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Abstract: Despite nearly a century of research on water related issues, water erosion remains one of the greatest
threats to soil health and soil ecosystem services around the world. Yet to date, data on water erosion needed
to develop mitigation strategies is scarce, especially in the Sahelian regions. The current study therefore sets
out to estimate annual soil losses caused by water erosion and to analyze trends over the period of 1981-2020
in the Mékrou watershed, located in the Middle Niger river sub-basin in West Africa. The revised universal
soil loss equation, remote sensing and the Geographic Information System (GIS) were deployed in this study.
Several types of data were used, including rainfall, soil conditions, topography and satellite images. The
estimated average annual amount of water erosion in the Mékrou watershed is 6.49 t/ha/yr over 1981-2020. The
dynamics of the ten-year average are highly variable, with a minimum of 3.45 t/ha/yr between 1981 and 1990,
and a maximum of 8.50 t/ha/yr between 1991 and 2000. Even though these average soil losses in the Mékrou
basin are below the tolerable threshold of 10 t/ha/yr, mitigation actions are needed for prevention. In addition,
the spatial dynamics of water erosion are noticeably heterogeneous. The study reveals that 72.7% of the surface
area of the Mékrou watershed is subject to slight water erosion below the threshold, compared with 27.3%,
particularly in the mountainous south-western part, which is subject to intense erosion above the threshold.

Keywords: water erosion; remote sensing; Mékrou watershed; middle Niger river; West Africa

1. Introduction

Soil erosion by water is a global phenomenon that leads to land degradation [1,2] and affects
around 2.6 billion people in more than 100 countries worldwide [3]. The highest rates of land
degradation, exacerbated by climate change associated with human activities, are recorded in Asia,
followed by Africa and Europe [4]. Given that having soil in good physico-chemical conditions is the
basis for good agricultural production, water erosion is a real threat to food security, particularly in
highly vulnerable countries such as those in the Sahel. It is the main factor in the degradation of the
fertile layer of agricultural land, exacerbating the loss of soil nutrients [5].

Soil erosion is a natural process that’s severity and extent depend on the interaction of various
factors, including climate, topography, soil type and land use [6,7]. However, in most cases, this
process is greatly worsened by human activities a human-induced erosion characterized by the
deforestation and abusive agricultural practices, [8].

Since the years of long droughts in the Sahel, there has been a profound change in the Sudano-
Sahelian landscapes, notably through the degradation of vegetation, desertification, changes in river
flow regimes, accelerated silting up of several rivers and reservoirs, the gullying of slopes, and
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aridification of the regional microclimate [9,10]. This combination of factors makes the Sahel one of
the most sensitive regions to water erosion in the world [11,12] . This is a major constraint on the
success of agro-sylvo-pastoral development projects based on the rational use of soil, water and plant
cover [12].

Most of the studies conducted in the West African sub-region to gain a better understanding of
the problem of water erosion focused on measuring runoff and soil loss at the scale of experimental
plots [12-14]. The impact of such studies is limited when the phenomenon is spatially heterogeneous.
Thus, in order to develop effective mitigation strategies for this scourge to ensure better land
productivity and to strengthen the resilience of communities whose main activity is agriculture, it is
important to carry out a spatio-temporal analysis on a larger scale.

In the Mékrou watershed, erosion is a problem essentially linked to agro-pastoral practices,
deforestation activities and bush fires denuding the land which, due to torrential rainfall, is subject
to heavy erosion in some parts. This erosion washes and drains various wastes and sand into streams
and water bodies, contributing not only to water pollution but also to the filling up of water bodies
and streams [15] . It is within this framework that the Mékrou watershed was chosen as the case study
for this research, which is a typically Sahelian and highly anthropised watershed with enormous
issues at stake.

2. Presentation of the Mékrou River Watershed

The Mékrou is one of the nine tributaries of the middle section of the Niger river, six of which
(Gorouol, Dargol, Sirba, Goroubi, Diamangou and Tapoa) have their sources in Burkina Faso, while
the other three (Alibori, Sota and the Mékrou) have their sources in Benin [16] . Its watershed area
covers 10,500 km?, 36% of which is farmland and 20% is agricultural mosaic and dry vegetation. Parts
of it lies in Benin (79%), in Burkina Faso (12%) and in Niger (9%) (Figure 1).

