

  land-13-01654




land-13-01654







Land 2024, 13(10), 1654; doi:10.3390/land13101654




Article



Remote Sensing and Field Data Analysis to Evaluate the Impact of Stone Bunds on Rainfed Agriculture in West Africa



Meron Lakew Tefera 1,2, Hassan Awada 1,3,*, Mario Pirastru 1,2,3, James Mantent Kombiok 4, Joseph Adjebeng-Danquah 5, Ramson Adombilla 5, Peter Anabire Asungre 5, George Mahama 5, Alberto Carletti 6 and Giovanna Seddaiu 1,2





1



Department of Agricultural Sciences, University of Sassari, Viale Italia 39, 07100 Sassari, Italy






2



Desertification Research Centre, NRD, University of Sassari, Viale Italia 57, 07100 Sassari, Italy






3



National Biodiversity Future Centre (NBFC), 90133 Palermo, Italy






4



Kundok Development Consult (KDC), No 1 Target Avenue, Vittin Residential Area, Tamale P.O. Box TL 7022, Ghana






5



CSIR-Savanna Agricultural Research Institute, Nyankpala (SARI), Tamale P.O. Box 52, Ghana






6



Department of Civil, Environmental Engineering and Architecture, University of Cagliari, Via Marengo 2, 09123 Cagliari, Italy









*



Correspondence: hawada@uniss.it







Citation: Tefera, M.L.; Awada, H.; Pirastru, M.; Kombiok, J.M.; Adjebeng-Danquah, J.; Adombilla, R.; Asungre, P.A.; Mahama, G.; Carletti, A.; Seddaiu, G. Remote Sensing and Field Data Analysis to Evaluate the Impact of Stone Bunds on Rainfed Agriculture in West Africa. Land 2024, 13, 1654. https://doi.org/10.3390/land13101654



Academic Editor: Le Yu



Received: 7 August 2024 / Revised: 30 September 2024 / Accepted: 7 October 2024 / Published: 10 October 2024



Abstract

:

This study evaluates the effectiveness of stone bunds in enhancing soil moisture, vegetation health, and crop yields in Ghana’s semi-arid Upper East Region, an important area for agricultural productivity in West Africa. In this region, agricultural practices are heavily impacted by erratic rainfall and poor soil moisture retention, threatening food security. Despite the known benefits of traditional soil conservation practices like stone bunds, their effectiveness in this context has not been fully quantified. Field and remote sensing data were used to evaluate the influence of stone bunds on soil moisture dynamics, vegetation growth, and crop yield. Experimental plots with and without stone bunds were monitored for climate, soil water infiltration, and soil moisture and analyzed using the NDVI from Sentinel-2 satellite imagery over two growing seasons under sorghum production (2022–2023). The results indicated that stone bunds enhanced soil moisture retention and increased infiltration rates. The NDVI analysis consistently revealed higher vegetation health and growth in the plots with stone bunds, particularly during critical growth periods. The intermediate results of the conducted experiment indicated that stone bunds increased sorghum yields by over 35% compared to the control plots. The substantial agronomic benefits of stone bunds as a soil and water conservation strategy were evident, improving soil water infiltration, water retention, vegetation health, and crop yields. The findings support the broader adoption of stone bunds in semi-arid regions to enhance agricultural productivity and resilience against climate variability. Further research is recommended to explore the long-term impacts and the integration of stone bunds with other sustainable farming practices to optimize rainfed agricultural outcomes.
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1. Introduction


Ghana’s agriculture sector relies heavily on rainfall, with approximately 70% of the land depending on it for crop water requirements [1]. This sector employs approximately 52% of the workforce, contributes 54% to the gross domestic production, and provides over 90% of the country’s food needs, thereby exerting significant pressure on natural resources [2]. In this challenging context, the agricultural sector faces soil degradation, desertification, and drought, making soil and water conservation (SWC) measures essential for sustainable production [3,4,5,6,7]. In particular, crop farmers in Ghana’s northern region encounter significant challenges due to the unpredictability and intensity of rainfall [8].



Water scarcity is a critical issue in arid and semi-arid regions, where maintaining optimal soil moisture levels is essential for agricultural productivity [9]. Over centuries, agricultural practices and water erosion have significantly degraded soil fertility and altered the hydraulic properties of soil [10,11,12]. These challenges are exacerbated by a warming climate, posing significant obstacles to sustainable crop production [13]. Recent studies, such as [14,15], underscore the vital role of surface soil moisture in regulating ecological and hydrological processes. Effective soil moisture management is crucial for enhancing crop and livestock productivity in water-limited environments. The hydraulic properties of soil are fundamental in determining both soil and environmental quality and the soil’s capacity to support ecosystem functions [13]. Moreover, soil and water conservation measures, such as stone bunds, pits, half-moons, and contour stones, have proven effective in mitigating water stress and erosion [9,16]. Integrating these conservation practices with sound agronomic techniques can significantly improve agricultural yields and water productivity.



