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1. Introduction

The Sahel is highly sensitive to global change (L’Hote et al., 2002; Hiernaux & Le
Houérou, 2006; Amogu, 2009; Atta et al., 2010; Panthou et al., 2014; Taylor et al.,
2017; Briining & Piquet, 2018; Vischel et al., 2019). Annual rainfall amounts were
abundant between 1930 and 1960. By the end of the 1980s, the isohyets had re-
treated by 200 km to the south and, in some areas, had fallen by as much as 200
mm, a decrease of 25 to 40% compared with the 1930-1960 period (Lebel & Ali,
2009; Nicholson, 2011; Potts & Graves, 2013; Kabore et al., 2017). Rainfall deficits
and droughts have led to the degradation of Sahelian environments, with the
deaths of many people and animals, the loss of millions of trees (Ambouta, 2007;
Ballouche & Taibi, 2013; Moussa Issaka, 2014; Ozer & Perrin 2014; Millogo et al.,
2017) and changes in the surface runoff system (Sighomnou et al., 2013; Gal et al.,
2017; Descroix et al., 2018). A gradual return of rainfall has been observed since
the 1990s. Moreover, over the last 4 decades, maximum annual rainfall intensities
have increased by an average of 2-6% per decade (Descroix et al., 2015; Malam
Abdou, 2016; Panthou et al., 2018).

The Sahelian environment has also been impacted by strong anthropogenic
pressure. Indeed, the Sahel is the region of the world with the highest annual pop-
ulation growth (3.9%) (Garenne & Ferdi, 2016; Oumani, 2023). Niger, for exam-
ple, has the world’s highest population growth rate (4%) and fertility rate (6.2 chil-
dren per woman) (INS-Niger, 2018; Oumani, 2023). These high rates have led to
a doubling of Niger’s population every 20 years. High population growth has led
to an extension of cultivated areas and an increase in deforestation in several areas
(Guengant & Banoin, 2003; Moussa Issaka, 2014; Mamadou et al., 2015). The ex-
tension of cultivated areas has been to the detriment of natural wooded areas and
fallow land (Abdourhamane Touré, 2011; Robert et al., 2017; Maigari et al., 2018).
In southwest Niger, for example, cultivated areas increased by 80% in Fakara be-
tween 1950 and 2000 (Leblanc et al., 2007), 24% between 1994 and 2006 (Hiernaux
et al., 2009); by 48.7% in Saga Gorou between 1950 and 1975 (Abdourhamane
Touré et al., 2011), and by almost 50% in the Ouallam kori zone between 1972 and
2019 (Noma Adamou et al., 2024b). Soils in this area are sandy and particularly
sensitive to erosion (Rajot et al., 2009; Abdourhamane Touré et al., 2018; Noma
Adamou et al., 2022). In south-western Niger, for example, wind erosion causes
land losses of 20 t-ha™.yr’ on cultivated areas (Abdourhamane Touré, 2011),
while water erosion causes average losses ranging from 1.54 tha™'.yr! (Noma
Adamou et al., 2022) to 1.92 t-ha yr™! (Descroix et al., 2012). Overall, more than
100,000 ha of arable land are lost every year in Niger (Folega et al., 2019; Maham-
adou et al., 2023; Mahamadou Moudi et al., 2024). These soil losses deteriorate the
soil properties (Kinnell, 2012; Rienzi et al., 2013; Li & Fang, 2016; Liu et al., 2019)
and cause a decrease in soil productive potential, loss of biodiversity and soil sur-
face crusting (Mamadou, 2012; Abdourhamane Touré et al., 2010; Abdourhamane
Touré et al., 2017). Soil crusting is the most severe form of degradation in Sahelian
soils (Malam Issa et al., 1999; Habou et al., 2016). It modifies the hydrodynamic
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properties of the soil surface, in particular infiltration and runoff (Ambouta et al.,
1996; Malam Issa et al., 2009; Malam Issa et al., 2011; Yeom, 2017). Surface fea-
tures can therefore evolve in space and time under the influence of soil and cli-
matic factors, in particular water and wind erosion (Valentin & Bresson, 1992;
Abdourhamane Touré, 2011; Mamadou, 2012; Robert et al., 2017) as well as an-
thropogenic activities (soil labor and tillage).

Characterizing the hydrodynamic properties of surface features, in particular
hydraulic conductivity, is an essential step in understanding flowing water and
solute transport processes in the soil-plant system (Autovino et al., 2018; Basile et
al., 2020; Farzamian et al., 2021; Wang et al., 2025). However, hydraulic conduc-
tivity measurements are scarce in the Sahel and often concern soil occupations
and not their composite elements, i.e., surface features. The aim of the present
work is therefore to assess the hydraulic conductivity of six dominant surface fea-
tures in the Sahel. Specifically, the aim is to determine the impact of soil physical
properties on the hydraulic conductivity of surface features and to characterize

their implications for soil infiltrability and rainwater runoff.

2. Materials and Methods
2.1. Study Site

The measurements were carried out near the complex of lakes on the eastern and
northeastern periphery of the city of Niamey (southwestern Niger) (Figure 1). The
lakes were Bangou Kirey (13°29'50" N - 13°30'49" N and 2°13'51" E - 2°13'36" E),
Kongou (13°33'31.07" N - 13°36'27.04" N and 2°13'13.37" E - 2°9'40.30" E), and Bar-
tiawal Kaina (13°4126.9" N - 13°41'11.0" N and 02°0827.7" E - 02°10'25.0" E), lo-
cated to the east and northeast of Niamey (Niger), respectively 15 km, 13 km, and
20 km from the city center. These water bodies were formed as a result of hydrolog-
ical and hydrogeological changes marked by increased runoff and rising water tables
(Leduc et al., 2001; Abdourhamane Touré et al., 2016; Maman Aminou et al., 2019;
Hado et al., 2021; Moussa Boubacar, 2023). They are part of the chain of water
bodies of the Ouallam kori, a fossil tributary of the Niger River. Bangou Kirey and
Kongou have been permanent since the early ’60s, and Bartiawal Kaina since 1986.
Bangou Kirey, Kongou, and Bartiawal Kaina are respectively 1.84 km, 12.2 km, and
40.8 km long and 0.35 km, 0.96 km, and 0.66 km wide (April 2025 measurement).
The average water surface areas are 0.4 km? 4.62 km?, and 12.91 km?, respectively.
They therefore exceed the 0.03 km? surface limit that qualifies them as lakes (Mes-
sager et al., 2016; Pi et al., 2022; Mathilde, 2023). The Bangou Kirey, Kongou, and
Bartiawal Kaina watersheds cover 49 km?, 149 km?, and 892 km?, respectively (Fig-
ure 1). They are bordered by sandstone plateaus at altitudes ranging from 255 to
267 m. Irrigation is practiced all year round in the immediate vicinity of the lakes,
as well as in the bottomlands and low glacis. Rainfed millet and beans are also grown
on the glacis, while groundnuts are grown on small wind sails stabilized above the

plateaus during the rainy season (June-September).
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Figure 1. Location of the three contiguous watersheds studied.

