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Abstract: Landscape has significant effects on hydrological processes in a watershed. In the Sudano-
Sahelian area, watersheds are subjected to a quick change in landscape patterns due to the human
footprint, and the exact role of the actual landscape features in the modification of the hydrological
process remains elusive. This study tends to assess the effects of landscape on the genesis of the
runoff in the Mayo Mizao watershed. To achieve this goal, 62 infiltration tests were performed at
different points and depths (5 cm and 20 cm) using the double-ring method and the Porchet method.
The results show that the combination of many factors (soil type, land use, and farming practices) can
guide the hydraulic conductivity behavior of soils. For example, at 5 cm depths, clayey-evolved soils,
such as vertisols and halomorphic soils, inhibit infiltration, as opposed to non-evolved mineral soils,
such as lithosols and clayey-sandy soils. However, at 20 cm depths, gray soils with halomorphic
tendencies followed by vertisols have a low sensitivity to infiltration, as opposed to soils derived
from loose materials and halomorphic soils. For a given soil type, rainfed crops are the primary
land use that runs against infiltration. However, the effect of tillage varies according to the soil type.
Finally, given the extent of vertisols and halomorphic soils in the Far North region of Cameroon in
general, and in the Mayo Mizao watershed in particular, and regarding the increase in cultivated
areas, a probable reduction in the infiltration capacity of soils in this region is to be expected in the
medium term. The results of this study can be used as a basis for land-use planning and sustainable

watershed management in semi-arid tropical zones.

Keywords: saturated hydraulic conductivity; infiltration tests; landscape feature; runoff; flood hazard

1. Introduction

The temporal evolution of the number of floods that occurred between 1900 and
2023 reveals an upward trend, marked by a resurgence in the 1950s [1]. The increase in
the number of flood occurrences could be associated with the various changes to which
hydrological catchments have always been subject. Watersheds exhibit great variability in
landscape structure (topography, geology, soils, occupation, and land management). This
variability, in turn, controls the distribution of precipitation into different components: soil
moisture, runoff, evapotranspiration, infiltration, and groundwater flow [2]. Runoff and
floods occur when one or a combination of the above factors runs against infiltration [3].
Given the ecological changes affecting our environment, a close relationship has been
established between landscape structure and flooding [4]. In the Sahelian area, major
environmental changes that have occurred in recent decades [5] are likely to have led to
profound changes in the landscape, raising the risk of flood disasters. Indeed, the Sahelian
population, whose way of life has long remained most dependent on natural resources, has
led to a high ecological footprint on the environment [6], with a significant change in the
landscape features. This phenomenon seems to be the cause of the decrease in the soil’s
infiltration capacity [7-10]. Sahelian population growth has been accompanied by urban
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sprawl [11] and a high demand for livelihoods [12,13]. Thus, with the aim of attempting
to satisfy the needs of the population, the cropland’s size and urban area increased while
new farming practices were developed [14]. The combination of many factors will then
have an impact on hydrosystem functioning, increasing runoff and river flows [15]. People
will then have to face more environmental hazards. In Far North Cameroon, several
disastrous flooding events have been recorded [16]. The geohistorical analysis performed
by Bouba et al. [17] enabled the identification of approximately 21 large-scale flood disasters
between 1977 and 2011. The Maroua urban area (the greatest city in Far North Cameroon)
appeared to be the most affected by the flood disaster. Therefore, with the aim of improving
the resilience of populations, it is crucial to facilitate the comprehension of the origin of this
hazard. On the one hand, the results obtained by Bouba et al. [17] highlighted that, despite
the increase in rainfall since 1990, the occurrence of flood hazards in Far North Cameroon
is far from being a direct consequence of the rainfall pattern. On the other hand, some
studies have linked the vegetation cover evolution with human activities [18-22]. Their
results showed a loss of vegetation cover and a development of cropland. However, change
in landscape and landform is a rapid phenomenon, while accommodation as a response
to the hydro-environmental consequences of these changes is slow or non-existent. Thus,
identifying the implications of landscape on hydro-environmental processes in a watershed
is a key that can help predict the watershed’s hydrological response and anticipate runoff
and flash flood hazards. What incidence has the actual landscape on the saturated hydraulic
conductivity of soils in the Mayo Mizao catchment? How sensitive is the Mayo Mizao
watershed to runoff and flooding under different landscape conditions? The aim of this
study was to assess the impacts of soil type, land use, and farming practices on the field-
saturated hydraulic conductivity of soils in the Mayo Mizao watershed. To achieve this
goal, a field experiment based on the determination of soil permeability was carried out.