Monitoring soil moisture is crucial for assessing the impact of water harvesting techniques in rainfed agriculture, providing valuable insights into soil water capacity and moisture distribution. However, field-based monitoring presents significant financial and logistical challenges due to the vast agricultural landscapes, leading to common data scarcity. To address this issue, integrating remote sensing data, particularly the Normalized Difference Vegetation Index (NDVI), offers a promising solution [17,18,19]. The NDVI provides a comprehensive perspective on vegetation health and vigor, serving as a proxy for soil moisture effects on vegetation in rainfed agricultural systems [20,21]. Studies integrating the NDVI with on-field soil moisture measurements have successfully identified crop water stress periods and enhanced agricultural water management understanding [22,23,24]. Combining the NDVI data with ground-based observations allows for researchers to extend their findings to larger areas, offering a holistic view of water harvesting techniques like stone bunds across varied landscapes. This interdisciplinary approach holds immense potential for informing water management strategies, optimizing crop yields, and promoting sustainable agricultural practices in regions characterized by rainfall variability and limited data access [25].



Stone bunds are widely recognized for their effectiveness in mitigating surface runoff and managing soil erosion. They are the predominant techniques adopted by farmers across West Africa due to their ability to promote sedimentation and soil infiltration and to increase moisture retention [26,27]. The effectiveness of stone bunds depends on several factors, including climatic conditions, design, soil characteristics, and crop selection [14,16]. The adoption of these structures has significantly improved crop yields, annual income, and the livelihoods of smallholder farmers [28]. Research by [29,30,31,32] demonstrates substantial yield increases in areas utilizing stone bunds, with some studies reporting yield increases ranging from two to three times compared to control areas [31].



Previous research in West Africa has predominantly focused on yield, soil fertility, and erosion [16,33,34,35]. However, there is a notable gap in addressing the impact of stone bunds on enhancing soil moisture. Additionally, most of these studies are limited to small-scale, localized field analyses, with a scarcity of research specifically examining the effectiveness of stone bunds in Ghana. This study aims to address these gaps and provide, through integrated field data and remote sensing analysis, valuable insights into the effects of stone bunds on soil moisture retention and agricultural productivity in Ghana.



The specific objectives are the following:




	
Examine the influence of stone bunds on soil moisture dynamics.



	
Evaluate the effect of stone bunds on vegetation growth using NDVI data on a large spatial scale.



	
Analyze the relationship between stone bunds, environmental factors, and agricultural productivity.









2. Materials and Methods


2.1. Study Area


The experiment was conducted in Nangodi (Soliga) Nabdam district, located in the Upper East Region of Ghana, at coordinates 10°51′10.44″ N, 0°40′12.72″ W, with an elevation of 198.6 m (Figure 1). This area is part of Ghana’s savanna zone and experiences a semi-arid climate characterized by distinct wet and dry seasons. Rainfall in this region is typically lower compared to the southern part of Ghana, with the rainy season extending from May to October, averaging 1039 mm annually between 1981 and 2023 according to NASA (2024). Stone bunds, widely used for soil and water conservation, are prevalent in the region. A survey with local experts and farmers revealed that the stone bunds in the experimental plots ranged from 20 to 30 years old and have been consistently maintained according to local farmers’ practices.




2.2. Soil Data


In the top 10 cm layer, the soil texture is predominantly loam, with high levels of organic matter and active biological processes. As the depth increases, the soil transitions to clay loam at 10–20 cm and 20–30 cm and to clay at 30–40 cm. This gradation is accompanied by a decrease in organic matter, total nitrogen, and phosphorus levels, while the C/N ratio increases (Table 1). The topsoil’s bulk density was observed as 1.37 g/cm3, which corresponds to the typical range for loam soils [36]. Based on the observed soil properties, the soils in the study area are classified as Alfisols, specifically Ustalfs, according to [37]. These soils are characteristic of semi-arid regions, with high base saturation and fertility. The loam texture in the top layers and the transition to clay loam and clay at deeper depths further support this classification.




2.3. Experimental Plots


Two experimental plots were established for evaluating the soil moisture dynamic and crop productivity: a treatment plot with stone bunds and a control plot without stone bunds serving as a comparative baseline. Each plot was equipped with two WaterScout SMEC 300 Soil Moisture sensors, installed centrally to monitor moisture levels at 10 cm and 20 cm depths. Soil moisture data were recorded at 15 min intervals throughout the study period. Additionally, a WatchDog 2800 Series Weather Station was installed on-site to record weather parameters at the same intervals. Figure 2 provides a graphical overview of the stone bunds, including their dimensions and the placement of moisture sensors (MSP) within the study area.



Weather data, including rainfall (R), temperature (T), relative humidity, wind speed, wind gusts, and solar radiation, were collected for both the 2022 and 2023 growing seasons to understand the environmental conditions affecting crop growth. Cumulative rainfall during the study period was recorded at 1002 mm in 2022 and 871 mm in 2023. Average temperatures were monitored and showed an increase from 27.2 °C in 2022 to 27.8 °C in 2023. Relative humidity levels were also tracked, rising slightly from 80% to 82% over the two years. Wind conditions were measured, revealing a decrease in wind gusts from 7.1 km/h in 2022 to 6.5 km/h in 2023, with the average wind speed dropping from 2.8 km/h to 2.2 km/h. Solar radiation data were captured, showing a slight increase in 2023, with values rising from 230 W/m2 in 2022 to 235 W/m2 in 2023. Figure 3 illustrates the monthly rainfall and mean temperature variations during the 2022 and 2023 growing seasons.