In the Mékrou basin, the climate is Sudano-Sahelian and the vegetation is dominated by tree and
shrub savannas with a strong agricultural influence. The forest gallery extends along the
watercourses with the presence of saxicolous savannah [16] . The relief consists mainly of plains,
especially in the north-western part. Slopes are generally low to moderate with the exception of the
more mountainous south-western area where they are steep.

The populations living in the Mékrou basin practice agriculture as their main economic activity.
Apart from agriculture they also practice as other activities the breeding of large livestock,
transhumance, fishing, hunting, handicrafts, logging, and trade in agricultural products [15] . It
should be noted that these activities exert pressure on natural resources, which are gradually
dwindling.
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Figure 1. Mékrou watershed in the Middle Niger.
3. Materials and Methods

3.1. Data and Tools Used

Several set of data was used in this study. These were (i) monthly rainfall data from 1981 to 2020
in raster format, with a spatial resolution of 0.5x0.5° (i.e. 55.5x55.5 km) covering the entire Mékrou
watershed; (ii) the FAO soil map on a scale of 1:5.000.000 ; (iii) the SRTM image of the study area in
raster format and with a spatial resolution of 30 m; and (iv) Landsat 4-5, 7 and 8 images from 1990,
2000, 2010 and 2020 with a spatial resolution of 30 m.

The rainfall data was extracted from « the University of East Anglia database » and the soil map
from the FAO database. The SRTM and Landsat images were taken from « the United States
Geological Survey (USGS) ».

The main processing tools used to achieve the objective of this study are QGIS 3.20.1 for
processing Landsat images and ArcGIS 10.8 for calculating the various factors and estimating annual
soil losses caused by water erosion.55.5km x 55.5km

3.2. Data Analysis Methods

The RUSLE model, widely used [17] by researchers, which is the revised version of the universal
soil loss equation, was chosen to quantify mean annual water erosion in the Mékrou watershed. This
choice was based above all on the availability of data for this watershed, on climatic, topographical
and soil parameters, and on land use and conservation methods. It is presented in the form of
equation (1):

A=RXKXLSXCXP, (1)
where A - is the estimated annual soil loss (t/ha/yr); R - is the rainfall erosivity factor (MJ.mm/ha.h.y);
K - is the soil erodibility factor (t.ha.h/ha.MJ.mm); LS - is the topographical factor (dimensionless); C
- is the vegetation factor (dimensionless); and P - is the soil conservation and protection practices
factor (dimensionless).

Each of the components of formula (1) is estimated independently according to the following
criteria and formulas:
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- The precipitation erosivity factor (R):

This factor is an indicator of the potential of precipitation to induce soil loss through the
detachment and transport of particles. It is a function of several precipitation-related parameters,
including quantity, energy, duration, intensity, drop size, type of precipitation and the resulting
runoff rate [1,18] . However, in order to enable its estimation in view of the lack of data, in particular
rainfall intensity [19], following his research in some countries in Africa (Cote d'Ivoire, Burkina
Faso, Senegal, Niger, Chad, Cameroon and Madagascar), proposed the following linear equation, as
a function of annual rainfall alone:

{ R=axPl @)

045 <a <0,55

Specifically for the West Africa sub-region, it is suggested taking the dividend a = 0.5 (i.e. R =
0.5* P1; where Pl is the annual rainfall in mm).

- The soil erodibility index (K):

This index takes values between 0 and 1. The less sensitive the soil is to water erosion, the more
K tends towards 0 [1]. Originally, the K factor was determined experimentally as a function of soil
texture and structure, organic matter content and permeability [20-22]. In this study, however, the
Williams [23] equation was used (Formula 3), which relates the K factor to soil properties (clay, sand
and silt content, and organic carbon fraction) available in the FAO database for the Mékrou watershed
(Table 1).