2.1.1. Description of Surface Features

The characterization of surface features concerned six (6) different surface fea-

tures prevailing in the complex of lakes of the eastern-northeastern periphery of

the city of Niamey. These were the encrusted surfaces of the plateau (SEP) and
glacis (SEG), undegraded surfaces (SND), sown surfaces (SEb), walking paths

(PP), and koris bottoms (K).

» Undegraded surfaces (SND): They are located on the lower glacis and are cul-
tivated with millet (Figure 2(a)). These surfaces are very heterogeneous and
include small areas of erosion crust, bare soil, termite veneers, and manure-
covered surfaces. Crop residues are the dominant plant cover in the dry season,
and millet and bean plants in the rainy season. They are made up of dune soils
with shrubs dominated by Guiera Senegalensis and a few Faidherbia Albida.
The soils are sandy, in the image of Sahelian sandy soils that are naturally poor
to very poor in fertilizers and organic carbon (Edahbi et al., 2014; Issa et al.,
2020; Idé, 2022; Noma Adamou et al., 2024a). These soils account for over 80%
of Niger’s agropastoral zone (Gavaud, 1977). Soils on undegraded surfaces
were covered by forests during the period 1950-1960 (Sadda et al., 2016; Barmo
et al., 2021). For example, more than half of the sandy slopes of Saga Gorou
(south of the Ouallam Kori watershed) were covered by forest in 1950
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(Abdourhamane Touré et al., 2010). This vegetation was completely cleared in
1975 and put under cultivation (Abdourhamane Touré et al., 2010). One third
of the Kori Ouallam watershed was occupied by woody vegetation in 1972 (Noma
Adamou et al., 2024b). More than half of this woody vegetation was cleared in
favor of cultivated surfaces in 2019 (Noma Adamou et al., 2024b), which are
highly susceptible to erosion (Rajot et al., 2009; Abdourhamane Touré et al.,
2018; Noma Adamou et al., 2022). The degradation of cultivated surfaces by
this erosion leads to the formation of encrusted surfaces not suitable for agri-
culture.

Erosion crusts (EC): These develop particularly on soils above plateaus and
high glacis (Figure 2(b) and Figure 2(c)). They form following the removal,
by wind and runoff, of loose particles on top of structural crusts (Fan et al.,
2008, Neave & Rayburg, 2007; Ran et al., 2012; Yeom, 2017; Bullard et al,,
2018). Erosion crusts are made up of a thin, compact, smooth layer due to the
smoothing of structural crusts by the repeated impact of raindrops or the strip-
ping of superficial micro-horizons from structural crusts (Casenave & Valen-
tin, 1989; Malam Abdou, 2014). Their formation has been intensified by de-
forestation and rainfall deficits observed over the decades 1970-1990, which
led to the degradation of the Sahelian vegetation cover (Ballouche & Taibi,
2013; Ozer & Perrin 2014; Kabore et al., 2017; Millogo et al., 2017). Erosion
crusts represent an acute level of land degradation (Malam Issa et al., 1999;
Habou et al., 2016; Hamadou Younoussa et al., 2018). In the Bangou Kirey,
Kongou, and Bartiawal Kaina watersheds, the crusts on the high glacis are de-
veloped on the B horizon after all the A horizon has been eroded and have
become unsuitable for cultivation. Those above the plateaus are developed on
shallow, undifferentiated soils above lateritic rock.

Bottom of the koris (K): The “koris” are gullies with highly variable cross-sec-
tions ranging from a few decimeters to several tens of meters (Abdourhamane
Touré et al., 2010; Alzouma Sanda et al,, 2019; Adamou et al., 2023; Figure
2(d)). They arise on plateau slopes (Barké et al., 2017). They excavate the glacis
and end their trajectory in the bottomlands. They consist of a soft-textured
bottom and abrupt banks up to 6 m deep (Mamadou, 2012; Noma Adamou,
2022). Koris can evolve rapidly. For example, between 1996 and 2005, the
Gorou Kirey kori (southwest of Niamey) increased from 119 ha to 127 ha
(Mamadou, 2012). From 1975 to 2015, in the Kongou watershed, kori lengths
increased by an average of 3.72 km (Abdourahamane Touré et al., 2017). Be-
tween 2006 and 2008, in Tondi Kiboro (southwest Niger), an average length-
ening rate of 4 m yr~! was measured at two (2) koris (Bouzou et al., 2020). The
koris carry water and sediment, and also contribute to the silting up of rivers
and water bodies (Mamadou, 2012; Tidiane Dia et al., 2023). The Boubon kori,
for example, carried around 8,500 tons of sediment and 1,300,000 m?* of water
into the River Niger in 2009 (Mamadou, 2012).

» Irrigated perimeters (Pi): These are found in the bottomlands and on the lower
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glacis. Two types of surface feature are mainly observed in irrigated perimeters
(Figure 2(e)). These are sown surfaces (SEb) and walking paths (PP). These
two surface features alternate between hollow areas (SEb) and walking paths
(PP). The SEb is, on average, 10 cm deep, 20 - 30 cm wide, and 3 - 20 m long.
Cash crops include cereals (sorghum (sorghum halepense), maize (Zea mays),
wheat (Poacées)) and legumes (onion (A/lium cepa), gambo (Abelmoschus es-
culentus), bell pepper (Capsicum annuum), tomato (Solanum lycopersicum),
green pepper (Capsicum frutescens), lettuce (Lactuca sativa), cabbage (Bras-
sica oleracea) and carrot (Daucus carota)). Irrigation is carried out year-round
in irrigated areas. Cultivation practices remain manual, with hoe and hilar till-
ing. Motor-driven pumps and watering cans are used to water the sown areas
(SEDb), either directly from the lakes or from the water table via a well. Walking
paths are located between the SEb. They are used by irrigators to water their

plants. They appear compacted due to trampling.

