

Stone-faced 
soil bund

Non-
conserved

Upper 2 3 6 2 2 - 3 12

Middle 2 3 6 2 2 2 3 18

Lower 1 3 3 1 1 1 3 9

Total 5 15 13 39

SWCP, soil and water conservation practices.
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method. The Kjeldahl method was used for total nitrogen 
determination (Bremmer and Mulvaney, 1982). Soil organic carbon 
was measured by the wet combustion procedure of the Walkley-
Black method, and the amount of soil organic matter was calculated 
by multiplying the percent of organic carbon by a factor of 1.724 
(Landon, 2014). The exchangeable bases (Na+, Ca2+, Mg2+, and K+) 
were extracted by excess ammonium acetate solution (Van Reeuwijk, 
1986). Following the extraction, exchangeable Ca and Mg were read 
using atomic absorption spectrophotometer (AAS), and 
exchangeable Na and K were read by a flame photometer (Black, 
1965). Cation exchange capacity (CEC) was determined by the 
ammonium acetate method from the distillation of the ammonium-
saturated samples (Chapman, 1965). The percentage base saturation 
was calculated by dividing the sum of the base-forming cations (K+, 
Mg2+, Ca2+, and Na+) by the CEC of the soil and multiplying by 100 
(Landon, 2014).

The pressure plate membrane at 0.33 and 15 bars was used to 
determine the soil moisture content at field capacity and permanent 
wilting point, respectively. Available water holding capacity was 
estimated from the difference between the water content at field 
capacity and the permanent wilting point.

2.6 Soil quality improvement analysis

Soil quality improvement was examined by calculating the soil 
quality index as described by Leul et al. (2023). Principal component 
analysis (PCA) was used as a factor extraction method to group 
measured soil properties into different principal components and 
select the minimum dataset (MDS) of soil quality indicators that best 
represent soil quality function (Leul et al., 2023). In this study, 18 
measured and derived soil quality indicators were subjected to 
correlation and PCA. The PCA helps to reduce the dimension of the 
dataset without losing any information and select the most important 
indicators of the soil quality while correlation was useful to 
understand the relationships among soil properties. In each PC, the 
indicator with the highest factor loading (greater than or equal to 
0.7) absolute value is selected for further scoring. Multivariate 
correlation was used to reduce the redundancy of the data when 
more than one factor was retained under one PC (Gelaw et al., 2015; 
Guteta and Abegaz, 2017). One or more soil quality indicators that 
best represent soil quality function were nominated in each PCs 
considering the highest factor loading and bivariate correlation 
analysis results.

The scores of MDS indicators were determined using a linear 
function as a function of their performance of soil function using 
Equation 2 and Equation 3 for “less is better” and “more is better” 
correspondingly (Tesfahunegn, 2016; Yu et al., 2018).

 
S Xmin

X
=

 
(2)

 
S X

Xmax
=

 
(3)

Where S is the linear score varying from 0 to 1, Xmax and Xmin 
are the maximum and minimum values of each observed soil property 
and x is the value of the soil property. The soil quality indicators were 

scored as “more is better” for those properties that have a positive effect 
on the soil quality for example organic matter. “Less is better” for the 
soil properties with a negative effect on soil quality, for example, bulk 
density and “optimum” for one which can have a positive and negative 
effect when increasing or decreasing (Yu et al., 2018).

Accordingly, selected soil quality indicators were combined into a 
single index, and the soil quality index was calculated using Equation 4 
as described by Leul et al. (2023).

 
SQI Wi x Si

i

n
=

=
∑

0  
(4)

Where Wi is the weighting factor of each indicator derived by PCA, 
Si is the linear score for the selected MDS and n is the number of soil 
parameters selected in the MDS. Finally, the soil of the study area was 
classified based on the weighted addictive soil quality index as low soil 
quality SQI (0.38–0.44), moderate soil quality (SQI, 0.45–0.54), and high 
soil quality (SQI, 0.55–0.6) and very high for SQI >0.6 (Li et al., 2004).

2.7 Statistical analysis

A normality test was performed to determine whether the data 
were normally distributed, using the Shapiro–Wilk normality test 
(Hanusz and Tarasińska, 2015) with a significance level greater than 
0.05. Thus, non-normally distributed parameters were transformed 
using logarithmic transformation (Sedgwick, 2012).

Descriptive and inferential statistics such as mean, analysis of variance 
(ANOVA), and multivariate analysis were applied to data from disturbed 
and undisturbed soil samples. The relevant test statistics were applied to 
different soil quality indicators, and it was determined whether there was 
a significant difference before and after the implementation of SWCP, as 
well as the interaction effect of landscape and types of structures. Due to 
a lack of replicated data, paired samples T-tests were performed to 
compare bulk density, soil moisture, and then available water content and 
total porosity data of correlated samples.

Soil data from disturbed samples were analyzed using one-way 
ANOVA to test the overall effects of SWCP on soil quality indicators 
(SQI), before and after the implementation of SWCP. Concomitantly, 
two-way ANOVA was made to test the interaction effects of landscape 
and conservation practices on soil physicochemical properties as 
indicated in Supplementary Table S1. Tukey (HSD) multiple comparisons 
test was used to distinguish differences among treatment means.