K = Ky = Fesana * Fa—si * Forge * Frinsana @)
where the components Fcsand, Fcl-si, Forgc, and Fhinsand characterize the composition of the soil in
terms of sand, clay/silt, organic and carbon respectively. They are calculated by the following
formulae 4 to 7:

Fesana = 0,2+ 0,3 X exp [_0,256 Xmg X (1 - nllf)Lét)] 4)
03

_ (_msae )
For—s1 = (mc+ msilt) )

— 1 _ 0,036x0rgC
Forge =1 orgC+exp[3,72—(2,95x0rgC)] (6)

_ 07x(1-15)

Fhisana = 1 (1555 )+exp|-5,51+22,9x(1-125 )] @)

where ms is the percentage of sand (diameter 0.05-2.00 mm); msit, the percentage of silt (diameter
0.002-0.05 mm); m., the percentage of clay (diameter < 0.002 mm); and orgC,the organic carbon
content (%).

Table 1. Soil classification and properties in the Mékrou watershed.

Proportions in soil composition (%)

Soil type FAO code e — - orgC
Eutric Gleysols RE 68.3 15.1 16.6 0.50
Ferric Luvisols LF 74.6 09.6 15.8 0.26
LITHOSOLS I 58.9 16.2 24.9 0.97
Gleyic Luvisols LG 59.9 13.4 26.7 0.73

(Source : FAQO, 2007).

- The topographical factor (LS) :
The topographic factor LS indicates the gradient responsible for runoff velocity. The steeper the
slope of the land, the higher the velocity and erosive potential of the runoff [24,25]. The Formula (8)

of Moore and Burch [26] below was used to calculate the LS factor:
Cell size]%4 sin Slope 13

2213 ] [ 0.0896 ] ®)
where flow accumulation represents the cumulative upstream contributing area for a given cell, Cell

size is the size of the pixel which is 30 m resolution, 22.13 is a uniform length (m) to avoid
uncertainties related to the influence of the length of the slope on erosion, Sin Slope is the sine of the
slope and 0.0896 is a constant.

- The vegetation factor (C):

LS = [flow Accumulation X
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This factor represents the effect of cultivation and land management practices on erosion. It is
closely linked to land use types and therefore depends mainly on vegetation type, growth stage and
vegetation cover rate. The C factor was estimated using the equation of Durigon [27] , which will
subsequently be improved by Colman [28] in certain regions as a function of the NDVI value

(Formula 9).
C= (—NDVI+1

), ©
where NDVI = LR-RED
NIR+RED

the red part of the electromagnetic spectrum.

The Normalised Difference Vegetation Index (NDVI), also known as relative biomass, is a
standardized index that allows users to generate images displaying greenness. NDVI uses the
properties of red (RED) and near infrared (NIR) light to quantify vegetation, which can be useful for
classifying high and low vegetation and indicating drought.

In the current study, NDVI is established using Landsat images introduced in the ARCGIS 10.8
tool and assigned band values according to the Landsat image type.

For the Landsat 4-5 and 7 images, band 4 is used for the near infrared (NIR) and band 3 for
(RED), which is the red part of the electromagnetic spectrum.

, NIRis the near infrared part of the electromagnetic spectrum and RED is

As for the Landsat 8 images, band 5 is employed for the near infrared (NIR) and band 4 for
(RED), which is the red part of the electromagnetic spectrum.

- The soil conservation and protection practices (P):

The values of the P factor, ranging from 0 to 1, depend on the soil conservation and protection
practices implemented to mitigate soil erosion (Table 2), such as contour farming, terraces and strip
cropping [29]. The closer P is to O, the greater the soil's resistance to human-induced erosion;
conversely, the closer it is to 1, the lower the soil's resistance.

Table 2. Values of the P factor as a function of slopes.

Land use Slope (%)
0-5 5-10 10-20  20-30  30-50 50-100 0-100
Agricultural land 0.10 0.12 0.14 0.19 0.25 0.70
Rangeland 0.10 0.13 0.15 0.20 0.40 0.75
Bare soil 0.25 0.35 0.45 0.55 0.75 1.00
P factor
Forest 0.03 0.05 0.10 0.15 0.20 0.60
Water 0.00
Urban land 0.05

(Source:[20,29]).

By combining all the information related to the quantification of water erosion in the Mékrou
watershed, the latter was calculated for the study period (1981-2020) and for the decades 1981-1990,
1991-2000, 2001-2010 and 2011-2020. Water erosion was mapped for each of the 10-year sub-periods,
and a cross-comparison was made to analyze the spatiotemporal dynamics of erosion at the scale of
the Mekrou watershed.