Figure 2. Dominant surface features in the complex of lakes of the eastern-northeastern
periphery of Niamey City: a: undegraded surfaces (SND); b: crusted plateau surfaces (SEP);
c: crusted glacis surfaces (SEG); d: kori bottoms (K); e: irrigated perimeters (Pi).

2.2. Measuring Hydraulic Conductivity

The BEST method (Beerkan Estimation of Soil Transfer Parameters) is used to
carry out infiltration measurements (Di Prima, 2015; Di Prima, et al., 2016; An-
gulo-Jaramillo et al., 2016; Bagarello et al., 2014, 2017; Fusco et al., 2024). The
choice of this method is based on the fact that it is cheaper and more robust than
laboratory approaches, which are often costly, tedious, and require specialized
equipment—a major constraint for developing countries (Ferndndez-Galvez et al.,
2019). The principle of the BEST method is based on measuring the infiltration
time of a layer of water under constant load infiltrating the soil. The main interest
of the test is to enable a comparison of the hydrodynamic behavior of the soil in

space and time.

DOI: 10.4236/gep.2025.138017

326 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.138017

H. A. Harouna et al.

Infiltration measurements were carried out on six (6) surface features of the
complex of lakes in the east-northeast periphery of Niamey. These were the en-
crusted surfaces of the plateaus (SEP) and glacis (SEG), the undegraded surfaces
(SND), the sown surfaces (SEb), the walking paths (PP), and the bottoms of the
koris (K). Infiltration measurements were carried out using a 10 cm-diameter
PVC cylinder manually inserted four centimeters (4 cm) into the soil, minimiz-
ing disturbance to the surface (Figure 3). A plastic film was placed on the soil
inside the PVC tube to ensure that the pouring of water did not disturb the sur-
face structure and pellicular porosity. A volume of 160 mL of drinking water
was then poured onto the plastic film, which was immediately removed while
the stopwatch was started to determine the infiltration time of the 160 mL (Fig-
ure 4). This exercise was repeated until the soil was saturated. A total of 293
infiltration measurements were carried out (Table 1). The coordinates of each
measurement point were taken with a GARMIN GPS and then projected onto
the different catchment areas using ArcGIS software (Figure 5). For security
reasons, the measurements were based further south in the Bartiawal Kaina wa-
tershed, while they covered around 37 % of each of the Kongou and Bangou
Kirey watersheds. The number of measurement points on the six (6) surface
features ranged from 21 on crusted plateau surfaces (SEP) to 94 on undegraded
surfaces (SND). The greater number of measurements on undegraded surfaces
(SND) is explained by their greater heterogeneity. The smaller number of meas-
urement points on the crusted surfaces of the plateaus (SEP) is mainly linked to
the duration of infiltration (Table 1).
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M
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Figure 3. Device for measuring infiltration using the BEST method on six (6) surface fea-
tures: a) encrusted plateau surfaces (SEP), b) encrusted high glacis surfaces (SEG), ¢)
undegraded surfaces (SND), e) koris bottom (K), f) sown surfaces (SEb), g) walking paths
(PP).
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Figure 4. Measurement of water infiltration on the surface features measured: a: encrusted
plateau surfaces (SEP), b: encrusted high glacis surfaces (SEG), c: non-degraded surfaces
(SND), e: koris bottom (K), f: sown surfaces (SEb), g: walking paths (PP).

Table 1. Distribution of the number of infiltration measurements carried out by surface
feature (encrusted plateau surfaces (SEP), encrusted high glacis surfaces (SEG), undegraded
surfaces (SND), koris bottom (K), sown surfaces (SEb), walking paths (PP)).

Surface features SEP SEG SND K SEb PP

number of measurements 21 61 94 53 35 29

Mean time per measurement point (S) 2998 852 449 167 697 1152
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Figure 5. Spatial distribution of hydraulic conductivity measurement points in the catch-

ment areas: (a) Bangou Kirey; (b) Kongou; and (c) Bartiawal Kaina.

Hydraulic conductivity (Ks) was determined at each measurement point by ap-

plying the algorithm developed by Bagarello et al. (2012). This algorithm is based

on the calculation of the parameter a (mm™), which corresponds to a general de-

scription of the textural and structural characteristics of the soil (Reynolds & Elrick,
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1990; Reynolds & Elrick, 2002; Bagarello et al., 2012; Bagarello & Iovino, 2013).
The parameter o expresses the relative importance of gravity and capillarity during
the infiltration process (Reynolds & Elrick, 1990; Bagarello et al., 2012). a, which
corresponds to the directing coefficient of the infiltration curves, is obtained by lin-
ear fitting of the infiltration volume as a function of time (Figure 6). A minimum
coefficient of determination of 0.80 (R* > 0.80) was considered for each fit (Figure
6(b)). Linearity may be unyielding due to cycle perturbation at the start of the infil-
tration process (Vandervaere et al., 2000; Bagarello et al., 2012). This initial disrup-
tion of the infiltration process is due to factors such as hydrophobicity, initial trap-
ping in the soil, or turbulence of applied water volumes (Carrick et al., 2011). It was
therefore not always possible to directly obtain the minimum coefficient of determi-
nation (R? = 0.80%). In 70% of measurements, it was necessary to delete one or two
data points, generally the first in the series (Figure 6). The determination of a ena-
bled the determination of hydraulic conductivity (Equation 2). The latter is a key
parameter for describing the hydrodynamic behavior of soils (Wang et al., 2025).

0.09 -

0.08 { A .

0.07 +
0.06 -

y = 0.0085x - 0.0407 o
0.05 - R? = 0.5254 :

0.04 -
0.03 - .

0.02 -

Cumulative volume infiltrated over
cumulative time

0.01 -

0 T T T T T T 1

0.09

008 | D e

0.07 - .
0.06 -
0.05 - )
0.04 | 0.

0.03 1 y=0.0819x-0.8902 b,=0.0512
R? = 0.9809 0*=0.0262+ 0.0035 x In
— (0.0512) a*= 1.57.102

Ks =2.97.102mm.s!

