Impact Assessment of Endogenous Land Restoration Techniques in the Sahel Using a Counterfactual Model: The Urban Commune of Tagazar (Tillabéri, Southwestern Niger)



ABSTRACT
This study evaluates the impact of endogenous land restoration techniques, particularly on certain fundamental soil properties, namely bulk density, volumetric moisture, and texture. The urban commune of Tagazar in Niger, which served as the experimental field for the study, is located in the heart of the Sahel and is highly exposed to land degradation.
The methodological approach used is quasi-experimental, based on a counterfactual model, by comparing plots treated with sylvopastoral bunds and forest half-moons on the one hand, and untreated control plots on the other, located on glacis and plateau sites. A significant improvement in the physical properties of the soil was observed following the treatment of the sites with these techniques. Indeed, bulk density decreased by an average of 0.23 g/cm³ on glacis and 0.22 g/cm³ on plateaus, indicating improved porosity and soil structure. At the same time, volumetric moisture increased by 6.4% and 5.1%, respectively, in the two environments, reflecting better soil water retention capacity. These effects are statistically significant (p < 0.05).
As for the soil textural analysis, it shows a clear improvement in soil structure in areas rehabilitated with half-moons and bunds, with a reduction in sand content and an enrichment in silt and clay, especially at depth (10–30 cm).
These results thus confirm the effectiveness of these land and water restoration and conservation techniques through the improvement of the soil’s hydrophysical function. They are particularly valuable for strengthening the resilience of Sahelian agroecosystems due to their simplicity, low cost, and adaptability to the local agroecological context.
Keywords: Land Restoration, Sahel, Texture, Endogenous Techniques, Counterfactual Model

[bookmark: _GoBack]
INTRODUCTION
Of both climatic and anthropogenic origin, land degradation is one of the major environmental challenges of the modern world. It leads in particular to a decline in agricultural productivity, intensified water erosion, progressive loss of biodiversity, reduced soil organic carbon, and the disruption of entire ecosystems [1].
It is estimated that around 40% of the planet’s land is degraded, meaning that half of humanity is affected and more than half of the world’s GDP (USD 44 trillion) is at risk [2].
If no action is taken against land degradation, the associated costs could be three to five times higher, particularly in Asia and Africa [3].
Sub-Saharan Africa is severely affected by this phenomenon, which manifests itself through profound changes in landscapes, with the corollary of declining crop productivity despite the central role of agriculture for Sahelian communities [4].
Niger is a striking example, where land degradation, combined with other socio-economic and demographic challenges, is disrupting the livelihoods of already vulnerable rural communities [5]. As a result of this degradation, rainwater infiltration is low estimated at less than 10%combined with high evaporation rates ranging from 30 to 50%, while surface runoff can reach 25 to 50%. This hydrological imbalance contributes to soil impoverishment, limits groundwater recharge, and seriously undermines agricultural yields [6],[7].
In response to this situation, rural Sahelian communities have developed and tested endogenous land restoration techniques that are in harmony with their ecological and socio-economic environment [8],[9]. These techniques enable populations to better manage their ecosystems and improve their production areas, thereby strengthening their resilience to environmental changes such as climate change, land degradation, and drought events [10].
Among these techniques, sylvopastoral bunds and forest half-moons have proven particularly effective in slowing runoff, promoting water infiltration, trapping sediments, and fostering vegetation regeneration [11].
The commune of Tagazar, located in the Tillabéri region of the Republic of Niger, is a representative example of these dynamics. It faces advanced degradation of its plateaus and glacis, affecting food security, ecosystem resilience, and the livelihoods of local populations.
This study therefore aims to measure the environmental impact of endogenous land restoration techniques (bunds and half-moons) on soil properties, through a rigorous comparison between treated and untreated areas. It employs a robust impact evaluation approach based on a quasi-experimental counterfactual model, allowing for the comparison of treated and untreated sites with similar characteristics.
2. MATERIALS AND METHODS
2.1. Study Area
The study was conducted in the urban commune of Tagazar, located in the Balleyara department, in the southeast of the Tillabéri region (Niger), between 13°31’ and 13°52’ N and 3°08’ and 3°33’ E (Figure 1). The commune covers an area of 1,314 km² (see Figure 1) and has approximately 107,134 inhabitants, of whom 52.28% are women. The population relies heavily on natural resources, which are subject to strong anthropogenic and climatic pressures [12].
The climate of the area is Sahelian, characterized by a long dry season (October to May) and annual rainfall ranging from 200 to 500 mm. Temperatures fluctuate between 18 °C and 45 °C. The main soil types encountered are sandy, lateritic, or clayey, while the vegetation consists of shrub steppes and tiger bush. Geomorphologically, the territory is structured around plateaus, valleys, and glacis, currently affected by accelerated land degradation (erosion, impoverishment, loss of vegetation cover) [13].
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Figure1. Location of the Study Area
2.2. Experimental Design and Counterfactual Approach
[bookmark: _Hlk203216458]The approach adopted is quasi-experimental, based on a counterfactual model aimed at assessing the causal effect of two endogenous restoration techniques (sylvopastoral bunds and forest half-moons) on the physical properties of the soil.
The principle consists of comparing two groups:
· A treated group, composed of plots managed using the endogenous techniques;
· A control group, consisting of untreated plots but with similar pedoclimatic characteristics.
The causal effect α is estimated as the difference between the expected outcomes with and without intervention:
α =E(Y∣P=1) −E(Y∣P=0)         Eqn 1
Where Y represents the variable of interest (volumetric moisture or bulk density) and P the treatment status (1 = presence of intervention; 0 = absence) [14].
This approach allows isolating the net effect of the techniques by controlling for biases related to the natural heterogeneity of soils.