4. Results and Discussion

The results obtained from this study are presented and discussed in three different sections: (3.1)
main morphometric and pedological characteristics of the Meékrou watershed, (3.2) factors
characterizing soil erosion, and (3.3) spatio-temporal dynamics of erosion in the Mékrou watershed.

4.1. Main Morphometric and Soil Characteristics

The various morphometric, pedological and climatic characteristics essential for quantifying
water erosion in the Mékrou watershed are presented below:

The Mékrou watershed has a surface area of 10500 km? and a perimeter of 1154.16 km. It
therefore falls into the category of elongated basins, with a Gravelus compactness index of 3.18. It has
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a longitudinal South-North orientation. Topographically, the Mékrou basin lies between 181 and 647
m above sea level.

There are four soil types: (1) Ferric Luvisols, (2) Eutric Gleysols, (3) LITHOSOLS and (4) Gleyic
Luvisols. The NDVIindex shows fairly large differences between its extreme values, which are -0.175
and 0.552. Savannah (trees and shrubs) is the dominant plant unit.

West Africa in general, and the Mékrou basin of the Niger River in Benin in particular, has two
contrasting seasons: a dry season and a rainy season. The geographical area of the basin is
characterized by a concentration of rainfall (96% annual average) over six months (May-October) [30],
similar to the seasonal pattern of rainfall in Sudano-Sahelian countries. The annual rainfall for the
period 1981-2020 used in this study in the basin with data from the University of East Anglia database
varies from 542 mm to 1008 mm, with an average of 780 mm within the basin. Temperatures on both
sides of the basin are generally high. Average annual temperatures are recorded at between 27.5°C
and 29°C, although these temperatures conceal major disparities between extreme temperatures, the
maximum of which often reaches and exceeds 45°C in the shade in April [31]. The lowest
temperatures are observed in July-August, while the highest values are observed in April-May, with
peaks of up to 45°C in the shade[31].

4.2. Estimates of Water Erosion Components in the Watershed

- The precipitation erosivity factor (R):

Estimated as a function of the average amount of rainfall received by a watershed, the average
values of this factor over the Mékrou watershed for the entire study period and the four defined
decades are shown in Figure 2. This shows an upward shift in the average between the 1981-1990 and
1991-2000 decades, from 350.4 to 401.8 M].mm/ha.h.yr, i.e. an increase of 14.7%. This can be explained
by the return of wetter conditions since the 1990s in some parts of the Sahel and since the 2010s in
others, following the long period of drought in the 1970s and 1980s [32]. The amplitude of the R factor
has also increased. However, since 1991-2000, decadal values of the R factor have varied very little,
in terms of both mean and amplitude, until 2011-2020. Finally, from 1981 to 2020, the average annual
value of R varies from 271.3 (in the south of the watershed) to 503.8 MJ.mm/ha.h.yr (in the north of
the watershed), with an estimated inter-annual average of 390.4 M].mm/ha.h.yr. In fact, the spatial
distribution of the R factor is not uniform across the Mékrou watershed (Figure 2); it naturally reflects
that of the rainfall to which it is directly linked as illustrated in Formula 2, i.e. decreasing from the
south to the north of the watershed [16] (JRC, 2017).

550
—~ 500
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< M 1981-1990
e 450
e
€ I 1991-2000
€ 400
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Figure 2. Temporal evolution of the erosivity factor (R) in the Mékrou watershed.

- The soil erodibility index (K) and the topographical factor (LS):
The soils within the Mékrou watershed are of four types and vary greatly in area, spreading over
12 distinct zones. Based on these, the K factor (in t.ha.h/ha.MJ.mm) calculated for each soil type is
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shown in Table 3. It varies considerably according to soil type. For example, K is 0.1382 for soil type
LG (02.9% of the watershed), 0.1394 for soil I (18.5% of the watershed), 0.1523 (14.7% of the watershed)
and 0.2579 for soil type LF (63.9% of the watershed).

Table 3. Results of K-factor estimates for the Mékrou watershed.