0.02 -
0.01 -

0 T 1
11 11.5 12

Cumulative volume infiltrated over
cumulative time

Square root cumulative time

Figure 6. Example of infiltration curves for one measurement: (A) infiltration curve dis-
turbed at the beginning, requiring the elimination of two points in red; (B) perfect curve
infiltration (after elimination of the first two points).
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o’ =0.0262+0.0035xIn (bl) (1)
with b (L-s™!), the directing coefficient of an infiltration curve
o= @
0.047 (* + lj
ra

where Ks(mm-s™) is the hydraulic conductivity and r (mm) is the cylinder radius.

2.3. Determination of Soil Surface Texture and Density

Soil granulometry and pellicular density play a key role in the hydrodynamic behav-
ior of soils (El Mazi et al., 2021). Soil texture and density were then determined
using the same soil samples. They were taken from the top five (5) centimeters of
soils of different surface features using a 100 cm® metal cylinder. The cylinder was
manually inserted into the soils of sown surfaces (SEb), undegraded surfaces (SND)
and koris bottoms (K). A sledgehammer was used for rigid surfaces, i.e., the en-
crusted surfaces of plateaus (SEP) and glacis (SEG), and walking paths (PP). Five (5)
samples of one hundred cubic centimeters (100 cm?®) each were also taken from each
surface feature and packaged in plastic bags. These samples were pre-weighed on a
precision balance (accuracy: 107%) to determine the fresh mass, then dried in an oven
at 44°C for 48 hours. At this temperature, all the water contained in the soil samples
was evaporated, and the mass of the samples was stabilized after 48 hours of drying
in the oven. Each sample was then weighed to determine the mass of the solids. The
determination of these two masses was used to calculate, among other things, the

bulk density (Equation 3) and the real density (Equation 4).

Mf

Da=— 3
v ©)
Ms

Dr=— 4
v 4)

where Da: bulk density (g-cm™), Dr: true density (g-cm™), Mf mass of fresh soil
(g), Ms: mass of solids (g), and V: sample volume (cm?).

Soil texture was determined by the dry sieving method (Seck & Sy, 2021). Each
sample was poured into a column of three (3) sieves: 2000 um, 250 um, and 63 pm.
The three (3) fractions obtained after sieving—mean to very coarse sands, very fine
to fine sands, and fine fraction (Clay + Lime)—were weighed on a precision balance
(accuracy: 107™) to determine the mass proportion of each fraction in the first five

(5) centimeters of the soils of the different surface features (Equation 5).
Fi=" 100 )
M

Fi: mass proportion of fraction 7 (%); m# mass of fraction 7 (g); M: total sample

mass (g).

2.4. Determination of Rain Intensity

Rainfall was measured using a 20 mL tipping-bucket rain gauge corresponding to
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a 0.5 mm tipping of rain. The rain gauge, which belongs to the AMMA CATCH
observatory, was installed in June 2021 at 40 m from Bangou Kirey Lake and 1 m
above ground level. The number of tips, the corresponding rainfall height, date,
and time are automatically recorded in a datalogger. The tipping time was used to
calculate the instantaneous rainfall intensity for each 0.5 mL of rainfall, i.e., 3501
rainfall intensities calculated over the 158 rainfall events recorded between July
2021 and October 2024 (Equation 6). The determination of the 3501 rainfall in-
tensities enabled us to calculate the average and maximum intensities during each
rainfall event. Rainfall intensity is a factor that conditions runoff and infiltration
of water into the soil (Radcliffe & Simunek, 2010; Darboux et al., 2024). Runoff
occurs when rainfall intensity exceeds the soil’s infiltration capacity, and infiltra-
tion occurs when rainfall intensity falls below the soil’s infiltration capacity (Hor-
ton, 1933; Bilodeau, 2023; Darboux et al., 2024). The instantaneous rainfall inten-
sities were then compared with the hydraulic conductivities of the surface feature
to determine the proportion of rainfall runoff and/or infiltrated into each surface
feature during the four seasons of rainfall measurements (Equations 7 and 8).
b

= (6)

Ip

where Ipis the instantaneous rain intensity (mm-s™'), Hpis the instantaneous rain

height (mm), and 7'is the tipping time (s).

ni
R=—=100 7
N (7)

n
| =—=100 8
N (8)

where R: proportion of rain that ran off (%); £ proportion of rain that infiltrated
(%); ni number of times Ip > Ks; n: number of times /p < Ks; and M- number of

measurements of Ip = 3501.

3. Results
3.1. Hydraulic Conductivity of Surface Features

Hydraulic conductivity varied from one surface feature to another. On average, it
varied between 4.6 x 107 mm-s™ (+4.6 x 107, the highest value measured in the
koris, and 9.7.10-4 mm-s~! (5.1 x 107%), the lowest value determined on the crusted
surfaces above the plateaus (Table 2). Spatial variability is linked to the dominance
of surface features. These are generally spatially distributed according to geomor-
phological units. Erosion crusts dominate on the plateau (SEP) and the high glacis
(SEG), undegraded surfaces (SND) on the low glacis, and irrigated surfaces (SEb
and PP) are present in the low glacis and bottomlands (Figure 7). From the uplands
to the bottomlands, hydraulic conductivity tends to increase. The greatest increase
in conductivity occurred in the transition from the crusted surfaces at the top of the
plateaus to those in the high glacis, where it fell from 9.7 x 10 mm-s™' to 7.0 x 1073
mm-s > i.e., a 7.3-fold increase. Hydraulic conductivity averaged 1.3 x 102 mm-s™

(£ 0.95 x 107) on the undegraded surfaces (SND) of the low glacis area, currently
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dominated by rainfed millet crops associated with beans. It was of the same order of
magnitude as that determined at the level of the sown surfaces (SEb) of the irrigated
surfaces and fourteen times higher than that determined on the encrusted surfaces
of the plateau (SEP) (Table 2). Conductivity at the bottom of the koris was the high-
est of all surface features (Table 2). On average, it was 4.6 X 102 mm-s™ (£ 4.6 x

1072), more than 3 times higher than that of undegraded surfaces.

Table 2. Hydraulic conductivity measurements on different surface features (encrusted plateau surfaces (SEP), encrusted high glacis
surfaces (SEG), undegraded surfaces (SND), koris bottom (K), sown surfaces (SEb), and walking paths (PP)).