The experiment focused on sorghum, widely favored by local farmers and recognized as the third most cultivated cereal in Ghana. The chosen variety, Kapaala white, endorsed by the regional research center, matures within 100 to 120 days. Sorghum cultivation in the area depends heavily on rainfall, with significant yield gaps observed. Actual yields have been reported to be 96.5% below the potential yield of 2.0 Mt·ha−1 [38]. Planting typically begins in the first week of June, with flowering occurring in late August and harvesting concluding in early October, according to the agricultural calendar. Traditional compost fertilizer was uniformly applied across all study plots. Data collection spanned the years 2022 and 2023, with yield measurements taken from each plot, each covering an area of 6 m × 6 m and replicated three times.




2.4. Soil Hydraulic Properties


Fifteen single-ring infiltration tests were conducted to estimate the saturated soil hydraulic conductivity (Ks) using the Beerkan Estimation of Soil Transfer parameters through Infiltration Experiments (BEST) algorithm [39]. Eleven of these tests were performed in three stone bund plots located on a slope ranging from 6 to 10 degrees, with the steepest gradient observed in the upper bund. Four experiments were conducted in both the upper- and mid-bund plots, while three tests were carried out in the lower bund. Additionally, four tests were conducted in a control plot with a uniform 6-degree slope.



The BEST procedure enables the estimation of both the soil water retention curve (SWRC) and the hydraulic conductivity curve with minimal experimental data. Key inputs include particle-size distribution (PSD), dry soil bulk density, cumulative three-dimensional (3D) infiltration, and initial and final soil water content. The BEST method is based on the [39] model for the SWRC. It utilizes the [40] model for hydraulic conductivity, as expressed by the following equations:


  K   Q   =   K   s          θ −   θ   r       θ   s   −   θ   r          η    



(1)






  η =    2   m ∗ n    + 3 + P  



(2)




where Ks is the saturated soil hydraulic conductivity; θ is the volumetric soil water content; θs is the saturated soil volumetric water content; θr is the residual volumetric soil water content; n, m, and η are shape parameters; and P is a tortuosity parameter.



The determination of hydraulic parameters is performed in two stages. In the first stage, the SWRC shape parameters n, m, and η are obtained from the PSD curve. An analytical function is fitted to the PSD data (after excluding gravel fraction) and is given by the following equation:


    F   D   =     1 +          D   g     D          N   g           − M   g      



(3)




where FD is the cumulative particle mass fraction associated with particle diameter D, Dg is a characteristic particle diameter, and Ng and Mg are shape parameters related by Mg = 1 − 1/Ng. The parameters n and m are linked to Ng and Mg by a relationship that involves soil porosity. The details of this calculation are provided by [39].



The remaining parameters are obtained from the infiltration experiment. Each test involved inserting a 15 cm diameter ring into the soil to a depth of at least 1 cm to prevent water loss from the soil surface. Infiltration tests were conducted under ponded conditions, where 150 mL of water was repeatedly added to the ring, and the time required for infiltration was recorded until a steady infiltration rate was achieved. Undisturbed soil samples were taken before and after the tests to measure dry bulk density and initial and final soil water content. Infiltration rates (f, mm/min) and cumulative infiltration (F, mm) were calculated based on the measured infiltration times and water volumes. The cumulative infiltration data were then used to derive Ks using the BEST slope algorithm [39].




2.5. NDVI Analysis


For the large-scale analysis, the NDVI data were acquired from Sentinel-2 satellite imagery, covering the Nabdam District from 1 January 2022 to 1 January 2024. The Sentinel-2 satellites, part of the European Union’s Copernicus program (https://dataspace.copernicus.eu/, accessed on 8 September 2024), provide high-resolution imagery with a spatial resolution of up to 10 m and a revisit time of 5 days. This high frequency and fine resolution make Sentinel-2 data suitable for the long-term spatiotemporal analysis of vegetation dynamics, even in regions with relatively small and fragmented agricultural fields.



Twelve fields were selected to compare the effects of stone bunds on crop growth under rainfed conditions. Figure 3 illustrates a sample field polygon with stone bunds used for the NDVI data extraction in the study area (Nabdam, Ghana). These fields were identified through local surveys and were managed using the same crop type and agricultural practices. The geographic coordinates of these sites were registered, and additional information was collected from local partners. The control plots, without stone bunds, ranged in size from 2100 m2 to 15,329 m2, collectively covering an area of 33,820 m2. The treatment plots, with stone bunds, ranged from 2200 m2 to 20,876 m2, spanning a total area of 38,576 m2. The control plots were covered by 338 pixels, and the treatment plots were covered by approximately 386 pixels. Figure 4 illustrates the aerial view of the study plot with stone bunds, showing the field boundaries. The geographic coordinates are provided for spatial reference.