All significant tests were carried out at a significance level of 
p < 0.05 unless specified. The statistical analysis was manipulated using 
Statistical Package for Social Scientists (SPSS) V 26.0 (IBM 
Corporation, United States).

3 Results

3.1 Effects of SWC interventions on soil 
physical quality

3.1.1 Soil bulk density and total porosity
There was a significant (p < 0.05) difference in soil bulk densities 

before and after the implementation of SWCP (Table 2). As shown in 
Supplementary Table S2, the mean bulk density value before the 
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implementation of SWCP (1.44 g cm−3) was greater than after the 
implementation of SWCP (1.28 g cm−3). The study found that SWCP 
reduces bulk density by 11% on average, but the magnitude varies by 
landscape unit (Supplementary Table S2).

Soil total porosity ranged from 42.45 ± 10.38% before the 
implementation of SWCP and changed to 53.20 ± 0.00% after the 
implementation of SWCP. The mean total porosity after SWCP 
implementation was significantly higher (51.7%) than before SWCP 
implementation (45.7%) and the difference was significant at p < 0.05 
(Table 2). The implementation of SWCP resulted in an average 13% 
improvement in total porosity (Supplementary Table S2; Figure 2).

3.1.2 Soil moisture content
The moisture contents of soils improved significantly following 

the implementation of SWCP as indicated in Supplementary Table S3, 
and the difference was significant for field capacity (FC) (p = 0.01) 
and available moisture content (p = 0.04; Table 2). In contrast, there 
was a non-significant difference for permanent wilting point (PWP) 
(p = 0.37). The volumetric moisture content after the implementation 
of SWCP (14.14%) was higher than before SWCP implementation 
(10.31%) (Supplementary Table S3). Similarly, soil FC after the 
implementation of SWCP (38.27%) was considerably greater than 
before SWCP implementation (33.59%).

The AWC was significantly higher in treated soils than in 
untreated soils, but it varied both in space and time (Figure 2). The 

highest mean AWC recorded after SWCP implementation was 
14.14 ± 0.88%, whereas the mean AWC before the SWCP was 
10.31 ± 1.17% as presented in Supplementary Table S3.

3.1.3 Coarse fragment
There was a significant (p < 0.01) difference in the proportion of 

coarse fragments before and after the implementation of SWCP 

TABLE 2 Statistical significance level of main effects and their interactions.

No
Soil 
properties

Before and after 
SWCP

Among landscape 
units

Among types of 
management 

practices

Landscape and 
management 

practices interaction

T-value p-value F-value p-value F-value p-value F-value p-value

1 Bulk Density 3.164 0.034 – – – – – –

2 Total Porosity 3.164 0.034 – – – – – –

3 FC 4.225 0.01 – – – – – –

4 PWP 0.99 0.37 – – – – – –

5 AWC 3.10 0.04 – – – – – –

6 Coarse fragment (%) 8.088 0.007 208.33 0.00 167.61 0.00 57.33 0.00

7 Sand (%) 0.056 0.814 15.46 0.00 0.31 0.82 1.05 0.40

8 Silt (%) 1.099 0.300 4.40 0.02 0.66 0.58 0.18 0.97

9 Clay (%) 0.235 0.630 8.39 0.001 0.34 0.79 0.38 0.86

10 pH 11.046 0.002 5.11 0.01 4.26 0.01 0.86 0.52

11 EC 0.865 0.357 0.89 0.42 0.97 0.42 1.57 0.19

12 OM 71.667 0.000 15.75 0.00 71.38 0.00 3.23 0.01

13 TN 28.032 0.000 31.23 0.00 76.07 0.00 14.47 0.00

14 C: N 23.797 0.000 1.06 0.36 5.05 0.004 1.59 0.18

15 P 21.961 0.000 13.16 0.00 15.32 0.00 1.09 0.38

16 Ca 2.254 0.14 19.76 0.00 8.74 0.00 2.44 0.05

17 Mg 1.178 0.28 56.60 0.00 19.46 0.00 9.88 0.00

18 Na 3.871 0.056 3.33 0.05 7.43 0.00 0.83 0.54

19 K 0.817 0.371 46.09 0.00 3.92 0.01 0.38 0.86

20 CEC 3.254 0.078 71.84 0.00 4.57 0.00 1.02 0.42

21 BS 0.001 0.971 21.29 0.00 6.87 0.00 6.86 0.00

FC, field capacity; PWP, permanent wilting point; AWC, available water content; pH, −log[H+]; EC, electric conductivity; OM, organic matter; TN, total nitrogen; C:N, carbon nitrogen ratio; P, 
available phosphorous; Ca: calcium; Mg: magnesium; K, potassium; CEC, cation exchange capacity; and BS, base saturation.