Ks (mm-s™)

Surface features

SEP SEG SND K SEb PP
Min 0.00024996 0.00033396 0.00102614 0.00237915 0.0010355 0.00053931
Max 0.00189646 0.02013348 0.04863784 0.24170982 0.09485938 0.04442209
Mean 0.00097767 0.00703417 0.0133647 0.04698576 0.01600034 0.00732445
Median 0.00093218 0.00650281 0.01120474 0.03038166 0.00678376 0.00447626
Ecartype 0.00051752 0.00519639 0.00955681 0.04600551 0.02214397 0.00970502
CV (%) 52.9341261 73.8734425 71.5079025 97.9137266 138.396893 132.50162
number of measurements 21 61 94 53 35 29
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Figure 7. Variation of hydraulic conductivity as a function of density for different surface
features.

Hydraulic conductivity showed no significant difference (#= 0.05) for the same
surface feature in all three (3) contiguous catchments, Bartiawal Kaina, Bangou
Kirey, and Kongou (Table 3). Hydraulic conductivity, however, was characterized
by a strong dispersion of the mean values obtained on each of the six surface fea-
tures. The dispersion of hydraulic conductivity was very high on sown surfaces
(SEb) and walking paths (PP), with coefficients of variation of 138.39 and 132.50%,
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respectively (Table 3). It was relatively low on encrusted plateau surfaces (SEP)
(CV = 53%), encrusted glacis surfaces (SEG) (CV = 74%), undegraded surfaces
(SND) (CV = 71%), and kori bottoms (K) (CV = 98%).

Table 3. ANOVA test among surface features of watersheds (encrusted plateau surfaces (SEP), encrusted high glacis surfaces (SEG),
undegraded surfaces (SND), koris bottom (K), sown surfaces (SEb), walking paths (PP)).

Surface features

TEST ANOVA
(P=0.05) SEP
Bangou Kirey (0.000686).
Kongou (0.000981).

Bartiawal Kaina (0.001264).

SEG SND K SEb PP
(0.006517)s (0.011356)c (0.035418)e (0.013192)n (0.004324);
(0.006164), (0.010996). (0.057625)e (0.009708)n (0.003415);

(0.008164), (0.016561)c (0.052205)e (0.020408)n (0.011366);

3.2. Variation in Texture and Density of Different Surface Features

Soil surface density was almost similar across the six surface features studied (Table
4). It ranged from 1.31285 g-cm™ in the crusted surfaces of the haut-glacis (SEG) to
1.49064 g-cm™ in the koris (Table 4). However, in absolute terms, average density
varies according to topography. It tends to increase from plateau to bottomlands.
Hydraulic conductivity increases exponentially with soil density (Figure 7). The
highest (4.6 x 107> mm-s™ + 4.6 x 107) and lowest (9.7 x 10™* mm-s™' + 5.1 x 107™)
hydraulic conductivities corresponded, for example, to the highest and lowest den-

sities determined in the koris (K) and plateau crusted surfaces (SEP), respectively.

Table 4. Density of surface features (encrusted plateau surfaces (SEP), encrusted high glacis surfaces (SEG), undegraded surfaces
(SND), kori bottom (K), sown surfaces (SEb), and walking paths (PP)).

Surface features

Density (g-cm™)

Mean

Ecartype

SEP

1.3444

0.12634

SEG SND K SEb PP
1.31285 1.44914 1.49064 1.43582 1.41822
0.05737 0.07311 0.08759 0.09620 0.14113

The soils of the different surface features are dominated by the sandy fraction,
whose content ranged from 95% on the crusted surfaces of the plateaus to almost
100% in the koris (K) as shown in Table 5. The mean to very coarse sand fraction
dominated all surface features, with contents ranging from 50% on the crusted
surfaces of the plateaus to 68% in the koris. This fraction is followed by very fine
to fine sands, with contents ranging from 31% in the koris to 46% in the encrusted
surfaces of the high glacis. The fine silty-clay fraction reaches a maximum of 4.62%
in the crusted surfaces of the plateaus. The kori bottoms have the lowest fine frac-
tion content (0.17%). The particle size distribution of the different surface features
appears to vary according to topography. Mean to very coarse sands tend to in-

crease from plateaus to bottomlands, while the fine fraction (clay + silt) varies in
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the opposite direction.

Table 5. Granulometric distribution of surface features at the soil surface (encrusted plateau surfaces (SEP), encrusted high glacis
surfaces (SEG), undegraded surfaces (SND), Koris bottom (K), sown surfaces (SEb), walking paths (PP)).

Particule size class

Surface features

SEP SEG SND K SEb PP
Mean to very coarse sand (%) 50.22 51.20 51.68 68.16 55.57 57.51
Very fine to fine sand (%) 45.14 46.64 46.41 31.65 42.66 40.86
Clay+ Silt (%) 4.62 2.15 1.89 0.17 1.75 1.62

Hydraulic conductivity showed a difference according to the different particle-
size fractions of the soils in the different surface features. It tends to increase as
the fraction of mean to very coarse sands increases and tends to decrease as the
fraction of very fine to fine sands increases or as the clay-loam fraction increases.
This decrease is particularly significant as the fine fraction (A + L) increases. In-
creasing the fine fraction causes at least a four (4)-fold reduction in hydraulic con-

ductivity than that induced by very fine to fine sands (Figure 8).
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; y =0.0012x - 0.0583
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Figure 8. Variation in hydraulic conductivity according to the content of different particle-
size fractions.

3.3. Variation of Rainfall Intensity

One hundred and fifty-eight (158) rainfall events were recorded between July
10, 2021, and October 06, 2024. 3501 instantaneous intensities were then calcu-
lated after each tipping of the bucket. The maximum intensity during the one
hundred and fifty-eight (158) events varied between 1.39 x 107> and 0.25 mm-s™
for the rainfall recorded (Figure 9). It was high (/p > 0.05 mm-s™') on only five
(5) occasions. High-intensity rainfall had a probability of occurrence of 3.16%

and was recorded between July and September (Table 6). One hundred and
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twenty-five (125) maximum rainfall event intensities were low (Ip < 0.025
mm-s™Y, and twenty-eight (28) were intermediate, i.e., between 0.025 mm-s! and
0.05 mm-s™', with respective probabilities of occurrence of 79.11% and 17.72%.

