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27  Abstract. Re-greening initiatives in drylands in response to desertification processes represent
28 a key contributing policy for mitigating climate change impacts, restoring biodiversity, and
29 sustainable land management. However, their long-term impact on surface or groundwater
30 resources are rarely assessed and remains poorly documented at a global scale. This study
31  examines how pioneering (1970s-1990s) re-greening and soil and water control (SWC) efforts
32 have affected both surface water drainage and groundwater dynamics within a transhoundary
33 watershed of ~3,000 km? in the central Sahel, West Africa. Using original field data, water table
34 surveys (1960s-2020s) and a series of historical aerial photographs (1950s-1970s)
35 supplemented with high resolution satellite imagery (1980s-2020s), trends in land use, land
36 cover and hydrological changes were reconstructed. First, a marked decrease (1.6 fold) in the
37  drainage network density was delineated in the upstream part of the basin in response to the
38 development of SWC agricultural techniques, that resulted in lower hortonian runoff through
39  gullies to the downstream river valley. Since groundwater recharge was shown to be mostly
40 indirect through the river network, lower runoff entailed lower groundwater recharge. Second,
41  dense reforestation schemes by non-indigenous phreatophyte trees (Azadirachta indica) took
42 place through the main valley to control aeolian erosion processes, inadvertently increasing
43 evapotranspiration discharge fluxes from the initially shallow (< 8 m below ground level) water
44  table. Both of these processes (lower aquifer recharge, higher groundwater uptake by trees)
45 contributed to a long-term plurimetric (3 to 6 m) drop in the piezometric levels, reducing storage
46  oreven causing a near dry-up of the alluvial aquifer. Overall, these results highlight a Sahelian
47  trade-off that is relevant for SDG 15 and the flagship African Great Green Wall initiative: while
48  re-greening and SWC practices may improve land conditions, they may also threaten locally
49  fragile groundwater resources.

50

51
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52 1 Introduction

53

54  The Sahel, the semi-arid region of West Africa, experienced a multidecadal-long drought period
55  from the early 1970s through the mid-1990s, that represented one of the most severe climatic
56  signal since the mid-20th century at a global scale (Spinoni et al., 2014; Doblas-Reyes et al.,
57  2021). For the past seven decades (1950s-2020s), the mostly rural population increased sixfold,
58  with demographic growth rates in the range of 2 to 4% yr* (UNPP, 2024). The observed eco-
59  hydrological changes have been significant and persistent (e.g. Gardelle et al., 2010; De Fleury
60 etal., 2023), causing numerous sustainability challenges on socio-ecosystems (Reenberg et al.,
61 2013; Elie, 2024). Changes in land-use practices adopted in response to desertification
62  processes have had positive or negative impacts in terms of resilience or land productivity in
63  the post-drought period (Reij et al., 2005; Brandt et al., 2014; Hiernaux et al., 2016), with
64 locally evidences of shifting environmental conditions (Gal et al., 2017; Peugeot et al., 2026;
65 Le Roux et al., 2026). For the same period, measured regional climate change effects have
66  shown steadily rising air temperatures (Moron et al., 2016) and rainfall intensities (Chagnaud
67 etal, 2022), both of these trends having increased vulnerability in rain-fed crop production
68  (Mohamed et al., 2025). Consequently, competition for safe access or control of water resources
69 has already impacted regional mitigation strategies and development pathways (Eboreime et
70  al., 2025; Omokpariola et al., 2025).

71 Landscape re-greening at plot or slope scales through soil and water conservation
72 (SWC) techniques have proved their efficiency for water erosion controls (Wolka et al., 2018;
73 Zouré et al., 2019), enhancing soil water content and limiting or reversing land degradation
74 processes (D’Odorico et al., 2013). At watershed scales, regreening through tree plantations
75  combined with SWC techniques have been successful in limiting gullies development and

76  controlling runoff to river channels or lakes (Valentin et al., 2005; Frankl et al., 2011). At
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77  regional or sub-continental scales, re-greening strategies through natural forest conservation or
78  reforestation programs have been shown to significantly reduce wind erosion fluxes and
79 increase long-term soil carbon sequestration (Turner et al., 2023). However successful for land
80 hiomass productivity, there is a growing consensus that massive reforestation schemes may
81 alter the water cycle, from enhanced evapotranspiration fluxes from forested areas (An et al.,
82  2025; Ruijsch et al., 2026) and subsequent downwind precipitation transfers, hence modifying
83  regional water availability patterns (Friedlingstein et al., 2019; Yan et al., 2025). Great Green
84  Wall schemes are considered to possibly contribute to reduced runoff and/or lowering of the
85  water table (Turner et al., 2023), with cases shown in semiarid northern China (Zheng et al.,
86 2012; Kuang et al., 2024).
87 In the Sahel region, the earliest re-greening and land conservation efforts started in the
88  1960s in the central plateaus of Burkina-Faso and Niger (Vlaar, 1992). These efforts intensified
89  through the early 1980s in response to perceived land degradation, with strategies successfully
90 mobilizing traditional SWC techniques (Critchley et al., 1994; Reij et al., 2005; Tarchiani et
91 al, 2008). In south-central Niger, land management on sandy slopes to limit runoff were
92  considered to reduce seasonal peak river flow at the catchment scale (FAO, 1995). In large
93 valleys, re-greening strategies for windbreak purposes implemented in the 1970s resulted in
94  effective control of aeolian erosion fluxes, using native and non-native tree species (FAO, 1995;
95  Smith et al., 1998). Deep-rooted trees planted in dense arrays for windbreak were shown to tap
96 shallow groundwaters (Smith et al., 1997); however, no dedicated survey was ever scheduled
97 toinfer their long-term impact on aquifer dynamics.
98 In this work, we determine, by combining a series of aerial photographs, satellite images,
99 and hydrological surveys, the fine-scale dynamics in surface and groundwater resources that
100  have occurred in response to multi-decadal regreening practices in the Sahel region. The study

101  was carried out over a ~3,000 km? watershed of the high central plateaus of the Niger River
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102  basin, one of the two main locations in West Africa where near-continuous re-greening and
103  SWC programs have been performed since the early 1960s (Di Vecchia et al., 2007). This
104  watershed is conveniently located within the limits of the Pan-African Great Green Wall
105 initiative (Figure 1a), the flagship Pan-African land restoration program initiated in 2007 that
106  aims to achieve land degradation neutrality through the whole Sahel region (UNCCD, 2020;
107  Mechiche-Alami et al., 2022; Zhi et al., 2025). Using the same approach but in a reversed trend
108 in the land use/land cover dynamics, this research comes in echo to the emblematic Sahelian
109  paradox case study evidenced in southwest Niger, where unabated land clearing has led to a
110  long-term increase in groundwater resources (Leblanc et al., 2008; Favreau et al., 2009).
111 Overall, our work underscores the need to define criteria embedded in their context to evaluate
112 nature-based solutions in terms of time-lags and potential trade-offs between re-greening, SWC
113 practices, and water resources availability in response to dryland management strategies.