FIGURE 2

Soil physical and hydrological properties before and after the 
implementation of SWCP and percent changes due to SWCP (BD-
bulk density; P-total porosity, FC-field capacity; PWP-permanent 
wilting point and AWC-available water content).
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(Table  2). The mean percentage of coarse fragments before the 
implementation of the SWCP was 6.8% which changed to 4.1% after 
the implementation of the SWCP.

The interaction of landscape and conservation practices had a 
significant effect on the percentage of coarse fragments, at p < 0.01. 
The highest mean coarse fragments, 13.73% were observed in soil 
samples taken from non-conserved plots in the middle landscape in 
2022 (Table 3).

3.1.4 Particle size distribution
There was no significant difference in sand, silt, and clay content 

before and after the implementation of SWCP (Table 2). However, 
the proportion of sand and clay was slightly reduced while the 
percentage of silt was slightly higher after the implementation of 
SWCP as compared to before the implementation of SWCP 
(Figure 3).

The interaction effect of landscape and conservation practices on 
sand (p = 0.4), silt (p = 0.97), and clay (p = 0.86) content were 
statistically non-significant. Similarly, the effect of conservation 
practices had no significant effect on sand, silt, and clay content 
(Table 2). Landscape, on the other hand, had a significant effect on 
sand and clay content at p < 0.01 and silt content at p < 0.05. The lower 
landscape had the highest clay content (58.19%) as indicated in 
Supplementary Table S5.

3.2 Effects of SWC interventions on soil 
biochemical properties

3.2.1 Soil organic matter
The organic matter content of the soil demonstrated a significant 

variation between before and after the implementation of SWCP at 
p < 0.01 (Table 2). The mean organic matter content of soils was 1.84% 
before the implementation of SWCP and increased to 3.21% after the 
implementation of SWCP.

The landscape and conservation practices interaction had a 
significant (p = 0.015; Table 2) effect on soil organic matter content. 
Soil bund (4.10%) and stone-faced soil bund (3.41%), accounted for 

the highest mean organic matter content (Table 3; Figure 4). When 
compared to other treatment combinations, the plots without 
conservation structures accounted for the least amount of organic 
matter content. Overall, when compared to 2012 measurements, both 
soil and stone-faced soil bunds increase soil organic matter content 
across all landscapes, but the magnitude was greater in the lower 
landscape than in the middle and upper landscape positions 
(Figure 4).

3.2.2 Soil pH and ECe
There was a significant difference in pH value (p < 0.01) before and 

after the implementation of SWCP but exhibited a non-significant 
difference in electric conductivity (p = 0.36). The mean pH value was 
5.69 before the implementation of SWCP and drastically lowered to 
5.25 after the implementation of SWCP.

The interaction effects of landscape and conservation practices did 
not affect soil pH and ECe. Unlike ECe, soil pH was significantly 
affected by both the main effects of landscape and conservation 
practices (Table 2). The mean soil pH value in the lower landscape 
(5.74) was substantially higher than the upper and middle landscape’s 
(5.33) as presented in Supplementary Table S5. The mean soil pH value 
of non-conserved plots sampled in 2012 (5.69) and in 2022 (5.55) was 
significantly higher when compared with farm plots treated with both 
stone-faced soil bunds and soil bunds (Supplementary Table S4).

3.2.3 Soil total nitrogen
The analysis of variance performed before and after the 

implementation of the SWCP revealed a significant variation (p < 0.01) 
in the total nitrogen content (Table 2). The mean total nitrogen was 
0.12% before the implementation of the SWCP and increased to 0.58% 
following the implementation of the SWCP.

The interaction effect of landscape and conservation practices on 
the mean total nitrogen content was significant (p ≤ 0.01; Table 2). 
When compared to other interactions, lower landscape soil bunds 
(1.10%) and stone-faced soil bunds (0.90%) had the highest mean TN 
(Table  3). Farm plots without conservation structures (from 0.06–
0.14%; Table 3) at three landscape positions accounted for the least 
nitrogen content. Overall, both soil and stone-faced soil bunds increase 

TABLE 3 Effects of landscape units and types of SWCP on coarse fragments (CF), organic matter (OM), total nitrogen (TN), calcium (Ca2+), magnesium 
(Mg2+), and base saturation (BS).

Landscape 
unit

Type of SWCP CF OM TN Ca2+ Mg2+ BS

Upper slope Non-conserved 2012 2.80a 1.35a 0.13ab 10.77a 2.77a 33.64a

Soil bund 2.62a 3.00de 0.41c 12.70abc 3.74abc 37.00a

Stone-faced soil bund 2.75a 3.10de 0.44c 13.65abcd 4.02abc 40.22ab

Middle slope Non-conserved 2012 10.82d 2.07abc 0.14ab 13.54abcd 4.63bcd 52.99bc

Non-conserved 2022 13.73e 1.79ab 0.06a 11.85ab 3.99abc 44.76abc

Soil bund 8.52c 3.34ef 0.33bc 16.81bcde 5.10cde 59.46c

Stone-faced soil bund 2.35a 2.85cde 0.41c 12.34abc 4.02abc 36.19a

Lower slope Non-conserved 2012 6.60b 2.35bcd 0.06ab 17.60cde 5.88def 43.40ab

Non-conserved 2022 9.70cd 1.94ab 0.09ab 12.60abc 3.40ab 30.73a

Soil bund 3.50a 4.10f 1.10d 19.60e 6.80f 45.55abc

Stone-faced soil bund 5.20b 3.4ef 0.90d 18.20de 6.20ef 43.26ab

Means in the same column represented by the same letter are not statistically significant.
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nitrogen content, but the magnitude was greater at lower than middle 
and upper landscapes. The lower landscapes had very low nitrogen 
content as compared to other landscape units in 2012 but improved 
faster than the middle and upper landscapes after SWCP treatment.