2.5.1. NDVI Data Extraction and Processing


The NDVI data were obtained from the Copernicus Database portal (https://dataspace.copernicus.eu/, accessed on 8 September 2024). The Sentinel-2 Level-2A data were first filtered for cloud coverage, applying a threshold of 80%. Then, pixel-level cloud detection algorithms, specifically the Sentinel-2 Cloud Masking (s2cloudless) algorithm, were applied to mask out the pixels affected by clouds, shadows, and haze to further improve the data quality. Subsequently, the NDVI values for the filtered images corresponding to the selected acquisition dates were retrieved. The mean NDVI values for each field were retrieved from the cloud-free pixels on each acquisition date. The NDVI values for the selected fields were then downloaded and used directly for analysis. To improve the reliability of the analysis, NDVI values below 0.2 were excluded to eliminate non-vegetated areas. Finally, the daily NDVI values were obtained by linear interpolation between the available cloud-free images to create a continuous time series over the study period, ensuring that key vegetation growth stages were captured.




2.5.2. NDVI Classification


In our methodology for analyzing the NDVI distributions, we categorized the NDVI data according to established threshold values. This classification approach is essential for interpreting the NDVI data effectively, allowing for us to distinguish between varying levels of vegetation vigor. The NDVI index ranges typically from −1 to +1, with higher values indicating healthier and more vigorous vegetation. To facilitate our analysis, we defined specific threshold values to categorize the NDVI data (Table 2) according to literature sources [41,42,43,44]. By categorizing the NDVI values according to these thresholds, we can quantify and compare the vegetative cover in areas with stone bunds versus control areas, assessing the effectiveness of such land management practices in promoting vegetation health. This classification is valuable for mapping and monitoring changes in vegetation over time, providing a quantifiable measure of environmental impact.





2.6. Statistical Analysis


To assess the effectiveness of stone bunds in enhancing soil moisture retention at different soil depths compared to control plots, we employed descriptive statistics, Pearson/Spearman correlation analysis with rainfall, and temporal trend analysis. Additionally, the percentage change in VWC at each soil depth between stone bunds and control plots was calculated using the following formula:


  % Δ   v   v   =        V   s b   −   V   c       V   C        × 100  



(4)




where   % Δ   v   v     is the percent difference in VWC at each depth between the stone bunds (    V   s b    ) and control (    V   c    ) areas, providing a measure of the effectiveness of the stone bunds.



For non-normally distributed data, the non-parametric Wilcoxon rank sum test, also known as the Mann–Whitney U test, was used to compare two independent samples and determine if they come from the same distribution. It is particularly useful for comparing medians between two groups, i.e., stone bunds and control. The Wilcoxon rank sum test is defined as the following:


  W =   R   s   −      n   s   (   n   s   + 1 )   2     



(5)




where Rs is the sum of the ranks and     n   s     is the number of observations in the stone bund sample. This test provides a p-value, and a p-value less than 0.05 typically indicates a statistically significant difference between the moisture content in the stone bund and control plots, leading to the rejection of the null hypothesis. The Wilcoxon rank sum test was performed using R, version 2024.04.2, a programming language and statistical software.



For the crop data, a two-way ANOVA (analysis of variance) was conducted to assess the effects of treatment (control vs. stone bunds) and year (2022 vs. 2023) on crop yield, including their interaction. The model included fixed effects for treatment and year and random effects for replication within each year. Significance was determined at p < 0.05. The data were structured with treatment and year as the main factors and crop yield as the response variable. The statistical model used was the following:


    Y   i j k   = μ +   α   i   +   β   j   +     α β     i j   +   ϵ   i j k    



(6)




where Yijk represents the yield for the kth replication in the ith treatment and jth year, μ is the overall mean yield, αi is the effect of the ith treatment, βj is the effect of the jth year, (αβ)ij is the interaction effect between treatment and year, and ϵijk is the random error. The ANOVA was performed using the aov function in R, and the significance of the main effects and interaction was determined at the 0.05 significance level. The statistical analysis was conducted using RStudio version 2024.04.2 Build 764 (Posit Software, PBC), with R version 4.2.2 for documentation.



For the NDVI, the statistical analysis was performed using regression analysis to elucidate the relationship between the NDVI values and related variables, such as rainfall and soil moisture. Regression models were fitted to the dataset to quantitatively assess the impact of these factors on the NDVI. The significance of the coefficients was evaluated using statistical tests, including the t-statistic and p-value. Measures of model performance, such as R-squared and adjusted R-squared, were employed to gauge the explanatory power of the regression models, while the F-statistic provided insights into their overall significance.



The equations for simple and multiple linear regression are as follows:



For simple linear regression,


Y = β0 + β1 X1 + ε



(7)







For multiple linear regression,


Y = β0 + β1 X1 + β2 X2 + ⋯ + βp Xp ε



(8)




where X1, X2, …, Xp represent independent variables; β1, β2, …, βp are the coefficients associated with each independent variable; and ε represents the error term.



The methodology also included a residual analysis to validate the regression models and ensure the absence of systematic errors. Residual plots and tests for normality were conducted to assess the appropriateness of the regression assumptions and the accuracy of model predictions. Finally, smoothing techniques, such as moving averages, were employed to enhance the quality and reliability of the NDVI time-series data by mitigating noise and interpolating missing data points.