2. Materials and Methods

Two main components of the methodology are presented: the field campaign method
and the data analyzing processing methods.

2.1. Presentation of the Mayo Mizao Watershed

The Mayo Mizao watershed is located at 10.58° N; 14.20° E (Figure 1). It is actually a
sub-basin of the Mayo Kaliao River, the main tributary of the Mayo Tsanaga River, which is
also a tributary of the Logone River. The Logone River is a tributary of the Chari, which is
the main source for providing water to Lake Chad [23].
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Figure 1. Location of the Mayo Mizao watershed.
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The Mayo Mizao watershed size is 100 km?. It is surrounded to the west by granitic
mountains that form the Precambrian basement [24]. These mountains have altitudes
ranging from 520 m (Mt Kaliao) to 640 m (Mt Djebbé) (Figure 1). Toward the east side,
there is Mt Bouloré (700 m) and Mt Mogazang (700 m), made of volcanic and volcano-
sedimentary rocks. The hypsometric characteristics of the watershed show, from upstream
to downstream, three land surfaces: a surface of altitude greater than 440 m, a surface of
altitude between 440 m and 420 m, and a surface of altitude less than 420 m. The slope
varies in the same direction, from 3 %o to 16%.. The Gravelus compactness index (Kc = 1.21)
is close to 1, giving the watershed a high compactness. The surface area is essentially
covered by vertisols and gray soils with a halomorphic tendency. Vegetation that is mostly
made of shrubs and grasses is characterized by a strong ecological footprint [20]. In terms
of rainfall, the Mayo Mizao watershed area receives an annual rainfall of 800 mm. Between
2015 and 2019, daily rainfall varied from 1 mm to 170 mm, often generating severe flooding
due to runoff. This was the case on 23 June 2018, when rainfall of 104 mm gave rise to
significant floods observed in various localities of the watershed area.

2.2. Field Data Collection Process

Infiltration is the process of water entry into the soil. The saturated hydraulic con-
ductivity K is an essential parameter for infiltration because if the soil is saturated and
homogeneous, it represents the limit value for the infiltration rate. Hydraulic conductivity
can be determined in the field or in the laboratory. In this study, the determination of K
was performed on the field by applying two methods: the double-opened ring method
used at a very shallow depth (5 cm) and the Porchet method (PM) at a depth of 20 cm.
Both of these methods have a transient regime. They were requested because of their
simplicity, accuracy, complementarity, and low implementation costs [25]. For each given
test point, a double-ring method and a Porchet method were assigned. The 20 cm depth
was chosen because it is considered to be a zone that is influenced by farming practices
(plowing). According to Collinet and Lafforge [26], there is no clear relationship between
soil infiltration capacity and the organization of their internal structures.

2.2.1. Double-Opened Ring Method: Device and Operation

In order to overcome equipment shortages and achieve our goal in this study, the
double-ring infiltrometer device was designed with care using rigid steel. It was modeled
with two rings of 22 cm in diameter for the inner ring and 38 cm in diameter for the outer
ring. The equipment was set up in the field by sinking the double ring 5 cm deep into the
ground to prevent lateral water flow during the experiment. At the same time, the device
was fitted with a levelogger for the automatic measurement of water level into the inner
ring and two Frequency Domain Reflectrometry (FDR) probes that controlled variation in
soil water content during the experiment. The two sensors were calibrated on the basis
of measurements taken at a time resolution of 5 min. Once the device was installed, the
levelogger and the FDR probes were switched on. The experiment was carried out by
uniformly spreading around 400 mL of water inside the double ring every 30 s for 15 min
to achieve a complete saturation of the ground. Depending on the soil conditions, the
duration of any trial could take from 1 to 4 h.