3.2.4 Available phosphorous
There was a significant (p < 0.01) difference in available 

phosphorous content (Table  2) between before and after the 
implementation of SWCP. The mean available phosphorous content 
was 5.54 ppm before SWCP and significantly increased to 10.19 ppm 
after the implementation of SWCP.

Available phosphorous was non-significantly affected by the 
interaction effects of landscape and conservation practices, but 
significantly affected by the main effects of conservation practices and 
landscape positions (Table 2). Results from plots with stone-faced soil 

bunds (10.48 ppm) and soil bunds (9.91 ppm) had a significantly 
higher mean available phosphorous (Supplementary Tables S4, S5). 
Furthermore, the mean available phosphorous was significantly 
higher at the upper landscape (10.54 ppm), followed by the middle 
(7.17 ppm) and lower landscape (4.81 ppm).

3.2.5 Exchangeable bases
The statistical analysis result showed non-significant differences for 

calcium (p = 0.14), magnesium (p = 0.28), sodium (p = 0.05), and 
potassium (p = 0.37) content between before and after the implementation 
of SWCP. However, as presented in Table  3, unlike potassium and 
sodium, the interaction effect of landscape and conservation practices 
was significant for magnesium (p < 0.01) and calcium (p < 0.05) content.

Landscape had a significant effect on potassium content (p < 0.01) 
and sodium content (p < 0.05; Table 2). The highest mean sodium 

FIGURE 3

Effects of SWCP on sand, silt, and clay content of soils.

FIGURE 4

Representation of the effect of landscape and conservation practices on soil organic matter content.
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(0.16 Cmolc kg−1) and potassium (1.04 Cmolc kg−1 soil) content were 
observed in the lower landscape as indicated in Supplementary Table S5. 
Moreover, conservation practices have a significant effect on sodium 
(p ≤ 0.01), and potassium (p ≤ 0.01) content. Plots with soil bunds 
(0.18 Cmolc kg−1 soil) had the highest sodium content as compared 
with other treatments (Supplementary Table S4).

3.2.6 Cation exchange capacity and base 
saturation

There was a non-significant difference in CEC (p = 0.08) and 
percent BS (p = 0.97) before and after the implementation of 
SWCP. Similarly, CEC was non-significantly affected by the interaction 
effects of landscape and conservation practices. But, the interaction 
effect of landscape and conservation practices on BS was significant 
(p < 0.01). Soil bunds in the middle (59.46%) and lower landscape 
(45.55%) showed the highest mean base saturation (Table 3).

Conservation practice, both in space and time has a significant 
effect on CEC (p ≤ 0.01). The highest significant mean CEC was 
observed on soil bunds (46.28 Cmolc kg−1) and stone-faced soil bunds 
(48.17 Cmolc kg−1 soil) treated farm fields (Supplementary Table S4). 
Similarly, the landscape had a significant effect on CEC (p < 0.05). The 
highest CEC (58.05 Cmolc kg−1 soil) was observed on the lower 
landscape (Supplementary Table S5).

3.3 Soil quality indicators

To effectively describe the soil quality dynamics in the research 
area, about 18 soil parameters were used for principal component 
analysis. Principal component analysis (PCA) extracted three 
components that have eigenvalue greater than one and explained 91% 
of the total variability. PCA1, PCA2, and PCA3 accounted for 41.47, 
30.03, and 19.50% of the variability in the same order (Table 4). Major 
indications under each principal component were attributed to a 
significant weight loading and variance. As shown in Table 4, PCA1 
accounts for 41.47% of the variance in soil quality and is regarded as 
the best soil quality indicator in this study. In PCA1, the highly loaded 
variables are organic matter (OM), total nitrogen (TN), and available 
phosphorous accounted for 0.81, 0.71, and 0.71, respectively. Organic 
matter has the highest load and hence retained and the correlation of 
the other variables was checked. The correlation between organic 
matter with total nitrogen was significant (Supplementary Table S6). 
Hence, total nitrogen was not retained in PCA1. The correlation 
between organic matter and available phosphorous was not strong, 
therefore it was retained in the first PCA. Thus, based on their larger 
weight loading, soil organic matter, and available phosphorous content 
were the two most heavily weighted variables under PCA1 and 
considered soil biological quality components.

TABLE 4 Results of PCA for soil attributes from different types of conservation practices and landscape positions based on the minimum data set (MDS) 
method.