3. Results


3.1. Soil Moisture Dynamics


The dataset analyzed in Figure 5, which includes in situ soil moisture and rainfall measurements taken at 15 min intervals, provides evidence of the effectiveness of stone bunds in regulating soil moisture, particularly under variable rainfall conditions. This analysis focuses on volumetric water content (VWC%) comparisons between stone bund and control plots, highlighting distinct moisture dynamics influenced by rainfall. The correlation coefficients between rainfall and soil moisture levels are 0.51 for the stone bund plots and 0.42 for the control plots. Figure 5a,b clearly show that stone bunds consistently maintain higher soil moisture levels, especially during periods of increased rainfall. Table 3 presents the statistics of soil moisture content in the stone bund and control areas. The stone bund areas sustained higher average VWC levels compared to the control areas, with notable increases at both 10 cm and 20 cm depths, quantitatively supporting the superior moisture retention capabilities of stone bunds. Specifically, the stone bund plots retained 21.33% more moisture than the control plots at 10 cm depth and 8.94% more at 20 cm depth over the entire study period. During the growing season of 2022, stone bunds retained 17.44% more moisture at 10 cm and 10.51% more at 20 cm. In 2023, these values increased to 22.99% and 23.70%, respectively.



Despite a lower maximum rainfall of 22.9 mm in 2022, stone bunds helped achieve a soil moisture peak of 54.6 mm at 20 cm depth. Conversely, in 2023, a higher rainfall intensity of 26.4 mm resulted in a slightly lower moisture peak of 47.2 mm. Statistical validation using non-parametric tests, appropriate due to the non-normal distribution of the data, corroborates the hypothesis that stone bunds significantly improve soil moisture retention. The Wilcoxon rank sum test results at both 10 cm (W statistic: 225,254, p-value: 1.979 × 10−4) and 20 cm (W statistic: 244,776, p-value: 1.053 × 10−9) depths indicate that the differences in VWC between the stone bund and control areas are statistically significant. Figure 5a,b illustrate the temporal variations in soil moisture for both depths along with the corresponding rainfall events.




3.2. Infiltration Rates and Hydraulic Conductivity


The mean instantaneous infiltration rate for the control plot was 6.2 mm/min compared to a higher rate of 8.7 mm/min for the stone bund plot. Additionally, the median infiltration rates were 4.8 mm/min for the control and 6.5 mm/min for the stone bunds, further demonstrating the enhanced water infiltration efficiency achieved with stone bunds. The mean cumulative infiltration was 95.2 mm for the control plot and 139.4 mm for the stone bund plots as shown in Figure 6. These results indicate that stone bunds could enhance soil permeability and water infiltration capacity compared to the control.



The mean soil’s saturated hydraulic conductivities (Ks) were 1.732 mm/min and 1.185 mm/min in the stone bund and in the control, respectively. Table 4 provides detailed Ks values for the upper-, mid-, and lower-bund plots and the control plot. The three bunds showed higher mean Ks values compared to the control. Higher mean Ks values were found in the upper- and mid-stone bunds that had the highest slopes.



A temporal analysis of rainfall recorded at 15 min intervals in conjunction with the saturated hydraulic conductivity (Ks) offers valuable insights into the likelihood of surface runoff occurrence. This analysis assumes a uniform rainfall rate within the 15 min data acquisition intervals. During the rainy seasons of 2022 and 2023, eleven 15 min rainfall observations in the control plot exceeded the average Ks value, indicating the potential for surface runoff. In contrast, only one rainfall event in the plots with stone bunds surpassed the mean Ks value. The observed peaks in soil moisture within the stone bund plots suggest a higher rate of infiltration, providing a more accurate reflection of the rainfall recorded at these intervals. This variation illustrates that soil moisture responses are better correlated with rainfall events, especially since rainfall is not uniformly distributed over the 15 min intervals. The control plot, lacking these pronounced peaks, struggles to absorb the intensity of rainfall, leading to increased runoff.




3.3. NDVI Analysis and Vegetation Response to Stone Bunds


The NDVI analysis over the growing seasons of 2022 and 2023 reveals that stone bunds consistently result in higher NDVI values compared to the control plots, indicating better vegetation health and growth. During the peak growth from mid-August to mid-September, the NDVI values in the stone bund fields reached 0.61, while the control fields recorded lower values of 0.52 in 2022 and 0.48 in 2023. Figure 7 illustrates the dynamics of the mean daily NDVI values from multiple plots under different management practices (with and without stone bunds) across the 2022–2023 growing seasons. The analysis shows that, in 2022, the stone bund fields exhibited higher NDVI values from sowing to mid-season (approximately up to day of year 230), attributed to favorable conditions, like higher rainfall and better soil moisture. From DOY 150 to DOY 200, the plots with stone bunds of 2023 were higher than the 2023 control plots and similar to the 2022 control plots. After DOY 200, in 2023, the plot with stone bunds maintained higher NDVI levels than the control plots of 2022, despite the lower rainfall, and reached similar values to the stone bund plot of 2022 near mid-season. The decline in NDVI values towards the end of the season corresponds to the physiological maturation and harvesting phases of the crops. Figure 5 illustrates the temporal dynamics of the mean daily normalized difference vegetation index (NDVI) values for two consecutive years across different agricultural stages.