114

115 2 Data and Methods

116

117 2.1 Study area

118

119  The study area is a ~3,000 km?2 watershed of southern Niger (hereafter called the Maggia River
120  watershed, MRW) that belongs to the much larger Niger river basin network and expands to
121 the south to Nigeria (Figure 1b). Its main geomorphological and geological features are as
122 follows: Upstream, the MRW is made up of a lateritic oligocene (Chardon et al., 2016)
123 ferruginous plateaus (~70 % of the basin, ~ 600 m a.m.s.l.) incised by steep narrow valleys
124  (thalweg slopes of ~ 5 to 7 %o.). Downstream, the sandy to clayey alluvial plain (~30 % of the
125  MRW, 250 to 270 m a.m.s.l., smooth slopes of ~ 0.5 %o) is made up of a few meters of

126  quaternary sandy to clayey sedimentary layers (Sauvel, 1966; Figure 2). The semi-arid climate
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127  is characterized by average monthly temperatures ranging from 23°C in January to 34°C in
128  May, a potential evapotranspiration near 2280 mm.yr-%, and a short rainy season from June
129  through September that cumulates annually 530 mm of rainfall (1950-2020 period, Birni
130  N’Konni synoptic station, (ORSTOM, 1966, 1990; and DMN, pers. com). The shallow Maggia
131 river (maximum water level amplitude of ~ 2.5 m at peak flow) used to flow from July through
132 September, with specific flow rates that decreased from upstream to downstream (Lefévre,
133 1962). Flow rates recorded at the Tsernaoua station (Figure 1b) were in the range of 3 to 179
134  Mm?3 year-! for the 1954-1986 period (Brunet-Moret et al., 1986; ABN, pers.com.). Sparser,
135  discontinuous discharge flow surveys at hydrological stations in the downstream part of the
136  basin followed the construction of two main dams (1977, 1981) of respectively 12 and 30 Mm3
137  built upstream of the main regional urban area (Birni N’Konni, ~150,000 inhab. in 2012, shown
138  in Figure 1b).

139 The dense, rural population (~100 inhab.km-2) had increased ~5-fold since the early
140  1960s (INS, 2012). Most of the local economy is dominated by rain-fed agriculture and
141 livestock cattle herding, with small-scale private land plots upstream and a large-scale ~ 2500
142 ha state-funded irrigation scheme downstream, exploited since the early 1980s (Figure 1b).
143 Soils are classified as rich hydromorphic vertisols in the valley and are classified as lithosols or
144  regosols on the plateaus (SOGETHA, 1964). The natural vegetation distribution is mainly a
145  function of topography and soil types; plateaus are covered by sparse trees and shrubs, typical
146  of a patterned woody vegetation (e.g. Trichon et al., 2018). The valley bottoms were long
147  covered by a dense biodiverse forest, that partly reflected on the local geology and topography
148  (SOGETHA, 1964). Intense land clearing and subsequent reforestation programs (FAO, 1995)
149  have greatly modified the native vegetation former biome, with now more widespread drought-

150 dominant species (Acacia sp., Balanites aegyptiaca; e.g. Wourro et al., 2026). The partial
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151  recovery of the tree cover and of the herbaceous cover since in post-drought period was
152 confirmed at a regional scale by remote sensing analyses (e.g. Dardel et al., 2014).
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154  Figure 1. Location and main hydrological characteristics of the study area. Rectangles and
155  figure numbers locate and indicate specific study sites cited in the text. Small inset : Location
156  of study area in West Africa ; The green band pattern through the Sahel region indicates the
157  Great Green Wall (GGW) location as reported from Mugelé (2018). Long-term soil and water
158  conservation practices in central Burkina-Faso and southern Niger are shown as reported in
159  Vlaar (1992).
160
161  The unconfined aquifer is made up of a quaternary alluvium outcropping along the main valley
162  river course, that lies over upper cretaceous clays and sands in the upstream part of the MRW,
163  paleocene marls and limestones at mid-slope, and oligocene sandstones downstream (Figure 2).
164  The piezometric map shows a NE-SW hydraulic gradient that decreases with ground elevation,
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165  with groundwater fluxes mostly internal to the MRW (Figure 1b). Groundwater recharge of the
166  sandy-clayey quaternary alluvium had been observed by seasonal piezometric fluctuations over
167  one or two years (Sauvel, 1966; Greigert, 1967); the shallow water table, locally outcropping
168  within the main valley (SOGETHA, 1964), was shown to be recharged by seasonal flood
169 infiltration on river banks. Aquifers characteristics estimated by direct pumping experiments
170  (specific yield; Sauvel, 1966) or near-surface geophysics (effective porosity; Chaweye et al.,
171 2026) indicate rather low aquifer hydraulic properties, with values of a few percent in specific
172 vyield (0.3 - 2.0 %) or in effective porosity (5-10 %) and of ~1.10% m2 s'1 in transmissivity in
173 the upstream section of the catchment. Significantly higher values (4 to 37 % for effective
174  porosity and ~2.10-3 m2 s’ for transmissivity values) were recorded in the downstream part of

175  the MRW (Chaweye et al., 2026).

LTo1 | «— High plateaus
TBOA (Tertiary sandstones)
Alluvial plain sB01 Y 7 580 —~
(Quaternary sands)

+ Bimi N'Konni

176
177  Figure 2. Block diagram illustrating the main landscape, hydrological, and geological units in

178  the study area. Observation wells are shown in triangles (location within the watershed as
179  shown in Figure 1b). The topography is derived from the 30 m resolution SRTM DEM

180

181 2.2 Aerial photography and satellite images

182
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183  The pluri-decadal dataset of high-resolution images considered in this study is made up of
184  images obtained from different sources. Older remote sensing archives, such as those of the
185  National Geographic Institutes of France (IGN) and Niger (IGNN), declassified US intelligence
186  data of Hexagon, and more high-resolution recent satellites such as SPOT-5 and -6 images
187  (Table 1). The panchromatic aerial photographs at a scale of 1:50,000 (1956), 1:20,000 (1966),
188  and 1:60,000 (1975) used in this study were obtained from the IGN and IGNN to produce the
189  georectified digital mosaic for each year. In more detail, the 62 photos of 1956 covered the
190 entire study area; They were acquired in strips as part of the global coverage mission known as
191  AOF 1955/56. The altitude of the flights was around 6,500 m above the ground. The cameras,
192  referenced A19 and A20, had a focal length of 125 mm and a format of 180x180 mm. Fewer
193 aerial photographs were available for the year 1966, and it was only possible to cover a part of
194  the upstream section (23%) using 11 aerial photographs. The images were acquired with a
195  format of 180x180 mm as part of the AO 754/100-IR mission. Sixteen images from the
196  Hexagon KH-9 satellite were also obtained from the US Geological Survey (USGS). The
197 satellite Hexagon KH-9 (mission 1218), whose characteristics are shown in Table 1, was
198  equipped with two panoramic rotating cameras with a focal length of 152.4 cm (60 inches) that
199  took images at a ground resolution of 0.6-1.2 m (Ghuffar et al., 2023). Auxiliary data, including
200 the topographic map of the region at a scale of 1:200,000, the digital elevation model at a ground
201  resolution of 30 m (Shuttle Radar Topography Mission SRTM DEM, downloaded from the