Principal component PCA1 PCA2 PCA3 Communality

Coarse fragments (%) −0.49 −0.14 0.71 0.90

pH H2O 0.50 −0.91 0.00 0.85

Sand (%) 0.40 −0.78 0.44 0.95

Silt (%) 0.61 −0.72 −0.14 0.90

Clay (%) −0.53 0.81 −0.21 0.97

OM (%) 0.81 0.48 0.01 0.88

TN (%) 0.71 0.57 −0.12 0.84

P (ppm) 0.71 −0.43 −0.51 0.95

Ca (Cmolc kg−1) 0.37 0.84 0.35 0.97

Mg (Cmolc kg−1) 0.38 0.77 0.48 0.98

Na (Cmolc kg−1) 0.51 0.76 0.32 0.95

K (Cmolc kg−1) 0.02 0.92 −0.09 0.99

CEC (Cmolc kg−1) −0.01 0.94 −0.31 0.98

BS (%) 0.37 0.91 −0.07 0.97

Bulk density (g cm−3) −0.18 −0.07 −0.86 0.89

FC (% vol) 0.44 0.19 0.66 0.72

PWP (% vol) 0.38 0.21 0.62 0.69

AWC (% vol) 0.46 0.52 0.74 0.75

Eigenvalue 6.22 4.51 2.93

% Variance 41.47 30.03 19.50

% Cumulative variance 41.47 71.50 91.00

Weightage factor 0.46 0.33 0.21

FC, field capacity; PWP, permanent wilting point; AWC, available water content; pH, −log[H+]; EC, electric conductivity; OM, organic matter; TN, total nitrogen; C:N, carbon nitrogen ratio; P, 
available phosphorous; Ca, calcium; Mg, magnesium; K, potassium; CEC, cation exchange capacity; and BS, base saturation. The soil parameters in bold are the ones with high load and those 
in bold and underlined are selected as soil quality indicators (retained in the MDS).
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TABLE 5 Soil quality index computations.

Conservation 
practices

Summation of Scoring (Si) and weighting (Wi) of soil quality indicators

SQI
OM, % P, ppm pH H2O

CEC, 
Cmolc/kg

BS, %
BD (g/
cm3)

AWC, %
Coarse 

fragments (%)

2012 W/O SWCP 0.11 0.08 0.10 0.08 0.06 0.06 0.04 0.03 0.56

2022 W/O SWCP 0.11 0.05 0.10 0.08 0.06 0.07 0.06 0.01 0.53

Soil bund 0.20 0.14 0.09 0.08 0.07 0.07 0.06 0.03 0.74

Soil and stone bund 0.18 0.15 0.09 0.09 0.06 0.07 0.05 0.05 0.73

SQI, Soil Quality Index. 2012 W/O SWCP refer to analysis results from unconserved fields in 2012, 2022 W/O SWCP refer to analysis results from unconserved fields in 2022. Si is the score of 
each parameter in the MDS, and Wi is the weighting of soil indicators. OM, organic matter; P, available phosphorous; CEC, cation exchange capacity; BS, base saturation; BD, bulk density; 
AWC, available water content.

In the second factor (PCA2), the high load variables are cation 
exchange capacity, exchangeable potassium, soil pH and base saturation 
with high weighted variables of 0.94, 0.92, 0.91, and 0.91, respectively 
(Table 4). Due to a significant correlation between cation exchange 
capacity and exchangeable potassium (Supplementary Table S6), 
exchangeable potassium was not retained. As a result, the CEC, pH, and 
BS were kept for the minimum data set (MDS) requirement in PCA2. 
This PCA2 is renamed as “chemical quality component.”

Soil bulk density, available water holding capacity (AWC), and 
percent coarse fragment had a high load in the third component that 
accounted for 19.5% of the variability (Table 4) and found no strong 
correlation between variables. The minimum data set in PCA3 
includes bulk density, available water capacity, and coarse fragment. 
This component represented the “soil physical quality component”.

3.4 Soil quality improvements in conserved 
landscape

To further understand the impacts of soil and water conservation 
on soil quality, a weighted additive soil quality index (SQI) generated 
from the PCA was developed. According to the PCA and correlation, 

the contents of soil organic matter, available phosphorous, pH, cation 
exchange capacity, bulk density, available water holding capacity, and 
contents of coarse fragments were selected as the primary indicators 
of the soil quality index, as shown in Table 4.