A pixel-based spatiotemporal analysis of the NDVI distributions, as illustrated in Figure 8, during the rainy periods (May to October) reveals significant differences of vegetation vigor between the areas with and without stone bunds. The stone bund areas exhibited a higher percentage of high NDVI (24%) compared to the control areas (9.2%).



Statistical analysis reveals significant effects of both treatment (presence or absence of stone bunds) and location on the NDVI values, as shown in Table 5. The presence of stone bunds significantly increased the NDVI (p < 0.001), indicating their positive impact on vegetation vigor. The location also showed a significant effect on the NDVI (p < 0.001), suggesting spatial variability in vegetation response across different sites. Notably, the absence of a significant interaction effect between treatment and location suggests that the beneficial effects of stone bunds are consistent across various locations.



Further analysis of the interaction between rainfall and the NDVI reveals significant impacts, particularly in regions with stone bunds. In these areas, the correlation coefficient between rainfall and the NDVI is 0.68, indicating a robust positive relationship, compared to a moderate positive correlation of 0.57 in areas without stone bunds. Regression analysis further elucidates this relationship. In the presence of stone bunds, the multiple R is 0.69, with an R2 of 0.48, implying that 48% of the NDVI variation can be attributed to rainfall. This association is statistically significant, supported by an F-statistic and a p-value. Conversely, in the absence of stone bunds, the multiple R is 0.67, and the R2 indicates that 44% of the NDVI variation is explained by rainfall, supported by an F-statistic of 331.2 and a p-value of 8.53644 × 10−55.




3.4. Crop Yield Response


A statistical analysis was conducted to examine the effects of treatment type (control vs. stone bunds) and year (2022 vs. 2023) on crop yield, including their interaction. The analysis revealed a statistically significant main effect of treatment on yield, F(1,10) =479.39, p < 0.001, indicating that the use of stone bunds significantly increased crop yields compared to the control treatment. Specifically, the mean yields were higher by 38.1% in 2022 and 32.05% in 2023 compared to the control. Additionally, there was a significant main effect of year on yield, F(1,5) = 13.69, p = 0.014, suggesting that crop yields differed significantly between the two years, potentially due to varying environmental conditions or other temporal factors. Figure 9 illustrates the mean yield of sorghum under stone bunds compared to the control plot over the two years. The mean yields were higher in 2022 than in 2023 for both treatments. Despite lower overall rainfall in 2023, the timing, distribution, and amount of rainfall likely contributed to the yield reduction. The interaction between treatment and year was not significant, F(1,10) = 0.001, p = 0.975, indicating that the increase in yield due to the stone bunds treatment was consistent across both years.





4. Discussion


The decrease in rainfall in 2023, from 1002 mm in 2022 to 871 mm, led to lower soil moisture levels, impacting crop growth and water availability. Abdisa, Mamo Diga, and Regassa Tolessa [45] and Tolosa, Dadi, Mirkena, Erena, and Liban [46] found that over 75% of the variability in sorghum yields in Ethiopia is attributable to fluctuations in rainfall and temperature. The infiltration tests showed the benefits of using stone bunds for improving soil characteristics for more productive rainfed agriculture. The higher mean infiltration rate observed in the stone bunds compared to control plots indicates an improved infiltration capacity. The slightly higher saturated hydraulic conductivity (Ks) evaluated for the stone bunds indicates soil conditions that facilitate water movement through the soil profile, underscoring the potential of stone bunds to enhance water retention and reduce surface. The temporal analysis of Ks in relation to the 15 min rainfall during the rainy seasons suggests that stone bunds can mitigate the risks of infiltration excess consequent to heavy rainfall events [47]. The observed soil moisture dynamics further demonstrate the effectiveness of stone bunds in enhancing rainfed agricultural resilience. The stone bunds consistently maintained higher soil moisture levels with respect to the control plot, especially during periods of increased rainfall, mirroring the findings from Singh, K., Emanuel, McGlynn, and Miniat [29,48]. The higher mean VWC observed in the stone bund plots over the study period reflects significant improvements in moisture retention. Additionally, the greater VWC at deeper soil layers in these plots can be attributed to the enhanced infiltration and water retention capacity associated with stone bunds. The exceptionally low p-values, well below the conventional threshold of 0.05, confirm that stone bunds enhance soil moisture retention more effectively at both observed soil depths, underscoring their potential as a valuable strategy for sustainable agricultural practices in water-limited environments. These findings highlight the positive impact of stone bunds in optimizing soil moisture during reduced rainfall periods (Kirkby, M.J. and R.P.C. [49]), which is essential for sustainable agriculture in challenging environmental conditions.