These cases were recorded between July and August in 64.28% and 70% of cases,

respectively.
03 1 o Ip Max 2 0.05
- 0.025 < Ip Max < 0.05
5 0.25 - L o Ip Max < 0.025
g
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Figure 9. Variation in maximum intensity of recorded rainfall events between 2021 and 2024.

Table 6. Probability of occurrence of Jp Max for the 158 rainfall events in each maximum-intensity interval.

Ip Max for the 158 rainfall events interval (mm-s™) Ip Max > 0.05 0.025 < Ip Max < 0.05 Ip Max < 0.025
Class Numbers (n) 5 28 125
Probability of occurrence (%) 3.16 17.72 79.11

During a rainfall event, the instantaneous intensity of rainfall is highly variable,
forming a unimodal form in 96.2% of cases and two (2) to six modes in 3.8% of
cases. Instantaneous intensity increases rapidly at the start of the rain event, peak-
ing on average 700 seconds (12 minutes) after the rain begins (Figure 10). It then
falls slowly for around 2375 seconds (40 minutes), ending with streaks that can
last up to 4000 seconds. From 2021 to 2024, a rain event lasts an average of 2074
seconds (35 minutes) for an average intensity of 7.3 x 107 (+ 8.5 X 107%) mm-s™".

Of the 3501 measurements, the instantaneous rainfall intensity was 89.09%
greater than the hydraulic conductivity determined on the crusted surfaces of the
plateaus (SEP), whereas in the koris this percentage was only 0.57% (Table 7).
This means that 89.09% of the rain falling on the crusted plateau surfaces (SEP)
would run off, while the rainwater would be more likely to infiltrate the koris. On
the encrusted surfaces of the high glacis (SEG) and walking paths (PP), the instan-
taneous rainfall intensities were regularly higher than the hydraulic conductivity.
These surfaces would generate runoff in 59.53% of cases. These proportions are
37.71% and 26.57% for undegraded surfaces (SND) and sown surfaces (SEb), re-
spectively.
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Figure 10. Types of rainfall intensity variation during two (2) rain events.

Table 7. Variation in the probability of runoff occurrence on different surface features.

Ip

Number of times Ip 2> Ks (n)

Rainwater runoff probability

Surface features

SEP SEG SND K SEb PP
3115 2120 1220 15 934 2091
89.09 59.95 37.71 0.57 26.57 59.11

4. Discussion

Although this study spans only four years of measurements, it has allowed the
highlighting of the main properties of surface features in the South West Niger
area impacting hydraulic conductivity, which play a major role in soil erosion and
runoff processes.

Surface features are highly variable in the complex of lakes in the eastern, north-
eastern peripheries of Niamey. Their spatiotemporal variability is highly charac-
teristic of Sahelian landscapes, which are composed of a diversity of land cover
units, the most important being millet fields, irrigated perimeters, and degraded
surfaces. The surface features that make up these units are, in particular, the en-
crusted surfaces of the plateaus (SEP) and the high glacis (SEG), the undegraded
surfaces (SND), the koris bottoms (K), the sown surfaces (SEb), and the walking
paths (PP). Organic matter can play a role in the formation and diversity of surface
features. However, its low or very low content in Sahelian sandy soils (<1%) means
that it plays a negligible role in the formation of surface features (Edahbi et al.,
2014; Issa et al., 2020; Idé, 2022; Noma Adamou et al., 2024a). The variability of
surface features could be controlled by density, granulometry, soil structure, cli-
mate, and human activity (Ben-Hur et al., 2009; Rabouli, 2022; Lin et al., 2025).

The density of the first centimeters of soil was of the same order of magnitude,

on average, in the soils of the six (6) surface features studied. It ranged from 1.31
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g-cm™ in the crusted surfaces of the haut-glacis (SEG) to 1.49 g-cm™ in the koris.
The low variation in density is probably due to the fact that these soils have the
same origins and are essentially formerly stabilized dunes (Gavaud, 1968). Density
was measured on several soil types in the Sahel (Adefague Mbouryang et al., 2022;
Traore et al., 2024). It was 1.25 g.m™ in the cultivated soils of the dune cordon in
southwestern Niger (Idé, 2022). In terms of use, these soils are comparable to
undegraded surfaces (SND), where the density was slightly higher (1.44 g.m™).
The density of the undegraded surface was identical to that determined on culti-
vated sandy soils on glacis in the Tougou watershed (North Burkina Faso) (1.44
g.m™®) (Mounirou, 2012). However, the density was higher (1.70 g.m™) on the
crusted surfaces of the Tougou watershed compared with that determined on the
plateau (SEP) and glacis (SEG) crusts in this work. This difference could be linked
to organic matter content and/or soil porosity. Despite its low variation, density
seems to show spatial variability according to topography. The lowest densities
were obtained on the crusted surfaces of the plateaus and the highest in the valley
interior.

Soil particle size distribution shows that the fraction of mean to very coarse
sands dominates in all surface features. It ranged from 50.22% in the crusted sur-
faces on the plateau (SEP) to 68.16% in the koris (K). Overall, the sandy fraction
dominated in all surface features, ranging from 95% in the crusted surfaces of the
plateaus (SEP) to almost 100% in the koris (K). The sandy texture of the soils in
the six (6) surface features is most probably linked to the fact that they developed
on stabilized dunes of aeolian origin (Gavaud, 1977; Niang et al., 2004). Coarse-
textured soils are widespread in the Sahel, in both dune and lateritic soils. On dune
soils, for example in southern Niger, the sandy fraction varied from 95% (Idé,
2022) to 78.80% (Bationo et al., 2015). Lateritic soils, most often developed above
plateaus, reached sand contents of 75% in Burkina Faso (Bassole et al., 2023),
73.66% in Niger (Halidou et al., 2020), and 78.25% in North Cameroon (Adefague
Mbouryang et al., 2022). The fraction of mean to very coarse sands also showed a
spatial variability similar to that of density. The content of the silty-clay fraction
ranged from 4.62% in the crusted surfaces of the plateaus (SEP) to 0.17% in the
koris (K). A high clay-loam fraction was found on lateritic soils of the plateau in
Kollo, Niger, where it reached 26.34% (Halidou et al., 2020), six (6) times that of
the crusted upland surfaces (SEP) of the complex of lakes of the eastern-north-
eastern peripheries of Niamey. Similarly, in North Cameroon, the clay-loam frac-
tion reached 21.75% on soils developed above the plateau (Adefague Mbouryang
et al., 2022). Spatially, the silty-clay fraction follows an inverse spatial trend rela-
tive to that of density and mean to very coarse sands.