The difference in SQI between treatments was statistically highly 
significant (p = 0.00). The difference in treatment means is also 
statistically significant. However, no significant differences were 
observed between untreated fields in 2012 and 2022, or between soil 
bunds and stone-faced soil bunds (Figure 5). Based on the weighted 
additive soil quality index and the limited data set, the soil quality 
index in this study varied from 0.53 to 0.74. The mean soil quality 
index for soil samples obtained in 2012 (before SWCP) was 0.56, but 
it declined to 0.53 for non-conserved agricultural plots assessed in 
2022, suggesting a 5.26% fall in overall soil quality, as indicated in 
Figure 5, Table 5, and Supplementary Table S7. For conserved plots, 
stone-faced soil bund has the lowest soil quality index (0.73), while 
soil bund has a soil quality rating of 0.74 (Table 5). The study area’s 
soils were originally classified as high soil quality (0.56), but soil bunds 
and stone-faced soil bunds improved to very high soil quality indexes 
of 0.74 and 0.73, respectively. Soil and water conservation practices 
improved soil quality by 32% for stone-faced soil bunds, 33% for soil 
bunds, and declined by 5.26% for areas without soil and water 
conservation practices. However, soil quality index was 
non-significantly affected by landscape units (p = 0.14) and the 
interaction effects of landscape and conservation practices (p = 0.6).

Table  6 and Supplementary Figure S1 show the observed 
association between soil quality indicators and soil quality index. 
The soil quality index and available phosphorous (R2 = 0.70) and 
organic matter (R2 = 0.68) had a significant and positive correlation. 
There was a modest correlation with percent coarse fragment 
(R2 = 0.41), bulk density (R2 = 0.3), and cation exchange capacity 
(R2 = 0.23), as well as extremely low associations with percent base 
saturation and available water holding capacity (Table  6; 
Supplementary Figure S1).

4 Discussion

4.1 Effects of SWC interventions on soil 
physical quality

Following the implementation of the SWCP, there was a 
considerable improvement in total porosity (13%), available soil 
moisture, and FC soil moisture, as well as a decrease in bulk density 

FIGURE 5

SQI for the different soil and water conservation practices (SWCP), 
unconserved fields before SWCP (2012) and unconserved fields after 
SWCP (2022) (means represented by the same letter are not 
significant at p  <  0.05 level).
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(10%) and coarse fragments. The lower mean bulk density and higher 
total porosity implied from higher improvement in soil organic matter 
after the implementation of SWCP. Siraw et al. (2020) and Taye et al. 
(2022) revealed parallel findings in conserved watersheds in Ethiopia, 
which were generally ascribed to reduced slope gradients, slower 
runoff, and improved sediment and soil organic matter settlement. 
These innovations have an agreement with the present study described 
that SWCP accumulates soil organic matter and lower bulk density.

In the present study, SWCP improved FC, and available water 
holding capacity as a result of organic matter improvement and 
reduced soil erosion rates due to decreased runoff, enhanced 
infiltration, and thereof soil moisture content. This is because of the 
shorter slope length that created a runoff barrier and enhanced soil 
water-holding capacity, thereby filling soil pores with moisture within 
the conserved areas. This pattern corresponds to the findings of Tolesa 
et al. (2021), Tiki et al. (2015), Pramanick et al. (2022), and Siraw et al. 
(2020). This is owing to the improvement of organic matter and 
retention of soil particles due to the implementation of SWCP. The 
observed differences indicated the potential of SWCP to improve key 
soil biological and hydrological properties.

The percent of coarse fragments decreased significantly after the 
implementation of SWCP. This means that non-conserved soils are 
more prone to erosion and contain a higher percentage of coarse 
fragments than conserved soils. This is because bund reduced the loss 
of soil particles (Amare et al., 2013; Belayneh et al., 2019) and lowered 
the percentage of coarse fragments indirectly. When compared to the 
respective data from non-conserved plots in 2012, there was a 
substantial increase in coarse fragments on non-conserved plots 
sampled in 2022. Welemariam et al. (2018), reported comparatively 
greater percentages of coarse fragments on non-conserved grazing 
pastures, while terraces had significantly lower percentages of coarse 
fragments in Ethiopia highlands.

Significant changes in soil texture were not anticipated within the 
study time frame because the process of soil formation takes several 
years to alter soil texture. The modest change in the percent sand, silt, 
and clay in this study could be attributed to the process of particle 
removal from one portion of the watershed and deposition in another 
location within the study area. This is consistent with the findings of 
Tolesa et al. (2021) and Siraw et al. (2020), who found no significant 
differences in sand, silt, and clay content following the implementation 
of SWCP, due to the short duration of the watershed practice, which 
was 8 years, which cannot make a significant difference in weathering 
of materials. Demelash and Stahr (2010), on the other hand, found a 
substantial difference in soil texture after 10 years of conservation. The 
disparities in percent sand, silt, and clay in the upper, middle, and 
lower slopes were attributable to clay migration downward at any 
condition including conserved fields. Because of the increased 
deposition of enormous masses of clay down the slope, the clay content 
of the soil increases from the upper to the lower landscape. This 
conclusion is similar to the findings of Hishe et al. (2017) and Tamene 
et  al. (2017), who found substantial changes in soil particles with 

landscape position. This means that SWCPs are ineffective at retaining 
clay materials in high rainfall sub-humid ecosystems when fine clay 
materials are prone to moving with the removal of surplus water.