The effectiveness of stone bunds in managing soil moisture is evident from our intermediate data. In 2022, despite a lower maximum rainfall, stone bunds achieved the highest soil moisture peak at a 20 cm depth. Conversely, in 2023, a higher rainfall intensity of 26.4 mm resulted in a lower moisture peak. This highlights the importance of considering slope and rainfall intensity when optimizing stone bunds to capture and retain more moisture. Adapting the design of stone bunds to the local conditions is essential for maximizing their benefits. Proper maintenance and strategic design of stone bunds are crucial for optimizing soil moisture retention and minimizing erosion, particularly in regions with variable rainfall patterns [29,50]. The effectiveness of stone bunds is significantly enhanced by tailoring their height and ensuring their structural integrity to accommodate different rainfall intensities [14,34,51]. This approach not only prevents waterlogging during intense rainfall events but also ensures adequate moisture availability during drier periods. Regular monitoring and community involvement in maintaining these structures are essential for sustaining their benefits, making agricultural systems more resilient and productive in the face of climatic challenges.



The NDVI analysis conducted during the growing seasons of 2022 and 2023 reveals that stone bunds consistently yield higher NDVI values than control plots. High NDVI values are typically associated with improved crop health and biomass, directly correlating with increased yields [52,53]. The enhanced vegetation cover in areas with stone bunds indicates that these structures create optimal growth conditions for sorghum, particularly during the growth season when the crop’s water demands are highest, supporting the findings from Liu, Li, Li, and Motesharrei [54] and Mando and Stroosnijder [55]. However, increased vegetation vigor does not always translate to higher yields, as rainfall during non-critical growth stages can enhance the NDVI without significantly benefiting grain filling [56,57,58].



In this study, the improved vegetation health likely contributed to increased sorghum yields, emphasizing the effectiveness of stone bunds as a soil and water conservation strategy in rainfed agricultural systems. Specifically, the average yields were consistently higher in the stone bund plots compared to the control plots, aligning with prior research that highlights the positive impact of stone bunds on agricultural productivity [16,29]. Interestingly, the mean yields were higher in 2022 than in 2023 for both treatments, likely due to reduced rainfall in 2023 creating less favorable conditions for sorghum growth and yield. Nonetheless, the plots with stone bunds in 2023 still outperformed the control plots from 2022, which had received more rainfall, indicating that stone bunds increase the resilience of this rainfed agriculture to drought periods.



This finding is particularly significant because better moisture management is critical for maintaining crop health and increasing yields, especially given the increasingly erratic weather conditions affecting rainfed agricultural systems. Rainfed agriculture is highly susceptible to changes in rainfall patterns and intensity, leading to significant agricultural losses due to both drought and excessive rainfall disrupting crop growth cycles [59]. The changing climate further complicates water management, with intense rainfall events causing rapid runoff and decreased water availability for crops [60]. Additionally, regions like the Upper East Region of Ghana have recently experienced a shift toward less frequent but more intense rainfall events [61]. This shift poses significant threats to rainfed agriculture, as increased rainfall intensity leads to heightened runoff and soil erosion, while less distributed rainfall results in insufficient water for crops during critical growing periods. Tolosa, Dadi [46] underscored the importance of rainfall distribution, showing strong correlations between sorghum yields and the number of rainy days throughout the growing season.



The consistency of results in soil hydraulic conductivity, infiltration rates, soil moisture dynamics, the NDVI, and yield across this field study suggests that stone bunds are a beneficial agricultural practice capable of enhancing rainfed agriculture and crop yields despite annual variations. Our results are in line with other studies in different African drylands, which have demonstrated that stone bunds can significantly enhance sorghum yields by improving soil fertility and moisture availability [62,63] or by enhancing soil water retention and reducing runoff [64]. These results are particularly important for developing sustainable agricultural strategies that can withstand yearly fluctuations, ensuring more predictable and stable improvements in crop productivity. However, as this analysis is based on only two years of data and limited locations, further research over a more extended period is recommended to confirm these findings and ensure their generalizability across different environmental conditions and periods. Overall, the results demonstrate the significant agronomic benefits of implementing stone bunds in crop production, leading to higher yields compared to traditional methods.




5. Conclusions


Combining in situ soil moisture measurements, remote sensing data (NDVI), and yield data, this study provides a thorough assessment of the effectiveness of stone bunds in semi-arid regions of Ghana’s Upper East Region. By improving surface infiltration and soil moisture and increasing crop yields, stone bunds effectively address the challenges posed by climate variability and changing rainfall patterns. These findings highlight the significance of integrating stone bunds into agricultural practices to promote sustainable and resilient crop production.



The consistent positive effects observed across multiple metrics and years affirm stone bunds as a valuable tool for enhancing agricultural productivity, food security, and the sustainability of rainfed agriculture. These results advocate for more sustainable farming practices and improved food security in semi-arid regions. For policymakers and practitioners, the findings underscore the need to promote stone bunds as part of integrated soil and water management strategies. Implementing training programs and providing support for farmers in the construction and maintenance of stone bunds can facilitate widespread adoption and maximize their impact on agricultural productivity.