2.3. Site Selection Criteria and Description
Two experimental sites were selected based on the following criteria: advanced degradation status, accessibility, geomorphological homogeneity, and feasibility of sampling.
Site 1: Sylvopastoral Bunds (Plateaus)
The first site, covering an area of 16 hectares, is located at 13°41’46.9” N; 2°44’53.0” E.
The soil is ferruginous, tropical, slightly leached, shallow, with some presence of gravel crusts and erosion. The site was developed using 280 sylvopastoral bunds within which 1,400 Ziziphus mauritiana plants were planted (on the 8 hectares used as treated plots) (Figure 2).
These bunds consist of long excavations arranged along the contour lines and equipped with wings-oriented upslope. They generally consist of a ridge on the downslope side and a ditch upslope fitted with two wings, the space between which is seeded with herbaceous plants, while fodder trees are planted along the edges.
[image: ]
Figure2. Sylvopastoral Bunds
Site 2: Forest Half-Moons (Glacis)
The second site, also covering 16 hectares of glacis, is located at coordinates 13°39’54.5” N; 2°42’22.6” E. Pedologically, it is covered by a leached ferruginous soil, relatively deep (100–120 cm), affected by sheet and rill erosion, and structural crusts.
The treated part of the site was restored using 4,000 forest half-moons, with an equal number of Ziziphus mauritiana plants. The other half of the plot (the remaining 8 hectares) was kept as a control area (Figure 3).
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Figure3. Forest Half-Moons
2.4. Sampling, Data Collection, and Analysis
Soil samples were collected from both restored (treated) and unrestored (control) sites to analyze key physicochemical parameters: volumetric moisture (%), bulk density (g/cm³), and soil texture (silt, sand, clay). Disturbed sampling was conducted at two depths, 0–10 cm and 10–30 cm, with four samples taken per hectare between October 19 and 30, 2023.
For the bunds, samples were taken upstream, inside the basin, and downstream of the ridge (three profiles). For each zone, a composite sample was created by combining four closely located subsamples, which were then identified and labeled.
For the half-moons, a similar approach was adopted by sampling the soil at 0–10 cm and 10–30 cm within seven representative half-moons, randomly selected. Samples were collected at the center, just outside, and at the edge of each half-moon, also forming three profiles. A composite sample was then created.
The different samples were analyzed in the laboratory for bulk density, volumetric moisture, and texture. Table 1 presents the equipment used.
Table 1 : Materials Used	
	Tool
	Utility 