202  followingsite: https://dwtkns.com/srtm30m/), and two SPOT images from December 2002, two

203 from March 2014, two from November 2014, and one image from October 2022 in
204  panchromatic mode, were used to complete the time series. SPOT images were taken at an
205  almost vertical angle (-1.48°) and ordered with level 2A pre-processing in a transverse UTM
206  projection. They were radiometrically corrected with a ground resolution of 2.5 mand a ground

207  coverage of 60x60 km each.
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208

209  Table 1. Characteristics of images used in this study.

Acquisition Flight altitude Ground No of photos/

Satellite/Mission Source
date / ground (km) resolution (m) Bands

AOF 1955/1956 Feb. 1956 6.5 1.28 67 IGN

AOF 1955/1956 Feb. 1956 6.5 1.28 25 IGNN
AO 754/100-IR Nov. 1966 7.5 1.06 11 IGNN
75 NIG 40/600 Mar. 1975 5.28 1.32 7 IGN

Hexagon KH-9 Oct. 1983 163-224 0.6-1.2 16 USGS
SPOT 5 (Upstream) Dec. 2002 825 2.5 2 CNES
SPOT 5 (Upstream) Nov. 2014 825 2.5 2 CNES
SPOT 5 (Downstream) Mar. 2014 825 2.5 2 CNES
SPOT 6 (Upstream) Oct. 2022 694 1.68 1 CNES

210 IGN National Geographic Institute of France https://www.ign.fr, IGNN National Geographic

211 Institute of Niger, USGS United State Geological Survey https://www.usgs.gov/, CNES

212 National Center of Spatial Studies https://cnes.fr/

213

214  Aerial photographs were scanned using an Expression 12000 XL Pro, a professional A3
215  graphics scanner at 1200 dots per inch (pixel size of 21 micron). A standard protocol was
216  implemented when scanning the plates. The scanner mechanism was initially checked for
217  possible artifacts (Mugglestone and Renshaw, 1998; Leblanc et al., 2008). A sheet of white
218  photographic paper was scanned, and the resulting grayscale image was subjected to spectral
219  analysis. The analysis detected no significant distortion, systematic striation, or dot striation.
220 The images were then scanned by adjusting the autofocus, i.e., adjusting the focus by a few
221 millimetersin height, and then digitized using Epson Scan 2 software. The scanned photos were
222 converted into digitized images with grayscale values ranging from 0 to 255 (8-bit grayscale)
223 with a ground resolution of 1.28 m, 1.08 m, and 1.32 m, respectively, for years 1956, 1966, and

224  1975. The Hexagon images were scanned using a Leica DSW700 flatbed photogrammetric

10
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225  scanner at 3,600 dots per inch (7 micron). Before scanning, the device was geometrically
226  calibrated to an accuracy better than 1 pum, to eliminate the distortions imposed by it and scan
227  the images in panchromatic mode (Surazakov and Aizen, 2010). Due to its large size, which
228  does not fit in a standard photogrammetric scanner, each film was scanned in multiple pieces
229  with about 1 cm overlap.

230

231 2.3 Image processing

232

233  As all raw images lack positional data and orthorectification, aerial photographs and
234  declassified images were manually georeferenced under the “Georeferencer” plugin of the
235  QGISsoftware using a 3 polynomial transformation. The 1983 mosaic was first georeferenced
236  using Google Earth® and the already orthorectified 2014 SPOT images as references. For each
237  image, between 20 and 50 homogeneously distributed large Potential Ground Control Points
238  (GCPs) were acquired. The GCPs are distributed between the intersections of roads, tracks,
239  rivers, irrigation canals, large century-old trees, building corners, and the edges of rock
240  outcrops. The 1975, 1966, and 1956 mosaics were subsequently rectified and co-registered,
241  respectively, on the 1983 mosaic. Due to environmental and infrastructural changes (e.g.
242  shifting of riverbeds, trails, and river intersection points, the disappearance of some trees) that
243 have occurred in the area, GCPs were limited to large century trees and rock outcrop edges
244 when the 1956, 1966, and 1975 mosaics were rectified. During georectification, each raw image
245  was co-registered with each neighboring image to create a complete mosaic for each year. All
246 images were projected in the WGS84 (EPSG code 4326) Coordinate Reference System (CRS)
247  toobtain data in latitude and longitude. The accuracy of each image was assessed usinga SPOT
248  image overlay. The characteristics of all images used to produce the mosaics are shown in Table
249 1. The ground resolutions of these images range from 2.5 m for SPOT to 0.6 m for Hexagon

250 KH-9 images. These resolutions are more than sufficient to detect hydrological changes and

11
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251 land use (gullies or drainage networks of the MRW are usually of between 5 to 10 meters in
252 width). All digitized images were converted to an optimum of 2.5 m to produce a time series of
253  equal geometric resolution, covering 66 years (1956 to 2022).

254 The images scanned were of good quality, virtually scratch-free and dirt-free, with very
255  low radiometric noise. The images used from 1983, 1975, and 1966 were taken on a single day
256 and with the same camera, so radiometric changes within the mosaic were considered as
257  minimal. Each image contains a black, unexposed image edge that needs to be removed before
258  creating the mosaic. Automatic thresholding (Otsu, 1979) was performed for the 1983 images,
259  to identify the top and bottom edges. For the 1956, 1966, and 1975 datasets, the images were
260  cropped to a fixed distance of 500 pixels from the image edge on the four sides to remove the
261 unexposed part of the film. After pre-processing, it was possible to detect changes in image
262  junction areas. Fieldwork and visual inspection of the images allowed us to divide the area into
263 two parts: one with strong soil and water conservation practices (upstream part) and a second
264  without such measures (downstream part). The drainage network was manually digitized over
265 anarea of 1,727 kmZ in the upstream part and 930 km? in the downstream part. Changes in the
266  drainage network were assessed by comparing gully lengths and connectivity in the upstream
267  and downstream parts. Changes in vegetation were assessed using two classification methods:
268  an unsupervised classification method (ISODATA) and an object-based classification method
269 (COO). The accuracy of the two automatic classification methods was assessed by comparing
270  them with the manual classification method (for more information, refer to the supplement, S1).
271

272 2.4 Field inquiries for remote sensing data analysis

273

274  Field surveys lasting a total of three months, spread across April 2021, July 2021, August 2022,
275  June 2023, December 2023, and September 2024, were conducted to verify and validate the

276  features detected by aerial photography and satellite imagery. During the survey, several sites