The dispersion of hydraulic conductivity was significant across the six (6) sur-
face features. The coefficients of variation were very high in the sown areas (SEb)
and the walking paths (PP) of the irrigated perimeters, at 138.39 and 132.50%,
respectively. This high dispersion is linked to the diversity of farming tools, culti-

vation practices, watering levels, and crops cultivated. Dispersion was lower on
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crusted surfaces of the plateau (SEP; CV = 52.93%). These surfaces are smooth
and bare (Alzouma Sanda et al., 2019). They have the same structure as the glacis
encrusted surfaces (SEG), where the relatively higher dispersion averages at
73.87%. The difference in the dispersion of the erosion crusts could then be linked
to the nature of their substrates: the crusted surfaces of the plateaus are developed
on a lateritic soil, whereas the substrate of the crusted surfaces of the glacis is a
sandy soil. Over the entire glacis, both high and low, dispersion was intermediate,
most probably due to the fact that the sandy soils had the same aeolian origin
(Gavaud, 1968; Niang et al., 2004). Conductivity dispersion (CV = 97.91%) was
high at the bottom of the koris.

Hydraulic conductivity was lower on the encrusted plateau surfaces (SEP), 9.7
x 10* mm-s™ + 5.1 x 107, i.e,, 7 times lower than on the encrusted glacis surfaces
(SEG). This is most probably due to the difference in their substrates. Erosional
crusts are widespread throughout the world. Their low hydraulic conductivity has
been observed in Burkina Faso (Mounirou, 2012), France (Chahinian et al., 2006),
Israel (Carmi & Berliner, 2008), Belgium (Lin et al., 2025), and Tunisia (Albergel
& Alali, 2003). For example, the hydraulic conductivity measured on glacis en-
crusted surfaces (SEG), 7.0 x 10 mm-s™" + 5.1 x 107, was slightly higher than
that determined on glacis crusts (4.4 x 10~ mm-s™) in northern Burkina Faso
(Mounirou, 2012) and lower than that determined (9 x 10~ mm-s™!) in Tunisia
(Albergel & Alali, 2003). These differences can be explained by measurement tech-
niques (Mrabet et al., 2010), the aggressiveness of rainfall, or the nature of the soil.

Measurements in a five- to seven-year-old fallow in Niger revealed hydraulic
conductivities of 5.8 X 107> mm-s™ £ 2.5 x 10~ (Malam Abdou, 2016), which are
very similar to those of the encrusted glacis surfaces (7.0 x 10 mm-s™ + 5.1 x
107%). Old fallows in the Sahel, despite the abundant vegetation cover, increased
organic matter content, and biological activity that structure their soils, have
crusted soils that reduce their infiltrability (Lavelle et al., 1998; Morsli et al., 2004;
Coq et al., 2007; Ngo et al., 2011). It should be remembered that the presence of
litter promotes soil infiltrability through the development of aggregates and pores,
and termite activities that could improve soil porosity (Ambouta et al., 1996; Leon-
ard & Rajot, 2000; Kaiser et al., 2017).

Hydraulic conductivity was of the same order of magnitude on undegraded sur-
faces (1.3 x 102 mm-s™' + 9.5 x 10~ mm-s™') and on sown surfaces of irrigated
perimeters (1.6 X 102 mm-s™}; 2.2 x 102 mm-s™!). Tilling these surfaces, in fact,
creates the porosity that improves hydraulic conductivity. In fact, weeding and
hoeing of cultivated surfaces destroy surface crusts and improve soil porosity
(Mvondo-Awono et al., 2013). Hydraulic conductivities ranging from 8.3 x 10~
mm-s~' t0 9.1 x 10~ mm-s~! have been measured in cultivated sandy soils in north-
ern Burkina Faso (Mounirou, 2012). These values were of the same order of mag-
nitude as those for undegraded (SND) rainfed cultivated and irrigated (SEb) sur-
faces. This is probably due to the fact that these sandy soils are tilled.

Hydraulic conductivity measured at the bottom of the koris was the highest (4.6
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x 1072 mm s™' + 4.6 x 107%). These ubiquitous gullies in the Sahelian landscape are
expanding in density, length, width, and depth (Leblanc et al., 2007; Abdourhamane
Touré et al., 2017).

Hydraulic conductivity was characterized by very marked spatial variability,
not only according to surface features but also according to relief units, as shown
in Figure 11. It shows the same spatial variability as the fraction of mean to very
coarse sands and density (Figure 7). In fact, hydraulic conductivity increases ex-
ponentially with density. This dynamic is the exact opposite of that observed in
compacted cultivated soils in Ukraine (Hékansson & Medvedev, 1995). Hydraulic
conductivity increases with the coarse fraction, confirming laboratory tests that
have shown that hydraulic conductivity is increased two (2) times in sandy frac-
tions relative to clay samples (Knodel et al., 2007). Increasing contents of very fine
to fine sands or silty clay fractions tend to decrease hydraulic conductivity in soils.
In Belgium, for example, the high content of the clay-loam fraction (82.6%) low-
ered hydraulic conductivity by 10% relative to sandy soil (Lin et al., 2025). A
downward trend in hydraulic conductivity as the fine fraction increases has been
observed in sandy soils in South Africa (Medinski et al., 2009) and Tunisia (Al-
bergel & Alali, 2003).
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Figure 11. Spatial variation of hydraulic conductivity, density, and granulometry according
to topography.

The average rainfall intensity over the four (4) years of measurement was 1.1 x
1072 mm-s™! (+ 107%). This value is lower than that determined at the Sahel scale
(2.3 x 107 mm-s™') over the period from 1990 to 2015 (Panthou et al., 2018). The
maximum instantaneous intensity in the complex of lakes of the eastern-north-
eastern Niamey periphery was variable from year to year. The short duration of
observation, however, did not allow confirmation of the increase in rainfall inten-
sities determined in the Sahel from 1980 onwards (Giannini et al., 2013; Panthou
et al., 2014; Sanogo et al., 2015; Panthou et al., 2018).