	Shovel
	Soil sampling

	Clean bags
	Collection and mixing

	Markers and labels
	Sample identification

	Metal rings (100 cm³)
	Undisturbed sampling

	Tarpaulin
	Sample mixing

	Plastic bags
	Sending to the laboratory



The core ring method, drying at 105°C, and sieving were respectively used for the analysis of bulk density, volumetric moisture, and soil texture.
2.5. Data Processing and Statistical Analysis
The data were processed using SPSS version 29 to test the effect of the restoration techniques on the physical properties of the soil. A comparative statistical analysis was conducted using the Student’s t-test for two independent samples to compare the mean values of volumetric moisture and bulk density between treated sites. et les sites témoins pour chacun des deux milieux (plateaux et glacis). Le seuil de signification statistique a été fixé à p < 0,05.
RESULTS AND DISCUSSION
Descriptive presentation of Bulk Density and Volumetric Moisture Data
The descriptive analysis of data from both control and treated sites, in the two environments (glacis and plateau), provides the following means and standard deviations for bulk density and volumetric moisture of the soil (Table 2).
Table 2 : Descriptive Data Analysis
	
	
	
	

	 Environment
	 Status
	Bulk Density (g/cm³)
	Volumetric Moisture (%)

	Glacis
	Treated
	1.12 ± 0.02
	16.06 ± 0.36

	Glacis
	Control
	1.35 ± 0.02
	9.64 ± 0.23

	Plateau
	Treated
	1.19 ± 0.02
	13.75 ± 0.35

	Plateau
	Control
	1.42 ± 0.02
	8.64 ± 0.27



Impact of treatment on soil bulk density
As part of the evaluation of the effect of indigenous land restoration techniques on soil bulk density, an independent-samples Student’s t-test, assuming equal variances, was conducted.
On the Glacis site, the results show a mean difference of 0.23 g/cm³ between the treated group (M = 1.1225; n = 20) and the control group (M = 1.3525; n = 20). The observed t-statistic was −35.50 with 38 degrees of freedom, which far exceeds the two-tailed critical value (±2.024) at the 5% significance level. The obtained p-value (9.48 × 10⁻³¹) indicates a highly significant difference between the two groups. These results allow for the rejection of the null hypothesis of equal means and suggest that the treatment had a significant effect on soil bulk density, reflecting a measurable improvement in this physical property compared to the baseline situation.
At the Plateau site, a similar analysis was conducted. The observed means were 1.1945 g/cm³ for the treated group (n = 20) and 1.4175 g/cm³ for the control group (n = 20), corresponding to a mean difference of 0.223 g/cm³. The t-statistic of −33.27 (df = 38) and the p-value of 1.03 × 10⁻²⁹ also confirm a highly significant difference. These results indicate that the treatment led to a statistically significant reduction in bulk density, evidencing an improved soil structure induced by the interventions.
Impact of the treatment on soil volumetric moisture content
Regarding soil volumetric moisture content, the effects of the treatment were also evaluated using an independent-samples Student’s t-test.
On the Glacis site, mean values were 16.06% for the treated group (n = 20) versus 9.635% for the control group (n = 20), representing a mean difference of 6.425 percentage points. The t-statistic of 67.59 (df = 38) and the p-value of 3.33 × 10⁻⁴¹ indicate an extremely significant treatment effect. This result highlights a substantial improvement in the water-holding capacity of the restored soil, reflecting enhanced infiltration and porosity.
Similarly, on the Plateau site, the treatment had a notable effect on soil moisture. The treated group recorded a mean of 13.75%, compared to 8.635% for the control group, a difference of 5.115 percentage points. The t-statistic of 51.59 with a p-value of 8.58 × 10⁻³⁷ confirms a highly significant difference between the two groups. Thus, the treatment significantly improved soil water content, indicating an effective restoration of the soil’s ecological functions.
The analysis results reveal the substantial impact of indigenous land restoration techniques (silvopastoral bunds, forest half-moons) on the physical properties of soils at both Glacis and Plateau sites, as emphasized in this study. A marked reduction in bulk density and an increase in volumetric moisture content were observed in both landforms.
The reduction in bulk density in treated sites from 1.41 to 1.19 g/cm³ on the Plateau and from 1.35 to 1.12 g/cm³ on the Glacis suggests an improvement in soil structure. This decrease is consistent with previous studies [15] that demonstrated how bunds and half-moons help loosen the soil through the accumulation of organic matter and the reduction of water erosion. Other research has shown that lower soil density promotes better aeration and deeper root penetration [16].