12
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277  of interest previously selected from aerial photography and satellite images for comparative
278  analyses were visited. These sites included previously densely forested valley bottoms, ponds,
279  land developed using re-greening and SWC practices, and major drainage networks. These sites
280  were selected not only based on the observed changes but also when these changes were
281  representative of a larger area. They were delineated using a hand-held GPS with an accuracy
282 of £ 3 m on the site. Field visits provided information on land cover/land use, changes in the
283  drainage network, and perceived changes in water resources. Interviews with local farmers
284  often provided valuable information and clarification on events and changes observed in the
285 landscape over multi-decadal periods. Complementary data, including areas developed with re-
286  greening, SWC practices, and dams built since the 1960s, were also obtained from the Rural
287  Engineering Directions of Birni N'Konni, Malbaza, and Bouza departments (Pers. Com. 2022).
288

289 2.5 River and groundwater levels surveys

290

291  Hydrological and hydrogeological data described in various technical reports have been used
292 to reconstruct the water balance variability through time and space. Daily, monthly, and annual
293  discharge records from 1954 to 1982 of the Maggia River at the Tsernaoua or Birni N’Konni
294  hydrometric stations were found in Bricquet (1983) and in Brunet-Moret et al. (1986). These
295  stations were set up close to the Maggia River, downstream of the SWC development (Figure
296  1b). High-quality, old groundwater data from several wells were found in technical reports
297  (Boeckh, 1965; Sauvel, 1966; Greigert, 1967). Water table levels were measured in a series of
298 5 observation wells installed in some forthcoming reforestation site, and 7 wells downstream
299  of forthcoming re-greening and SWC practices sites (Figure 1b and Fig. S3). Hence, these
300 groundwater levels were surveyed well before the intervention of large-scale projects of re-
301 greeningand SWC practices. Some sparser measurements were carried out as early as the early

302 1980s, thanks to the support of numerous national and international programs (SOGREAH,

13
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303 1982; IWACO, 1990; KFW, 1991). Regular measurements were also performed in the 1990s
304 and 2000s by the Ministry of Hydraulic and Sanitation of Niger (MHE, 1999; Pers. Com.).
305  Additional surveys started in 2021 as part of this study, from July 2021 through October 2024,
306 in order to extend the piezometric chronicles to recent years.

307 Fieldwork and interviews with local populations enable to locate and register the exact
308  position of wells surveyed in the past, allowing to successfully connect older measurements
309 with more recent ones (e.g. Leduc et al., 2001). During this survey, information on the
310 characteristics of the wells (their age and the chronology of their creation in each village) was
311  provided by the local population, and their Identity Number were recorded, enabling them to
312 be formally identified. In some reports, information on the characteristics of wells and their
313  approximate location had already been provided, allowing them to be directly localized. Data
314  from traditional wells that may have been affected by landslides or silting were excluded from
315 the analysis, as well as for cemented wells that had undergone changes in their characteristics
316  (e.g. changes in the elevation of the rim ; Favreau et al., 2000). Measurements from cemented
317  wells or piezometers located relatively close to the river (< 2000 m) were considered and used
318  for long-term trend estimates. These data indicate i) the pattern of surface-ground water
319 relationships through piezometric mapping (Figure 1b), ii) natural seasonal variations in the
320 water table using a few short piezometric chronicles (Sauvel, 1966) of wells located within the
321 alluvial plain or at short distances from the river (Figure 1b), and iii) the long-term trend in
322 water table levels.

323

324 3 Results

325
326 3.1 Quantifying land clearance and re-greening practices

327

14
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328  The woody vegetation (dry season observed, low herbaceous cover) changes on the various
329 landscape units of the study area were computed from 1956 to 2014 (supplement, S2). The most
330 noticeable land-cover change throughout the whole MRW has taken place on the plateaus. The
331  woody vegetation on the plateaus has become sparser (30 % in 1956 to 2 % in 2014). On the
332 valley slopes, the natural vegetation land cover had fallen from 20 % in 1956 to 18 % in 1966.
333  Most clearing took place in the 1980s (Table S1 and Table S2). At that time (year 1983), 65 %
334  of the vegetation had been cleared to open up new farmland. In sharp contrast to the plateau
335 and slope areas, an increase in woody vegetation, albeit in a linear, man-made pattern, was
336  shown to occur in valley bottoms (Figure 3). The perennial vegetation cover, which was only
337 14 % in 1956, had risen to 40 % in 2002.

338 Field surveys and interviews confirmed land use changes observed in aerial and satellite
339 imagery. By the early 1950s, valley bottoms with sandy-clay soils suitable for agriculture
340 (Gavaud and Boulet, 1967) were already cleared for cropping. In the 1980s, development
341  projects helped restore woody cover in valleys, most notably for windbreak purposes using a
342  single, non-indigenous tree species (Azadirachta indica). Due to land degradation and limited
343 farmland available, plateaus were increasingly converted to crop fields and cleared for
344  firewood, leading to their near-full clearance by the mid-2010s. Despite noticeable reforestation
345  efforts, field interviews confirmed that the vegetation cover on the plateaus had not yet fully

346  recovered to its previous extent.
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(Azadirachta indica)

347

348  Figure 3. Example of change in land cover in a valley bottom. Tree lines for control of wind
349  erosion were mostly planted during the 1980s-1990s (location shown in Figure 1b). Rainfed
350 crop fields are mapped in green color using object-based classification. The thalweg (Maggia
351  River course) is shown in dotted blue.

352

353  Changes in land use are also perceptible in the different landscape units in the downstream part
354  of the MRW, where SWC practices or regreening did not occur before the mid-2010s. Most
355  valley bottoms appear as dark, densely wooded areas on aerial photographs in 1956 ; by 2014,
356 some of these areas had already been completely cleared for agricultural purposes (Figure 6a
357  and Table S2). During this period, the land required for agriculture increased considerably, so
358 that vast areas of natural bush were cleared. By this time, 72 % of the valley bottom vegetation

359  had been lost. What was once dense vegetation is now completely cleared and represents a form
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360  of barren land with no vegetation, locally replaced by new ponds. Clearing on the plateaus and
361  slopes is also obvious and has been more noticeable since the 1950s (Figure 6a and Table S2).
362 It resulted in a rapid increase in the number and extent of cultivated fields from the 1950s
363  onwards.

364 Field surveys and interviews with groups of farmers enabled us to describe the
365 chronology of the observed changes. For most villagers, most of the less densely forested
366  plateaus had already been cleared by the early 1950s. The decline in soil fertility on the plateaus
367  due to runoff and the need to cultivate new fields subsequently led to the expansion of clearing
368  on the sandy slopes. Densely wooded valley bottoms were flooded by runoff from the plateaus,
369  asphyxiating the dense woody vegetation. Peripheral areas with less dense vegetation were
370  cleared to expand crop fields. Most of the area is now made up of numerous cultivated fields,
371 with a few mostly recent ponds on the slopes and valley bottoms (Figure 6a and b).