While this study provides evidence of the benefits of stone bunds, future research should explore their long-term impacts and integration with other sustainable farming practices. Conducting longitudinal studies over multiple growing seasons and extended periods is recommended to validate these findings and assess their applicability across diverse environmental conditions and timelines.
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Figure 1. Location of the experimental site in the Upper East Region, Nabdam District (a), specifically in Nangodi (Soliga) (c), Ghana (b). 
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Figure 2. Graphical overview of stone bunds installed in the study area: dimensions and moisture sensor placement (MSP). 
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Figure 3. Rainfall and temperature variability: 2022 and 2023 rainy seasons in the study area (Nabdam). 
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Figure 4. Sample stone bund polygon for NDVI data extraction in the study area (Nabdam, Ghana): Google Earth (a), actual image (b), and Sentinel 2 retrieved NDVI pixels for the 4 September 2023 (c). 
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Figure 5. Observed time series of the rainfall and the soil water contents in the stone bunds and control areas at (a) 10 cm of soil depth; (b) 20 cm of soil depth. Data interval is 15 min. 
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Figure 6. Cumulative infiltration (F(t)) and infiltration rate (f(t)) were measured in April 2022. The black lines (f(t)) represent the infiltration rates, whereas the brown lines (F(t)) illustrate the cumulative infiltration accumulated over time. 
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Figure 7. Temporal dynamics of mean daily normalized difference vegetation index (NDVI) values for two consecutive years across different agricultural stages, marked by days of the year (DOY). The shaded regions denote the confidence intervals, providing an estimate of variability around the mean and the vertical dashed line separates the cropping season (Sowing, Mid-season and Harvesting periods). 
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Figure 8. NDVI pixel distribution over the two seasons (2022–2023). 
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Figure 9. Mean yield of sorghum (Kapaala White) under stone bunds and control plot over the two years. 
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Table 1. Soil texture and chemical characteristics across different depths (April 2022).
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	Soil Depth
	Soil Texture
	pH

(H2O)
	Organic Matter (g·Kg−1)
	Total N

(g·Kg−1)
	C/N (g·Kg−1)
	P2O5

(mg·Kg−1)
	K2O

(mg·Kg−1)





	0–10
	Loam
	6.3
	26
	1.3
	12
	9
	150



	20–30
	Clay Loam
	6.3
	21
	0.9
	13
	5
	89



	20–30
	Clay Loam
	6.2
	9
	0.6
	8
	5
	14



	30–40
	Clay
	6.2
	9
	0.4
	13
	4
	28










 





Table 2. Vegetation classes and NDVI value.






Table 2. Vegetation classes and NDVI value.





	NDVI Category
	NDVI Range
	Description





	Low
	0.2< NDVI < 0.3
	Sparse or stressed vegetation



	Mid
	0.3 ≤ NDVI < 0.5
	Moderate vegetation coverage



	High
	NDVI ≥ 0.5
	Dense and healthy vegetation










 





Table 3. Statistics of rainfall (in mm/15 min) and soil moisture content (VWC, in %) at 10 cm and 20 cm depths in stone bund and control areas across three categories during the 2022 and 2023 rainy seasons as well as for all the study periods. SD stands for standard deviation.
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VWC Stone Bunds at 10 cm

	
VWC Control at 10 cm

	
VWC Stone Bunds at 20 cm

	
VWC Control at 20 cm






	
All study period

	
Maximum

	
50.3

	
42.3

	
54.6

	
49.3




	
Mean

	
18.2

	
15

	
25.1

	
23.04




	
SD

	
7.9

	
6.8

	
8.1

	
7.44




	
May–October 2022

	
Maximum

	
50.3

	
42.3

	
54.6

	
49.3




	
Mean

	
22.02

	
18.75

	
31.23

	
28.26




	
SD

	
6.43

	
5.9

	
9.7

	
8




	
May–October 2023

	
Maximum

	
45.5

	
39.7

	
47.2

	
39.8




	
Mean

	
24.23

	
19.7

	
27.82

	
22.49




	
SD

	
7.49

	
6.6

	
6.2

	
6.2











 





Table 4. Statistics for the saturated soil hydraulic conductivity (Ks) determined in different plot locations during April 2022.
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	Plot
	Infiltration Tests
	Ks Min (mm/min)
	Ks Max (mm/min)
	Ks Mean (mm/min)
	Standard Dev (mm/min)





	Upper-Bund
	4
	0.992
	3.232
	1.654
	0.917



	Mid-Bund
	4
	0.802
	2.853
	2.032
	0.858



	Lower-Bund
	3
	0.858
	2.047
	1.435
	0.486



	Control
	4
	0.834
	1.832
	1.185
	0.399










 





Table 5. ANOVA results for treatment and location effects on NDVI.
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	Df
	Sum Sq
	Mean Sq
	F-Value
	Pr (>F)
	Significance





	Treatment
	1
	0.232
	0.2322
	17.262
	3.79 × 10−5
	***



	Location
	5
	0.318
	0.0636
	4.729
	0.000309
	***



	Rainfall
	1
	2.39
	2.3901
	177.678
	<2 × 10−16
	***



	Treatment: Location
	5
	0.033
	0.0066
	0.492
	0.782596
	No



	Treatment: Rainfall
	1
	0.062
	0.0618
	4.596
	0.032492
	*



	Residuals
	26
	0.22
	0.01
	
	
	







Significance. codes: 0 ‘***’ 0.001 ‘*’ 0.05.
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