Rainfall intensity is a determining factor in rainfall runoff. Even if, at the land-
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scape scale, watershed runoff is dependent on slope, vegetation cover, and land
management practices, runoff generation is driven by rainfall, and it occurs when
rainfall intensity exceeds the infiltration capacity of the soil (Horton, 1933; Roose,
1999; Bilodeau, 2023; Darboux et al., 2024).

Surface features showed different hydraulic conductivities, reflecting different
runoff rates when rainfall intensity exceeded their hydraulic conductivities (Zp >
Ks). Runoff was particularly high on encrusted surfaces in 89.09% (SEP) and
59.95% (SEG) of the 3501 measurements where rainfall intensity was higher than
hydraulic conductivity. The runoff rate on glacis erosion crusts (59.95%) is within
the range of runoff coefficients determined on this type of surface, which have
varied in Niger between 60% in Fakara (Descroix et al., 2012) and 98% in the Bou-
bon watershed (Mamadou, 2012).

On undegraded areas cultivated with millet and irrigated perimeters, the runoff
rates would be 37.71% and 26.57%, respectively. Even so, the low runoff on the
sandy soils widely cultivated in the Sahel could result in land losses through erosion.
Erosion by runoff leads to land losses of 1.54 t-ha™'.yr™! or even 1.92 tha™-yr’ in
Sahelian watersheds (Descroix et al., 2012; Noma Adamou et al., 2022).

The highest hydraulic conductivity was measured at the bottom of the koris, at
4.6 x 107> mm-s™' + 4.6 x 1072 If rain fell directly on these surfaces, 99.43% would
infiltrate (Ks > in 99.43% of cases of 3501 Jp measurements). However, as soon as
the rainfall is sufficient, at 5 mm (Lubés-Niel et al., 2001; Mamadou, 2012) or even
more than 20 mm (Lubeés-Niel et al., 2001), the water can run off. The presence of
a layer of water during and after the rainfall event, combined with the very high
hydraulic conductivity of the bottoms of the koris, could lead to significant infil-
tration and therefore potential groundwater recharge. The role of koris in ground-
water recharge and its rise by several meters in recent decades has been hypothe-
sized, for example, in the Niamey region (Favreau, 2000; Leduc et al., 2001;
Abdourhamane Touré et al., 2016; Maman Aminou et al., 2019; Hado et al., 2021;
Moussa Boubacar, 2023).

The infiltrability of the surface features prevailing in the complex of lakes of the
eastern-northeastern Niamey periphery often exceeds the instantaneous rainfall
intensity, which could contribute to soil erosion. To reduce the problem of soil
losses through erosion, anti-erosion devices are built, particularly on plateaus,
where benches are often constructed (Malam Abdou, 2014; Fiorillo et al., 2017;
Noma Adamou, 2022). These structures store a lot of water on plateaus where
soils have very low hydraulic conductivity. The very high average potential evap-
otranspiration in Niamey (9.2 X 10~ mm-s™'; Maman Aminou, 2023) suggests that
bench-type devices on plateaus would make more water available for evaporation.
This would lead to full water losses. The appropriate restoration techniques would
be those that slow down the flow rates, similar to stony bands that reduce the risks
of runoff and soil loss (Robert, 2011; Khelifa et al., 2017; Xu et al., 2018; Zouré et
al., 2019; Jiang et al., 2020; Martinez-Mena et al., 2020).

Intensified cropping and overgrazing lead to extensive land degradation in the
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Sahel (Descroix & Nouvelot, 1997; El Bakkari, 2025). In Niger, for example, more
than 100,000 ha are degraded every year, marking a large expansion of encrusted
surfaces (Folega et al., 2019; Mahamadou et al., 2023; Mahamadou Moudi et al.,
2024). It has been shown here that these surfaces allow almost 90% of the rain that
falls on them to run off. This percentage could worsen as rainfall intensities have
been increasing in the Sahel since 1980 (Panthou et al., 2018). Crusts collect rain-
fall for koris, where runoff is concentrated (Fiorillo et al., 2017). It should be re-
membered that koris with very high hydraulic conductivity (4.6 x 10> mm-s™ *
4.6 x 107%) are increasing in number, density, and length (Leblanc et al., 2007;
Abdourhamane Touré et al., 2017). All of these would suggest a significant in-
crease in the transfer of water flow to groundwater and a further rise in the water
table.

5. Conclusion

The aim of this study was to evaluate the hydraulic conductivity of six (6) domi-
nant surface features in the Sahel. The surface features are characterized by great
diversity. They include the crusted surfaces of plateaus (SEP) and glacis (SEG),
undegraded surfaces (SND), sown surfaces (SEb), walking paths (PP), and koris
bottoms (K). These surface features show a zonal distribution according to relief.
Indeed, the encrusted surfaces of the plateaus (SEP) and glacis (SEG) develop at
higher altitudes, while the undegraded surfaces (SND), sown surfaces (SEb), and
walking paths (PP) are mainly found in the lower glacis and bottomlands. Gran-
ulometry revealed that the coarse fraction dominated in all surface features, with
rates ranging from 95.36% in the encrusted surfaces of the plateaus (SEP) to al-
most 100% at the bottom of the koris. Density increased from plateau to bottom-
lands. It ranged from 1.31 g-cm™ in the encrusted surfaces of the high glacis (SEG)
to 1.49 g-cm™ in the koris. Increasing the density and fraction of mean to very
coarse sands tends to increase hydraulic conductivity, while increasing the frac-
tion of very fine to fine sands, and particularly the clay-loam fraction, decreases
hydraulic conductivity. Hydraulic conductivity was highly variable across the dif-
ferent surface features. The highest hydraulic conductivity was measured in the
koris (K) (4.6 x 102 mm-s™" * 4.6 x 107%). The lowest hydraulic conductivity was
obtained on the encrusted surfaces of the plateaus (SEP) (9.7 x 10™* mm-s™ + 5.1
x 107), i.e., almost forty-eight (48) times lower than that of the koris. On en-
crusted plateaus, bench-type or half-moon structures is built. Average potential
evapotranspiration is very high in Niamey (9.2 x 10> mm-s™'). These structures
would therefore make more water available for evaporation. For effective man-
agement, it would be more appropriate to construct devices that do not store water

but increase hydraulic conductivity and slow down flows over plateaus.
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