372

373 3.2 Increase and decrease in the density of the drainage system

374

375  Analysis of aerial photographs, Hexagon, and SPOT images showed that the drainage network
376  experienced spectacular changes during the 1956-2014 period. These changes were analyzed
377 jointly with accurate mapping and computation of the areas concerned by SWC works on slopes
378  where the drainage system is delineated (Fig. S3). The first major change was the increase in
379  the drainage network in the upstream part between 1956 and 1983. Gullies drastically increased
380 in number and length from 1956 to 1983, from 998 to 4830 and 1440 to 3534 km, respectively
381  (Figure 4, Table S3 and Table S4), resulting in a more than 2.4-fold increase in drainage density.
382  From 1983 onwards, gullies decreased in density, from 2.05 km km-2 in 1983 to 1.25 km km2
383 in 2014, resulting in a more than 1.6-fold decrease in drainage density.

384 Changes in gully connectivity were analyzed using the Shreve (1966) order (SO) of

385 the final collector in the upstream part of the MRW (Figure 5). Results showed significant shifts
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386 in the drainage network; from 1956 to 1983, the mean SO rose from 0.70 to 1.45, reflecting
387  increased connectivity and a 98 % rise in the average drainage length. From 1983 to 2014, gully
388 lengths decreased, reducing connectivity by ~1.8-fold (mean SO dropped to 0.78). Maximum
389 SO increased from 13 (1956) to 23 (1983), then fell to 17 (2014). Between 1983 and 2014,
390 average drainage lengths decreased by 66 % (1983-2002) and 33 % (2002—-2014). Most changes
391  affected lower-order gullies (Figure 5), often linked to stone bund lines, which slowed runoff
392 velocities, promoted local sedimentation, and caused some gullies to disappear. Field
393  observations and interviews confirmed that stone bund lines, widely used upstream, were the
394  main cause of gully disappearance.
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Number of DS: 2893

1983 10000

1956
Number of DS: 998 1000

1000 & Number of DS: 4830 1000
7]
8 "06 o Max : 17
k] Max : 13 2 100 Max : 23 k) Mean : 0.78
5 100 Mean : 0.70 & Mean : 1.45 3 100 S4-1.13
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S0 o o °v®degy sl L3 L
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396  Figure 4. Histograms showing the distribution of drainage systems (DS) according to their
397  Shreve’s order (SO) in 1956, 1983, and 2014: (a) upstream part; (b) downstream part.

398

399  Other hydrological changes identified were, firstly, the appearance of new ponds through the

400 landscape between 1956 and 1983, and subsequently, their disappearance between 1983 and
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401  2014. Field surveys and interviews confirmed that the appearance of new ponds between the
402  1950s and 1980s and their disappearance afterward was a widespread phenomenon in the
403  upstream part of the basin, locally considered as a result of more, and then lower, runoff on

404  sandy slopes (Figure 5).

Fev. 1956

X \%

stonends connected high density unconnected low density
405 contour lines drainage network rain fed crop fields drainage network

406  Figure 5. Example showing the long-term impact of stone bunds lines on surface runoff
407  observed for the period 1956-2014. The delineated gullies are shown in blue. Rain-fed crop
408  fields are mapped in green color using object-based image classification (location within the
409  watershed as shown in Figure 1b).

410

411  Inthe downstream part of the basin, the drainage network expanded significantly. The number
412 of drainage systems rose from 552 in 1956 to 910 in 1983 and 1,937 in 2014 (Figure 4b).

413 Average gully length increased from 0.73 km (1956) to 0.94 km (2014), contributing to a 2.8-
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414  fold rise in drainage density. Despite this growth, most gullies remained low in Shreve Order
415  (SO), with average SO of 0.70, 0.90, and 0.94 in 1956, 1983, and 2014, respectively. However,
416  the maximum SO increased from 5 to 18 over the same period, indicating the emergence of
417  larger, more connected drainage networks. The increase in drainage connectivity is also evident
418 inthe average length of all drainage systems, which increased by over 34 % from 1956 to 2014.
419  Observed change in the drainage network occurred for some sandy spreading areas, a frequent
420  mid-slope hydrological feature in most of the central Sahel (D’Herbés and Valentin, 1997,
421 Massuel et al., 2006). This long-term dynamic is interpreted as a result of increased runoff

422 capacity and sediment transport at slope-scale (Figure 6b).

Mar. 2014

unconnected low density expanded rain fed connected high density
(a) cropfields  drainage network crop fields drainage network

Mar. 1975

&
£

2
>
o
o
2

dense woody vegetation
423 (b) in the valley bottom

cleared valley bottom news ponds

424  Figure 6. (a) Example of land clearance and expansion of rain-fed crop fields, evolution of
425  drainage network, and ponds formation, and (b) the upward shift of an alluvial fan for the period
426  1956-2014 in the downstream part of the basin. Rain-fed crop fields are mapped in green color

427  using object-based image classification, and the drainage network is shown in dotted blue lines.

428  The head of the alluvial fan is marked in a black arc at the zero position. The changing position
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429  of the head of the alluvial fan is shown again in black arc to the left for each year of the reference
430  arc of 1956. New ponds that appeared between 1983 and 2014 are delineated in red on the 2014
431  image (location within the watershed as shown in Figure 1b)

432

433 3.3 Groundwater resources dynamics

434

435 3.3.1 Focused recharge from surface waters to the unconfined aquifer

436

437  Surface water - groundwater exchanges were inferred from the piezometric map (end of the dry
438  season, first half of June 2023) at the watershed scale (Figure 1b). Groundwater flows from
439  northeast to southwest with decreasing hydraulic gradients, from 4%o to 0.4 %o, reflecting an
440  overall increase in the aquifer thickness and transmissivity to the south (Chaweye et al., 2026).
441  Changes through time (1960s-2020s) in river water — groundwater relationships are shown for
442  apiezometer located close to the main river course (Figure 7). The intermittent, seasonal, and
443  reactive characteristics of the MRW can be seen from the highly variable fluctuations of the
444  computed daily flows, involving large individual peaks reported for a few days, which are
445  followed by longer periods of low or no flux through the dry season. For this site, there is a
446  consistent good match between the timing of rainfall events, river flows, and recharge that peaks
447 by the end of the rainy season, then followed by a long water table recessing discharge period
448  (Figure 7a). Through the 1960s to the early 1980s, the water table was mostly connected to the
449  river and fed by river floods, resulting in a visible succession of ponds along the river by the
450 end of the rainy season and through the dry season (SOGETHA, 1964; Figure 7a and c). For
451  recent years, measurements carried out in the same piezometer (Figure 7b) showed seasonal
452  fluctuations during the rainy season; however, the water table had dropped by a few meters and