4.2 Effects of SWC interventions on soil 
biochemical properties

A 75% increase in soil organic matter content could be attributed 
to increased root and above-ground biomass and deposition and 
retention of organic matter due to the implementation of SWCP. This 
difference was caused by increased deposition and biomass cover as a 
result of SWCP implementation. Several researchers reported similar 
findings (Hishe et al., 2017; Alewoye Getie et al., 2020; Guadie et al., 
2020; Laik et al., 2021). Furthermore, increased soil organic matter 
content has a positive impact on soil quality indicators such as water 
holding capacity, total porosity, bulk density, pH, and total nitrogen 
which improves water availability, aeration, rooting condition, and 
fertility quality components in conserved plots.

The considerable decrease in soil pH could be caused by an increase 
in soil organic matter, increased infiltration, and leaching of soluble 
ions in subhumid areas following the implementation of SWCP. The 
leaching of cations from upper and middle landscapes and deposition 
in the lower landscapes could be a major reason for the differentiation 
of soil pH across landscapes. This result is consistent with the findings 
of Erkossa et al. (2018) and Pham et al. (2018). In all the cases, SWCP 
significantly lowerd soil pH value. This implies, soil pH slightly 
decreased with time without the implementation of SWCP mainly due 
to continuous leaching of basic cations and pH significantly decreases 
with the implementation of SWCP mainly due to improvement in soil 
organic matter content. Similar results were reported by Belayneh et al. 
(2019) and Demelash and Stahr (2010) in the highlands of Ethiopia.

The effect of SWCP on total nitrogen was significant and this 
coincides with Yifru and Miheretu (2022), Yaekob et al. (2022), Tolesa 
et al. (2021), Siraw et al. (2020), Mengistu et al. (2016), Dagnew et al. 
(2015), and Demelash and Stahr (2010) reported higher nitrogen 
content in terraced landscapes. Without SWCP, nitrogen content 
declined by 57% on the middle landscape and increased by 50% on 
the lower landscape. This discrepancy was attributed to nitrogen 
removal from upper and middle landscapes and its deposition to 
lower landscapes and the retention capacity of bunds. Studies 
confirmed the existence of the highest total nitrogen in lower 
landscapes and conserved farm fields (Assefa et al., 2020).

The increase in phosphorous content was mainly due to the overtime 
accumulation of phosphorous fertilizer application and less soil erosion 
and less removal of available and applied phosphorous because of 
SWCP. Similar implications have been reported by Tanto-Doko (2022). 
Overall, there was a slight decrease in mean available phosphorous from 
non-conserved farm plots sampled in 2022 as compared to 2012 due to 
continuous soil erosion. However, there was a significant increase in 
mean available phosphorous content due to SWCP as compared to 

TABLE 6 Relationships between soil quality index (SQI) and soil quality indicators expressed using R2.

OM (%) P (ppm) pH H2O
CEC  

(Cmolc/kg)
BS
(%)

BD  
(g/cm3)

AWC (%)
Coarse 

fragments (%)

SQI 0.68 0.70 0.08 0.23 0.01 0.30 0.17 0.41

SQI, soil quality index; OM, organic matter; P, available phosphorous; CEC, cation exchange capacity; BS, base saturation; BD, bulk density; AWC, available water content.
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non-conserved plots sampled in both 2012 and 2022. Phosphorous was 
higher in upper than lower lopes. This assessment result was attributed 
to the high rates of application of phosphorous fertilizers at the upper 
landscape dominated by Nitisols and Luvisols along with being less liable 
to leaching, unlike other nutrient elements. The lower landscape is 
dominated by Vertisols, which are clayey and have a high organic matter 
content, and where the soil phosphorous content is prone to fixation 
problems due to a clayey organic matter complex.

Exchangeable bases (Ca2+, Mg2+, K+, and Na+) are weathering 
derived. Therefore, no significant changes are envisaged within the years 
of SWCP implementation. However, there were significant differences in 
the interaction effect of landscape and management practices on Ca and 
Mg. In each instance, the maximum calcium and magnesium content 
was observed in soil bunds constructed at the lower landscape, where 
exchangeable bases are soluble with runoff water and liable to drain 
downslope and excellently retained by soil bunds of lower landscapes. 
On the other hand, the main effects of landscape and management 
practices on Na and K content are significant due to the effect of 
conservation structures on the erosion processes, which affect the 
distribution of basic cations over upper, middle, and lower landscapes. 
This could also be related to their removal from the upper slopes and 
depositions in the lower slopes. The findings of Noorbakhsh et al. (2008) 
also reported significant differences in available K among landscapes 
which increased downslope. The significantly higher K and Na were 
observed on plots with soil and stone-faced soil bunds and this result is 
consistent with the reports of Amare et al. (2013) and Taye et al. (2022), 
which clarified the accumulation of soluble bases in conserved fields.

Lower and middle landscapes received bases from upper 
landscapes and conserved the existing ones due to SWCP, hence a 
high percent is expected. However, the larger CEC at lower landscapes 
may result in a low percent base saturation. Nonetheless, due to 
SWCP, which lowers cation removal and favors cation deposition in 
the upper landscape, the percent base saturation stays high in the 
lower landscape but slightly lower than in the middle landscape. This 
conclusion was related to increased clay and organic matter content 
at lower landscape positions. Cation exchange capacity varies with 
clay content, type, and soil organic matter. Vertisols in lower 
landscapes typically have high CEC values due to smectitic clay 
mineralogy and increased clay content. However, Nitisols with 
kaolinitic mineralogy in the upper landscape tend to have low CEC.