2.2.2. Porchet Method

The Porchet method was chosen because of its advantage in measuring permeability
in multilayer soils [26]. The principle of the method consists of digging a hole, filling it with
water, and measuring the temporal variation in water level. In this study, the hole was 20 cm
deep and 10 cm in diameter. The use of pvc (PolyVinyl Chloride) pipe prevented the risk of
the hole wall collapsing, which could distort the results of the experiment. Monitoring the
decrease in the water level contained in the hole made it possible to calculate the hydraulic
conductivity value by using empirical formulas.
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2.2.3. Field Trial Deployment Method
Two main factors directed the deployment of the test points across the watershed area:

- The combination of soil type, land use, and farming practices;

- The steeper slope line of the watershed, which takes into account the different hy-
drogeomorphological aspects associated with the structural organization of the long
profile shaped by erosion and alluvial deposits.

Indeed, in the first case, it is important to note that all soil types do not have the same
occupation, and all cultivated plots do not have the same agricultural techniques. The
location of any test point will, therefore, depend on all these factors. In the second case,
the topography, which is defined by the longitudinal profile of the Mayo Mizao watershed,
reflects a precise pedological organization shaped by water erosion (on upstream slopes)
and sedimentation (downstream). The material removed from the slopes was deposited
progressively, according to size. In this case, it may be noted that in the upstream of the
watershed, soils are not very evolved and consist of coarse materials (products of physical
alteration, nodules) that have been more or less reconstituted. In the middle stream, soils
are clayey and well-reconstituted (evolved soils). In the downstream, there are colluvial
deposits made up of fine, more or less powdery materials (silty-clay texture). Therefore, it
seems worthwhile to take into account this structural organization of the landscape in the
strategy aimed at defining the location of a field test point.

The number of test points was theoretically planned at first. Thus, for each land use
class affected by any soil type, we assigned a test point (A in Table 1), and a total of 31 test
points were required for each method. However, farming practices that are dependent on
the will of the farmers can change on the same plot during the same rainy season. During
the period of our field campaign, five farming practices were identified: rainfed crops
plowed up with a machine; rainfed crops plowed up with a hoe; slash-and-burn crops;
irrigated crops that are practiced in wetlands; fallowing (Figure 2). By taking into account
this component of landscape (except irrigated land and fallowing), some of the soil types
received more test points than others (B in Table 1) because of the difference observed in
their agricultural development. The above criteria have resulted in a spatial distribution of
test points in the field, as defined in Figure 3.

Table 1. Distribution of the number of test points performed in the Mayo Mizao watershed area.

Number of Test Points

N° Soils Types A B Identity of Test Points
0 Bare rock (Granite) 0 0 Untested materials
I Lithosols on andesite (sandy-clay texture) 4 3 Poy; Pos; Poy
I Stony soils derived from loose materials (Mokoya series) 3 4 P13; P14; P15; Py
1 Soils derived from loose materials Wlth a sandy-clay texture 5 5 Pyo; Pos
(Doyang series)
v Gravelly soils derived from sandy materials 4 Untested materials
Soils derived from loose material made of gray sand )
v (Kodeck series) 3 2 Pa1; Pay
VI Sandy-clay soils on the pediment, tending toward dark soils 4 2 Pog; Pog.
VII Gray soils with halomorphic tendencies 4 3 P1g; Pyg; P3p.
VIII Vertisols («Hardé») 4 6 Pl; PlO; Pll; P16,‘P17; P18
IX Undifferentiated halomorphic soils 4 9 P2; P3; Pa; Ps; Pe; P7; Py;
Py; P12
Total 31 31 31

Note: (A = theoretical planning; B = actual planning).
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{a): Cropland ploughed out
with machine

{b): Cropland ploughed out
with hoe

(c): Slash-and-burn crops

* |(d): Irrigated cropland

(e): Fallowing

Figure 2. Main farming practices identified in the Mayo Mizao watershed.
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Figure 3. Number and spatial distribution of the test points through the watershed surface area.