453 was no longer outcropping by the end of the rainy season (Figure 7e).
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Figure 7. (a) Daily River flow and daily rainfall records (downstream stations, Birni N'Konni,
location in Figure 1b) and water table fluctuations measured in piezometer LHO1 at ~ 40 m
from the River (upstream part of the watershed, location shown in Figure 1b) through the years
1965-1966; (b) Monthly rainfall records (same rainfall station as in Figure 7a and deeper
measured water table depths (same piezometer) through the years 2013-2019; (c) Groundwater
outcropping along the River in Nov. 1966 (inferred water table depth reported in Figure 7a; (d)
Expanded groundwater outcropping along the River in Oct. 1983 (no piezometric data
available); (e) Decrease in groundwater level for the past decades, as shown by no more
groundwater outcropping in the valley in Oct. 2022. Hydrometric data technical reports are

cited within the text.
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466  3.3.2 Anpluri-decadal fall in the water table

467

468  The groundwater level chronicles over the 1960s-2020s (Figure 8a) or over the 1980s-2020s
469  (Figure 8b) indicate a steady downward trend in water table depths. Current groundwater levels
470  are the lowest recorded since the 1960s, regardless of the position within the valley and/or the
471 initial depth of the water table. Wells are located within or close to the main valley of the
472  Maggia River (Figure 1b and Fig. S1) and showed piezometric fluctuations during the rainy
473 season when data were available (1960s or 2020 surveys). In the upstream part of the MRW,
474  extreme ranges for drops in the water table range within -3.0 (LH01) to -6.0 m (GMO01) for the
475  1965-2019 or 1965-2022 periods, respectively, with overall rates of decline in the range of ~ 5
476  to 11 cmyrL In the downstream part of the MRW, available groundwater surveys indicate a
477  narrow range of -4.4 m (BKO01) to -4.8 m (TYO01) and therefore no significant difference in the
478  drop rate for the 1960s to the 2020s (~ 8 cm yr-1). Whereas some records indicate a steady
479  decline for the whole period (e.g. TYO01, located downstream), others indicate an accelerated
480  drop for the more recent decades (eg. GMOL, located upstream), or even a decelerated rate in
481  the decline (e.g. TBOL, located upstream). Groundwater surveys for the 1980s-2020s (Figure
482  8b) in the upstream part display rates of decline in the range of -3.0 m (LD02) to - 4.3 m (ML01),
483  that correspond respectively to rates of decline in the range of ~ 6 to 9 cm yr-L. Very similar
484  rates of decline can be computed for the same period for chronicles located in the downstream
485  part of the MRW for deeper wells (CHO1, NDO1), with estimated rates in the range of ~ 11 cm
486  yrt Overall, the limited dataset does not allow to draw accurate information based on the
487 internal variability of each chronicle. The relatively narrow range of the computed rates of water
488  table drops (from ~ 5 to 11 cm yr1) suggests a consistent pattern of a steady decrease in

489  groundwater levels through the whole MRW.
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491  Figure 8. Examples of pluri-decadal drops in groundwater levels: (a) 1960s-2020s, (b) 1980s-
492  2020s for shallow wells or piezometer (LHO1) close to the Maggia River (locations shown in
493  Figure 1b and/or reported in Figure 2). Most wells are not in use anymore and record static
494  water levels (except TYOL, used for domestic purposes). Wells CHO1 and NDO1 are deeper and
495  tap, respectively, the Oligocene and Cretaceous aquifers locally fed by the quaternary alluvium.
496  Technical reports and origin of water table data cited within the text.

497

498 4 Discussion
499
500 4.1 Contrasted trends in response to land management practices

501

502  The large diversity in SWC control practices through the MRW (stone bund lines, contour

503  ridges, half-moon or small dams; Fig. S3) and their complex timings of implementation prevent
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504 any estimate of their relative impact on runoff production reduction to the valley and at the
505  basin scale. A relative estimate of their combined efficiency can be made by comparing the
506  upstream and downstream parts of the MRW, of similar characteristics but showing different
507  pathways in land management strategies. Two main periods for trends in land use/land cover
508 can be considered, as a function of the available images in both parts of the MRW (Table 1).
509  First, from the 1950s to the early 1980s (computed data 1956-1983), the whole MRW
510  experienced a dramatic loss in the perennial vegetation cover in all parts of the landscape, from
511  plateaus (-75 %) to slopes (-65 %) to valleys (-26 %) (Figure 9a and d). This loss was
512  interpreted, based on intermediate images (1956-1975, Figure 6a) and field surveys, as mostly
513  the result of the extension of crop fields to meet the widespread demand in cultivated areas.
514  Lower natural woody and herbaceous land cover led to an increase in hortonian runoff and
515 drastic changes in the drainage network (Figure 6b). Evidences are reported in both the
516  upstream and downstream parts, with metrics of drainage density showing rising values (from
517  0.5t0 2.0 kmand +80 %, respectively, (Figure 9b and e) and by the increase in the connectivity
518  of the drainage network (Shreve’s Order increased from 0.70 to 1.45 and from 0.70 to 0.90
519  between 1956 and 1983, respectively, Figure 4a).

520 By the early 1980s and onward (1983-2022, images shown), the upstream and
521  downstream parts of the MRW followed distinct pathways. In the upstream part, SWC practices
522 (mostly stone bund lines, Figure 9c), or small dams; Fig. S3) were increasing in density on
523  slopes (example shown in Fig. S3, 1975-1983 period) and largely resulted in a lowering of the
524  connectivity of the drainage network, with no or limited change in the cultivated cropland
525  surface areas. Limiting runoff resulted in less soil loss and higher infiltration at plot scale, and
526  hence, lower runoff to the main outlets and therefore lowered river water discharge fluxes. The
527 drainage density lowered by ~1.6 fold, and the SO lowered to 0.78 (mean value, Figure 4a). No

528  such SWC practices were observed in the downstream part of the MRW were trends did not
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529 shift for the same period, and showed increasing drainage density values (up to 1.5 km-1, Figure
530 9e), increasing connectivity (Figure 4b, SO of 0.94 in 2014). This resulted in hydrological
531  changes in the landscape as shown by mid-slope migrations in alluvial fans positions (Figure
532 6b) and/or creation of new surface water ponding (Figure 6a). These changes appear very much
533  similar to those previously reported in semiarid SW Niger in response to long-term land clearing
534  (Massuel et al., 2006; Leblanc et al., 2008).

535 Another change in pathways between the two sub-basins occurred through the
536  development of i) large and small irrigation schemes and ii) regreening strategies by non-
537 indigenous tree plantations through valleys. By the early 1980s, two main dams were completed
538  (in 1977 and 1981) and enabled irrigation schemes to expand in the downstream part, increasing
539  water availability for crop production during the onset of the dry season (Figure 1 and Figure
540  9f). A side effect has been that the natural flooding of the plain during extreme rainy years was
541  suppressed, hence contributing to an imbalance in this part of the aquifer, and hence, lowering
542  trends in the water table (Figure 2). In the upstream part of the basin, much smaller dams were
543  built and could have contributed to locally lowering the water table (e.g. small TB dam, 1967-
544 1983, Figure 8a). However, the main land cover change occurred through massive reforestation
545  schemes through the MRW valley, with an estimated 850 km in tree lines of regreening
546  (Azadirachta indica) occurring between the end of the 1970s — early 1980s to the mid-2000
547  (Figure 1b and Figure 9a). Reforestation occurred in a dense array of 400 trees ha’, that
548  remained visible through the 2000-2010s (Figure 3). These large-scale regreening programs to
549  protect and restore degraded land and prevent aeolian erosion processes represent the main
550  cause of the observed increase in perennial vegetation density through the valley.