4.3 Soil quality improvement

Soil and water management-induced soil dynamics were assessed 
using the soil quality index. The assessment was based on 8 selected soil 
quality indicators which were systematically regrouped into biological, 
chemical, and physical soil quality components. The highest 
contribution for the SQI was found for soil biological properties 
(organic matter content and available phosphorous) weighted about 
46%, followed by chemical properties (soil pH, cation exchange 
capacity, and percent base saturation) weighted 33%, and physical 
properties (bulk density, available water holding capacity) which have 
21% contribution. In this study, organic matter content contributed 
25% of the soil quality index. Soil biology is an excellent indication of 
soil quality and health since soil organic matter content impacts 
nutrient reserve, soil structure, infiltration rate, water retention 
capacity, and numerous soil ecological functions (Ngangom et al., 2020; 

Cai et al., 2022; Hassan et al., 2022). In tropical ecosystems, soil fertility 
is also an important quality component that impacts soil productivity 
as well as controlling soil biological, chemical, and physical features 
(Schiefer et  al., 2015; Erkossa et  al., 2018). Furthermore, soil pH 
influences nutrient availability and toxicity, which influences soil health 
and crop yield (Khelil et al., 2020; Kebede et al., 2022). Soil moisture 
impacts crop production in any ecosystem (Uwizeyimana et al., 2018; 
Wen et al., 2021). Bulk density is a basic quality indicator that affects 
soil strength and stability (Koudahe et al., 2022). As a result, the three 
soil quality components explain soil quality dynamics in the study area 
and, most likely, in other sub-humid tropical ecosystems.

The overall soil quality improvement due to the implementation 
of SWCP was 32% for stone-faced soil bunds and 33% for soil bunds 
mainly from the complimentary effects of three soil quality 
components. However, soil quality decreased by 5.26% from 2012 to 
2022 on farm plots without the implementation of soil and water 
conservation structures. This conclusion implies landscape-
conservation practices were the best implementation strategy in 
sub-humid highland ecosystems to improve soil quality. This suggests 
that non-conserved soils are more prone to soil quality deterioration. 
This is why soil and stone-faced soil bunds reduce the deterioration of 
certain soil quality indicators (Amare et al., 2013; Belayneh et al., 2019).

The effect of SWCP on soil quality indicators shows considerable 
results in reversing soil quality degradation and improving soil biology, 
fertility, and hydrology. This can help to enhance land rehabilitation 
and increase land productivity. In addition to land rehabilitation, soil 
quality improvement at the landscape scale could enhance hydrological 
services, carbon sequestration, and crop productivity. However, there 
are wide variations among research reports, which may be related to 
differences in the level of efficiency of SWC measures due to differences 
in age and type of SWCP, quality of construction, scale of maintenance, 
and agroecology. The majority of soil quality indicators yielded 
meaningful findings in this investigation.

5 Conclusion

The study looked into the effects of SWCP on soil physicochemical 
properties and soil quality in a sub-humid ecosystem. SWC practices 
have been critical in reversing land degradation and limiting 
additional harm to land resources. According to the study results, soil 
and water conservation measures demonstrated a statistically 
significant difference in most soil quality indicators when compared 
to conventional farmlands. Organic matter, available phosphorous, 
cation exchange capacity, soil pH, percent base saturation, bulk 
density, available water holding capacity and percent coarse fragments 
could be most relevant indicators of changes in soil quality induced by 
soil and water conservation practices. The soil quality indexing 
showed that SWCPs improved soil quality by 32.15% overall. The level 
of improvement was 32% for stone bunds and 33% for soil bunds, in 
contrast to a 5.26% decrease in soil quality on farm fields without soil 
and water conservation practices from 2012 to 2022. As a result, the 
null hypothesis is invalid, and the study accepts the alternative once 
demonstrating that the highlighted soil and water conservation 
practices significantly improve soil physicochemical properties, soil 
quality, and crop productivity in Ethiopia’s subhumid environments. 
However, in terms of the present food insecurity and sustainability 
problem, overall improvement in soil quality remains lower. This 
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might be attributed to inadequate farm management and maintenance, 
as well as a failure to prioritize the integration of various forms of SWC 
and agronomic practices capable of sustaining long-term advantages 
in soil quality, land productivity and ecosystem services. This implies 
that SCWP, which was limited to soil and stone-faced soil bunds like 
the majority of Ethiopian community watersheds, significantly 
affected the rate of improvement and shown the potential to improve 
even more than this value. Thus, in the future, integration of additional 
SWCP (agronomic and biological practices) would be the most likely 
alternative option for full-fledged soil quality enhancement.

We propose an additional soil quality study on best and integrated 
land management and its improvements in soil quality attributes, crop 
productivity and ecosystem services in the highlands of Ethiopia.
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