2.3. Data Processing and Analysis

The data processing methods included two essential steps, namely the calculation of
hydraulic conductivity values based on empirical formulas and analysis of these.

2.3.1. The Calculation of the Saturated Hydraulic Conductivity Values

The saturated hydraulic conductivity values (Ks) are obtained by applying the empiri-
cal formulas to the raw data collected in the field when the vertical flow of water becomes
constant, and the soil has reached its saturation state [25].

In the case of the double-ring test, we know that the flow inside the inner ring is
considered to be constant. The quantity of infiltrated water is given by the equation below:

Q= V/t=(Al-Ah)/t )

In Equation (1), Ah/t is the expression of the speed of infiltration. Therefore, Darcy’s
law can be applied to the vertical flow descending inside the inner ring, considering that at
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the depth Z,,, the hydraulic load is null due to the influence of atmospheric pressure. In
this case, the hydraulic gradient is given as follows:

i=(h"%"+Zw)/Zw =1+hx /Zw, )

where hx is the hydraulic load applied inside the inner ring. The relationship of Darcy can
be written as follows:
v =ki 3)

Equating the two equations of the flow inside the inner ring leads to obtaining the
formula of hydraulic conductivity, also called the permeability coefficient:

Ks = Ah/it = AhZw/ (t(h * +Zw)) (4)

Considering Equation (4) above, we can note the following:

Z,, (cm) = the depth at which the double ring was sunk into the ground;

H (cm) = hydraulic load;

A (cm?) = the surface of the inner ring;

Ah (cm) = the variation of water level during the time “t” taken by the experiment;

V (cm3) = A1-Ah = the volume of the infiltrated water.

In the case of the Porchet test, we can note that at the initial time t; (s), the water level
in the hole is hy (cm). Then, at the final time, t; (s), the water level in the hole becomes
hy (cm). The flow rate of water into the soil is given as follows:

Q=KsSI, (5)

with
Q (cm?3/s) = flow rate of water flow into the soil;
Ks (cm/s) = saturated hydraulic conductivity;
I = driving slope;
S (cm?) = wet section (bottom surface of the hole + side surface).
According to the Darcy theory,
I=h/], (6)

where 1 (cm) is the wet length. In this experiment, the driving slope I was not known, and
we considered that I = 1, which is close to reality because it increases when the preliminary
humectation is long [25].

In this case, Formula (5) becomes the following;:

Q=KsS (7)
S, which represents the wet area of the hole, is expressed as follows:
S =aR? + 2nRh, 8)

where S (cm?) = moistened surface of the hole, R (cm) = the section of the hole, h (cm) =
wet height, and 7 = 3.14.
By integrating Equation (8) with Equation (7), we obtained the following;:

Q=2aKsR (h +R/2) )

On the other hand, the expression of the flow rate of water through the ground is
the following:
Q= —nR2dh/dt (10)

By equaling Equations (9) and (10), we obtained Equation (11) as follows:

—aR?dh/dt = 2aKR (h + R/2) (11)
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By transforming Equation (11), we obtained the Equation (12) as follows:

—R/Ks ((dh/R)/2+h) =dt (12)

By integrating (12), this became the following;:

h2 dh 12
—R/ZKS/ R R— [a (13)
h 2 tl

Equation (12) can also be explained as follows:

R h2
—R/2Ks|In (E +h) ’hl =t2-tl (14)

Finally, Equation (15) represents the expression of the saturated hydraulic conductivity
that governs the Porchet method:

Ks = R/2(t2 — t1)In (h1 + R/2)/(h2 + R/2) (15)

For both the double-ring and Porchet methods, the K values were corrected for tem-
perature since the tests were performed in a warm environment where the temperature
conditions were different from the reference temperature. For the Sudano-Sahelian envi-
ronment, we considered that the reference temperature for this study was 20 °C, which
corresponds to a dynamic water viscosity of 1 Centipoise and a correction factor of 0.66
(Table 2). The temperature correction is given by Equation (16):

KsTref:KT =NT /NTyef (16)

with
nr /Ny : temperature correction factor that has no unit;
Ksr(cm/s): saturated hydraulic conductivity measured at the field conditions;
Kr,..(cm/s): saturated hydraulic conductivity corresponding to the corrected
temperature.