K factor
Soil types FAO code t.ha.;jlll:.el\/lll]l.mm Area in km? (% rate)
Ferric Luvisols LF 0.2579 6,655.2 (63.9)
Eutric Gleysols RE 0.1523 1,529.7 (14.7)
LITHOSOLS I 0.1394 1,921.3 (18.5)
Gleyic Luvisols LG 0.1382 298.1 (02.9)

The average soil erodibility factor for the entire Mékrou watershed is 0.1930 t.h/ha. MJ.mm.

As for the topographical factor (LS), which is a function of the slopes of the land in the watershed,
it varies from 0 to 305, with an average of 0.21 for the catchment as a whole. The relief of the Mékrou
watershed consists mainly of plains and gentle to moderate slopes over most of the area. The value
of the LS factor is constant for all the time intervals considered in this study.

- The vegetation factor (C) :

This factor, which is inversely proportional to the normalized vegetation index (NDVI),
characterizes the watershed's vulnerability to erosion as a function of its vegetation cover. The higher
the value of C, the less vegetation is within the watershed and the more vulnerable it is to erosion.
The average value of C calculated varies very little from one period to another. It is 0.440 for 1981-
1990, 0.424 for 1991-2000, 0.421 for 2001-2010, and 0.414 for 2011-2020. Over the entire study period
(1981-2020), the average C factor is 0.42475.

- The soil conservation and protection practices (P):

This factor, which is determined on the basis of land cover and land use types (see Table 3), was
evaluated at 0.332; 0.070; 0.095; and 0.079 respectively for the decades 1981-1990, 1991-2000, 2001-
2010 and 2011-2020; while the 1981-2020 average is 0.144. According to Wischmeier and Smith (1978),
the P factor takes its two extreme values, 0 on managed land and 1 on land without anti-erosion
practices. Here, there is considerable variability in P, which can be explained by the profound changes
in land use observed within the Mékrou watershed over the years.

The distribution map of each spatially variable component (R, K, LS, C and P) of water erosion
over the surface of the Mékrou watershed is shown in Figure 3, for the entire study period considered
(1981-2020).
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Figure 3. Spatial distribution of water erosion factors (R, K, LS, C and P) in the Mékrou basin.

The spatial distribution of the various factors shows that, in general, the R factor, which has a
spatial average value of 271.3 MJ.mm/ha.h.yr, is the highest in the southern part of the watershed,
where it rains much more. The K factor varies according to soil type, averaging 0.1930 t.h/ha. M].mm,
although it should be noted that most of the watershed (63.9%) is made up of Ferric Luvisols with an
average K value of 0.2579 th/ha. MJ.mm. This soil is found in almost all the north-eastern, south-
eastern and central parts of the basin, with the other soil types located mainly in the west of the basin.
The topographical factor, generally low with an average of 0.21, is relatively high in the mountainous
areas of the south-western part of the basin. In the Mékrou watershed, savannah is the dominant
vegetation unit, with tree and shrub savannahs that are heavily farmed, reflecting the average C-
factor value of 0.42475. Generally speaking, the highest C-factor values are found in the northern and
central-western parts of the watershed, although for the 1981-1990 and 2001-2010 decades, high
values comparable to those in the north were observed in the south-eastern part of the watershed.
Finally, with regard to the agricultural practices factor P, the average value of 0.144 obtained, being
closer to 0, representing good agricultural practices, shows us that there are still good agricultural
practices in the Mékrou watershed. The spatialization of this factor shows that the best agricultural
practices are carried out in the central and southern parts of the basin for three of the decades, with
the exception of the 1981-1990 decade, where we observe the worst agricultural practices with high
values of P in the south of the basin, especially in the mountainous areas, and the best agricultural
practices in the central part of the watershed.

4.3. Estimated Soil Losses Due to Water Erosion in the Mékrou Watershed

In the Mékrou watershed, the average annual loss of soil through water erosion varies from 3.45
to 8.50 t/ha/yr depending on the decade. The temporal dynamics at decadal intervals are shown in
Figure 4. The change in average annual loss is not uniform; it is lowest between 1981 and 1990 at 3.45
t/ha/yr, then increases exceptionally to reach its maximum value of 8.50 t/ha/yr) during the decade
1991-2000 and finally decreases, first timidly between 2001 and 2010 to 8.10 t/ha/yr then intensely to
5.90 t/ha/yr between 2011 and 2020.
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Figure 4. Temporal dynamics of water erosion at decadal intervals within the Mékrou watershed.