551 These divergent pathways in a single watershed can be used as a comparative pair of
552  examples to better constrain the main causes of the observed changes. Factors, such as less

553  abundant precipitation, particularly during the Sahelian drought period (~1971-1990; Figure
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554 9f), may have been considered as possible causes of the decrease in the drainage network during
555  the 1983-2002 period. Between 1971 and 1990, average annual rainfall fell from 557 mm to
556 485 mm, while drainage density fell from 2.05 to 1.62 km-1 between 1983 and 2002. However,
557 if the observed changes in the drainage network in the upstream part were a consequence of the
558  pluri-decadal drought period, the very same impact should have been observed on the
559  downstream part of the MRW, which did not occur (Figure 9e and f). The reduction in runoff
560 in response to re-greening and SWC development appears to be the single possible explanation
561  for the observed change in drainage density and its consequences in runoff production or

562 indirect groundwater recharge reduction on the long-term.
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564  Figure 9. Synthetic view of pluri-decadal (1950s-2020s) observed land use/land cover and
565  hydrological changes in the upstream (a, b, ¢) and downstream (d, e, f) parts of the Maggia
566  River watershed. (a) and (d): Changes in the dry-season perennial vegetation cover estimated
567 by remote sensing analysis; (b) and (e): Changes in the drainage network as computed by remote

568  sensing analysis; (c) Computed changes in the different techniques used for soil and water
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569  conservation practices on degraded soil surfaces; () Annual rainfall and annual river flow
570 measured in the downstream part of the watershed (Birni N'Konni station, location shown in
571  Figure 1b).

572

573 4.2 Trade-off between re-greening, SWC and groundwater resources

574

575 A comparison of the observed changes in LULC, drainage network, and groundwater levels
576  over apluri-decennial period (1956-2022 for HR images; 1965-2023 for water table level data)
577  offersaunique insight into the relationships between re-greening and SWC practices and water
578  resources of the MRW. In the Sahel, as in most parts of dryland regions, a significant part of
579  groundwater recharge is indirectly fed by river or lakes (e.g. Fan, 2015; Rau et al., 2026), so
580 the groundwater system most often acts as an integrator of hydrological changes that may result
581  from climate and/or LULC changes (Favreau et al., 2009; Kuang et al., 2024). Piezometric data
582  through the MRW show a long-term decrease in groundwater levels, noticeable since the mid-
583  1980s (Figure 8). This decrease reflects a disturbance in the hydrological balance, the origin of
584  which remains to be explained and deciphered as a function of observed hydrological trends.

585 Rainfall data indicate that over the main Sahelian drought period (1971-1990), annual rainfall
586  was 30 % below the 1950-2020 average (Figure 9f). These below-average rainfall conditions
587  may have contributed to reduce runoff; for instance, in a similar landscape context in SW Niger,
588  reduced rainfall of ~25 % was estimated by distributed surface water modeling to lower runoff
589 by half over a ~2 km?2 watershed (Favreau et al., 2009). The mean annual baseflow of the
590 Maggia River measured in the downstream part of the basin dropped from 179 to 9 Mm?2 (minus
591 95 %) between 1974 and 1983, while the mean annual rainfall amounts were respectively of

592 289 and 386 mm (30 % higher).

28



https://doi.org/10.5194/egusphere-2026-4118
Preprint. Discussion started: 14 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

593 Another explanation lies in the timing of the damming of the river (years 1977 and 1981,
594  Figure 9f). The reduction in river flow in the downstream part of the MRW, and most notably
595  of flood events by dams with initial combined volumetric capacity (42 Mm3), lies within the
596  range of average annual river flow (3 to 179 Mm?q) and is probably a large contributing factor
597  to the lowered groundwater recharge and long-term disequilibrium shown in the unconfined
598  aquifer (Figure 2 and Figure 8b).

599 In addition, numerous groundwater pumping wells (estimated density ~80 wells km-2in
600  2023) through the large (~2500 ha; Figure 1b, downstream part) irrigation scheme were
601  reported and could have significantly contributed to the long-term drop in the water table levels.
602 At a global scale, excess in pumping for irrigation represents a significant parameter for fluxes
603  to be considered for explaining the long-term lowering of the water table in drylands (Kuang et
604 al., 2024). A rapid estimate based on numerical solutions for estimating drawdowns and using
605  sub-surface geophysics-derived hydraulic aquifer parameters (Chaweye et al., 2026) indicates
606 that, considering a five-month irrigation (November through April) period on the long-term (40
607  years) and typical irrigation demand of water-demanding cropping (Allium cepa, Solanum
608  lycopersicum, Moringa oleifera) using groundwaters (~1000 m? ha-* week1), the resulting long-
609  term drawdown would be of the order of 1 to 2 meters compared to non-pumping conditions.
610  This would have resulted in an estimated drawdown of ~ 0.02 to ~ 0.05 m yr-1, a rate consistent,
611  albeit on the lower range, with the observations for wells located within or near the irrigated
612  scheme (Figure 1b and Figure 8).

613 In the upstream part of the MRW, another more subtle explanation for increased
614  withdrawal lies in large-scale regreening and SWC developments that occurred through the
615 landscape (Figure 1b; upstream part). During the 1975-2005 decades, more than 17,000 ha were
616  developed using re-greening and SWC practices. These developments considerably reduced the

617  flow rate, albeit in an unknown proportion, downstream and, consequently, indirect recharge
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618  through gullies and stream beds to the unconfined aquifer (Figure 7). This explanation comes
619 in echo, whereas in inverse trend, to the processes evidenced in SW Niger, where increased
620 recharge was shown to occur in response to increased focused recharge through gullies and
621 ponds (Favreau et al., 2009). Through the MRW upstream part, the observed decline in
622  groundwater level coincided (Figure 8b), but most certainly preceded (Figure 8a) a decrease in
623  the drainage network, and an increase in developed areas with SWC practices (Figure 9a and
624  c). During interviews, the impact of stone bund lines, for example, the disappearance of gullies,
625  was readily understood (with an estimated short time-lag of 2 to 5 years, depending on the size
626  of the gully).