The increase in volumetric moisture content in treated areas was also significant, rising from 4.2% to 6.8% on the Plateau and from 9.6% to 16.1% on the Glacis. These results indicate that the interventions enhanced the soil’s capacity to retain water. This phenomenon can be attributed to reduced runoff and improved infiltration, mechanisms well documented in studies on assisted natural regeneration and water-harvesting structures in the Sahel. The effect was more pronounced on the Glacis, likely due to the topographic nature of these environments, which favors water accumulation when restored. These hydrological effects are well documented in the literature on runoff water-harvesting techniques in the Sahel [17][18].
Moreover, the impact is even greater when techniques are combined with revegetation, which promotes vegetation cover regeneration and soil stabilization, as confirmed by similar studies in Niger on the physical and biological effects of land restoration treatments [16].
Nevertheless, this study has certain limitations, particularly because data were collected over a relatively short experimental period (October 2023), which does not allow for the assessment of seasonal dynamics in soil properties. Furthermore, the study could have been more comprehensive if other variables such as organic matter content, porosity, structural stability, and actual infiltration had been considered.
Finally, the results have important implications for land restoration policies in Niger. Indigenous techniques are effective, low-cost, and well adapted to local conditions [19][20][21]. As many Sahelian countries have made them a priority in their climate change adaptation and mitigation commitments, large-scale land restoration could significantly reduce desertification and, beyond that, improve household food security [22].
Changes in soil texture in restored sites
The analysis of mean soil textural fractions reveals significant differences between non-restored sites (whether with bunds or half-moons) and those subjected to restoration techniques. Non-restored soils exhibit high sand content (65% at 0–10 cm and 61% at 10–30 cm), with relatively low proportions of silt (20–22%) and clay (15–17%). In areas restored with half-moons, the sand fraction decreases to 55% at the surface and 50% at depth, while silt and clay fractions increase to 25–27% and 20–23%, respectively. Forest bunds display the lowest sand values (52% at 0–10 cm and 47% at 10–30 cm), accompanied by the highest silt (26–30%) and clay (22–23%) contents. This indicates a clear trend of enrichment in fine particles (silt and clay) in restored soils, particularly pronounced in bunds and in the deeper horizon (10–30 cm)
(Figure 4).

Figure4. Soil texture



These soil analysis results are consistent with previous research on the impacts of bunds and half-moons on land restoration in western Niger [23]. They indicate that restoration techniques such as half-moons and bunds promote a positive evolution in soil texture by reducing sand dominance in favor of finer fractions. This transformation is particularly evident in bunds, suggesting a more effective trapping of fine sediments and reduction of water erosion. The accumulation of silt and clay enhances soil structure, increases water-holding capacity, and promotes biological activity, thereby contributing to greater agroecological resilience. Furthermore, the improvement is more pronounced at a depth of 10–30 cm, reflecting a progressive pedogenetic dynamic and the vertical infiltration of fine particles. These observations confirm the ecological benefits of mechanical restoration works in Sahelian contexts, particularly forest bunds, which appear to be promising solutions for the sustainable restoration of degraded lands [24].



CONCLUSION
This study, focusing on the impact assessment of soil restoration on Sahelian lands, highlights the measurable environmental effects of indigenous soil restoration techniques. It emphasizes the positive changes that such environmental interventions can bring for the benefit of local communities.
Through an approach based on a quasi-experimental counterfactual model, the results clearly show that widely promoted and applied techniques in the Sahel such as silvopastoral bunds and forest half-moons restore ecosystems to their former qualities. This is particularly evidenced by the observed reduction in bulk density and increase in volumetric moisture content, which, in turn, lead to improvements in soil structure and porosity on one hand, and enhanced water infiltration and retention on the other. 
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