Water erosion was also spatially variable in the Mékrou watershed over the four decades of the
study. The spatial distributions of soil losses per decade and for the entire study period are presented
in five classes (very low, low, moderate, high, very high) in Figure 5.

The maps in Figure 4 show that water erosion has spread and intensified simultaneously. In fact,
the phenomenon, with an intensity ranging from very low (0-5 t/ha/yr) to moderate (10-30 t/ha/yr)
over almost the entire watershed, with the exception of the mountainous areas in the south-west
where it was high (30-50 t/ha/yr) to very high (> 50 t/ha/yr), has gradually intensified and spread over
its entire surface area over the years up to the northern part. At the same time, the different classes
intensified up to the weakest class (0-5 t/ha/yr), which was very dominant in a small part of the
northern half of the watershed between 1981 and 1990, had practically disappeared, giving rise to
classes 5-10 t/ha/yr and 10-30 t/ha/yr between 2011 and 2020.
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Figure 5. Spatiotemporal dynamics of water erosion within the Mékrou watershed.

Water erosion statistics by class and decade are given in Table 4 below.

Table 4. Water erosion statistics by class and decade.

10

wa (1981-2020)

Occupancy rate of the watershed (%)

Class (t/ha/

ass (t/hayr) (km?) 1981-2020 1981-1990 1991-2000 2001-2010 2011-2020
C1 : Very low (0-5) 6,712.125 63.9 78.7 62.7 56.1 582
C2 : Low (5-10) 918.750 8.8 07.0 10.3 083 09.4
501): Moderate (10- 1567.125 149 09.1 147 181 178
C1 : High (30-50) 525.000 5.0 02.4 045 07.0 06.1
C1 : Very high (> 50) 777.000 74 02.8 07.8 105 085

Signification : wa - watershed area.

Looking at these statistics, all the erosion classes have changed significantly over time. However,
the dominant erosion class, for all decades, is the very low one, which always remains above 50%
despite its decrease over time. In contrast, the other classes have progressed at different rates between

1981 and 2020.
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Average annual erosion over the study period is estimated at 6.49 t/ha/yr. This means that there
has been an intensification of water erosion in the Mékrou watershed, even if this annual average
remains below the tolerable threshold of 10 t/ha/yr according to the FAQ, as attested by authors such
as Masson [33] and Khemeri [34].

Comparing the results of this study with others, it appears that erosion is more intense in the
Mékrou watershed than in the Ouallam Kori in Niger and the Sissili watershed in Burkina Faso,
where Salifou [12] and Yameogo [35] respectively obtained average values of 1.54 t/ha/yr and 1.22
t/ha/yr, which are much lower than in the present study. Although the soil is more sensitive to water
erosion in the Kori and Sissili watersheds than in the Mékrou watershed, this could be explained by
topographical and, above all, climatic factors. However, the results of this study are inferior to those
of Akplo [36], who obtained an annual average of 16.2 t/ha/yr in the Zou watershed in central Benin.
In other similar regions, such as northern Nigeria in the Urualla watershed and the Katsina state
region, Dike [37] and Adediji [38] at al (2018) respectively obtained average soil loss erosion values
of 36 t/ha/yr and 17.35 t/ha/yr that are higher than the value we obtained.

5. Conclusion

This study on the analysis of water erosion in the Mékrou watershed made it possible to assess
the quantities of soil lost and to understand the spatiotemporal dynamics of this phenomenon. It
found that water erosion, which was generally less intense except in the mountainous areas in the
south-west, and more marked in the southern part of the watershed at the beginning of the study
period, has intensified considerably and is now widespread throughout the Mékrou watershed.
However, its temporal trend is not unequivocal, as it increased sharply between the first two decades
before declining timidly and continuously over the last two decades. In addition, the study reveals
that despite an increase in water erosion in the Mékrou watershed, it remains below the tolerable
threshold. Nevertheless, given the reality of the return of a wetter period for at least the last two
decades, it is necessary to reduce plant cover and soil degradation practices, and to intensify anti-
erosion activities in the Mékrou watershed in order to reverse the water erosion curve in the long
term.
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