627 Re-greening strategies to counter aeolian erosion processes were developed within the
628 MRW, using Azadirachta indica phreatophytes species (Smith et al., 1997). Through estimates
629 by HR images analyses, 93 km?2 for the whole period could be delineated as re-greened areas
630  (Figure 1b) and represents a likely significant discharge component for the aquifer balance of
631 the quaternary alluvium. Early studies recognized the potential impact of this species on the
632  aquifer balance and showed, by combining stable water isotope techniques and the heat-pulse
633  technique for sap-flow measurements, that most of the deeper underground/groundwater
634  dependence occurred through the dry season (Brenner et al., 1991; Smith et al., 1997). Using
635  estimates from field studies performed within the MRW (water table depth 6 to 8 m, tree density
636  of ~ 400 units ha't), transpiration fluxes were estimated at 2.8 mm day-! « per unit projected
637  crown area » for the end of the crop (rainy) season (Smith et al., 1998). Considering this value
638 a conservative estimate, and given the known parameters of the unconfined aquifer (Sauvel,
639  1966; Chaweye et al., 2026), this would represent about 6 m of total drawdown for the whole
640  data period (1983-2023), i.e ~15 cm yr. This rate is slightly higher, although consistent with
641  observations of drawdowns observed through the regreened area of the upstream part of the

642  MRW. Although some recharge is shown to occur (Figure 7b), the long-term drop in the water
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643  table has not yet reached an equilibrium and threatens the already low groundwater reserves of
644  the unconfined aquifer in this part of the aquifer, as shown by the large number (~25) of
645  seasonally dry wells in this part of the MRW (Figure 1b).

646

647 4.3 Representativity at a regional and global scales

648

649  SWC efforts in the Sahel regions, including the flagship Pan-African GGW initiative (e.g.
650  Turner et al., 2023), are yet to estimate the long-term impact of reforestation initiatives on
651  groundwater resources. However, the need to reconcile groundwater uses and land development
652 s increasingly recognized for better evaluating mitigation strategies and nature-based solutions
653  (Griscom et al., 2017; Bastin et al., 2019; Douville et al., 2022). To the best of our knowledge,
654  no research or long-term survey has yet estimated the impact of reforestation in the Sahel
655  region. At a global scale, studies on groundwater changes following large-scale reforestation
656  remain equally scarce. Examples of changes in the surface water/groundwater balance observed
657  through piezometric surveys and evaluated as a consequence of afforestation include i) reported
658  long-term decreases in groundwater-fed river flows (Le Maitre et al., 1999) or ii) multi-decadal
659  drops in the shallow water table in response to reforestation in the Mediterranean climate of
660  SW Australia (Bari and Schofield, 1992). At much larger scales, the Three Norths Shelterbelt
661  Program (TNSP) in northern China is globally recognized as an emblematic program having
662  helped in emphasizing the impact of reforestation on the groundwater balance (Turner et al.,
663  2023; Kuang et al., 2024). Large-scale reforestation programs have made a significant
664  contribution to global re-greening, although more specific studies help to better define the long-
665  term impact of afforestation on groundwater resources.

666 In Northern Victoria, Heuperman (1999) recorded a decrease in groundwater levels of
667 2 to 4 m beneath a mature forest of ~ 40 trees.hal, where the water table was at ~10 m depth.

668  Similar hydraulic gradient reversal effects were observed at irrigation sites with varying tree
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669  spacings (Heuperman, 1999). Approximately four years after plantation, higher tree density (3-
670  meter spacing) began to lower groundwater levels, and two years later, similar results were
671  observed for trees spaced 7.3 meters apart. Results from six experimental sites in SW Australia
672  showed that the magnitude of the drop in the water table increased with the proportion of
673  reforested area, with drops ranging from 0.6 m to 3 m between 1979 and 1986 (Bell et al.,
674  1990). In humid subtropical Brazil, Mattos et al. (2019) recorded a decrease of 1 to 3 m between
675 2004 and 2016 in an eucalyptus stand with a density of 1,334 trees hal. The most
676  comprehensive quantitative study directly addressing reforestation and groundwater levels is
677  that of Zheng et al. (2012) in cold, semiarid Northeast China. Using groundwater level data,
678 they demonstrate that the ~ 5 m drop in groundwater level between 1954 and 2009 was
679 indirectly due to water consumption by Sylvestris var. mongolica tree plantations type,
680  exceedingaquifer recharge rate. In temperate, humid region of Argentina, Jobbagy and Jackson
681  (2004) reported the impact of reforestation by Eucalyptus sp. on groundwater dynamics,
682  showing by piezometric surveys, increased evapotranspiration fluxes below afforested plots.
683 This study represents a pioneering effort to quantify the impacts of reforestation on
684  groundwater resources in the Sahel. Our research has shown that tree plantations in semiarid
685  regions consume significant amounts of groundwater, which may exceed aquifers' recharge
686  rates. At a global scale, more long-term studies are obviously needed to better assess the
687  magnitude of the impact of reforestation on groundwater, particularly in Africa, where
688  groundwater data are often scarce (MacDonald et al., 2012; Cuthbert et al., 2019) and require a
689  more integrated perspective in global fluxes and ecosystem sustainability (Rohde et al., 2024;
690  Sacco et al., 2024).

691

692 5 Conclusion and perspectives

693
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718

This study offers a detailed, fine-scale insight into the environmental and hydrological changes
that have occurred over a six-decades time period in response to re-greening strategies
developed in the Sahel region. To the best of our knowledge, this represents the longest
combined reconstructed chronicles of land cover, surface water, and groundwater levels in
drylands of sub-Saharan Africa. Hence, it enables to evaluate, and exemplify, the impact and
trade-off of nature-based re-greening strategies, at an integrated time-scale that matches closely
the multi-decadal continental (African Union, 2020) or global sustainable development goals

(GSDGR, 2023).

Main conclusions are as follows:

e Soil and water conservation practices were shown to successfully reverse trends of
increasing runoff, resulting in a lowering of erosion, gullies density and indirect
recharge fluxes to the unconfined aquifer. The Sahelian paradox was demonstrated by
remote sensing and on the long term, for the first time to the best of our knowledge, to
be a reversible process.

o Reforestation by non-indigenous phreatophytes trees was shown to have a direct impact
on the groundwater balance of the aquifer. Discharge rates could translate in observed
5 to 10 cm yr-t in lowering of the water table, resulting in a 3 to 6 m drop in the water
table since the early 1980s. Recent observations did not allow to observe any
stabilization in the drawdown. This represents the first observed evidence of a negative
long-term impact of reforestation schemes on groundwater resources in the Sahel
region.

e The time-lag between SWC practices or reforestation and their impact on the
groundwater balance is much longer (few decades) than on surface waters (few years,

metrics computable by HR remote sensing). Nature-based solutions need to be evaluated
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719 on the long-term when dealing with groundwater resources, particularly in sensitive,
720 complex or fragile dryland ecosystems.
721

722 These results have important implications as they show a trade-off between land restoration
723  management and groundwater resources, often the most vital component of the economy in
724  drylands for domestic, irrigation, pastoralism, renewable energy, or mining or industrial water
725  uses. They come in support of conclusions that the water component represents an overlooked
726 limit that needs to be more accurately evaluated in development strategies, as well as mitigating
727  climate change impacts (Douville et al., 2022).
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