Table 2. Variation in field temperature correction factors according to reference temperature.

Tyet °C) 2 4 5 6 8 10 12 14 16 18 20
Dynamic water viscosity o7 157 5 1.47 139 133 124 12 111 1.06 1
(Centipoise)

o 1.1 1.03 1 097 091 086 081 0.8 0.73 0.7 0.66
ref

2.3.2. Data Analysis

The data analysis was based on graphical methods of data representation and then
on statistical methods of data description, visualization, and comparison. Graphical data
comparison methods allowed us to identify landscape conditions that were favorable or
not favorable to infiltration. In addition, the use of descriptive statistics allowed us to
characterize the distribution of saturated hydraulic conductivity values (Kyq and Ksp).
Thus, parameters such as mean, standard deviation, and extreme values were performed.
Following this, the application of the Boxplot method made it possible to assess the dis-
persion of K¢4 and K, values around their means and to then visualize more easily the
so-called ‘extreme values’, which are more likely to be outliers. In addition, the normality
of the distributions of K¢ values was verified by applying the Shapiro-Wilk test to the data
series, and the Wilcoxon test was used to compare the two matched samples of field data
(Ksg and Kgp).



Water 2024, 16, 1672

8 of 19

3. Results
3.1. Lithology, Land Use Type, and Hydraulic Conductivity (K;) of Soils in the Mayo
Mizao Watershed

The Mayo Mizao watershed contains nine classes of soil (Figure 4). Among them,
vertisols and gray soils with a halomorphic tendency occupy nearly 70% of the watershed
surface area. The eastern and western borders of the watershed are bordered by outcrops
of crystalline rocks. To the east, there are volcanic formations, mainly olivine basalt and
dolerite. To the west, we find plutonic formations consisting mainly of anatexis granite,
syntectonic granite, or migmatite [24].

The land use features are given from the African land cover database in 2015. Four main
land use classes can be, therefore, identified: rainfed crops, mixed crops/vegetation, mixed
vegetation/crops and closed to open landscape (Figure 5).

With regard to soil hydraulic conductivity values, the table below (Table 3) presents
the statistical distribution of ks (Kgq, Ksq). At a depth of 5 cm, Kgq varies from 4 mm/h to
150 mm /h, with a mean of 36 mm/h and a standard deviation of 34 mm /h. However, at a
depth of 20 cm, Ksp data range from 0.05 mm/h to 416 mm/h, with a mean of 38 mm/h
and a standard deviation of 92 mm/h. Thus, we can see that there is a strong dispersion
of Ks values around the means, especially with regard to data from the Porchet method
(Ksq)- Between the surface (5 cm) and the depth (20 cm), there is heterogeneity in hydraulic
conductivity data, suggesting more extreme values of Kgp.

Table 3. Statistical distribution of hydraulic conductivity values for the Mayo Mizao watershed.

Ground . Number of .. . Std.
Depth Variable Test Points Range Minimum Maximum. Mean Deviation
5cm Kgq (mm/h) 31 146 4 150 36 34
20 cm Ksp (mm/h) 31 416 0 416 38 92

3.2. Impact of Soil Type on the Variability of K in the Mayo Mizao Watershed

The balance between infiltration and runoff depends on the soil type due to its struc-
ture [27] and its surface conditions [28-30]. In the Mayo Mizao watershed, the results of
this study show that regardless of the measurement technique, vertisols are the lithological
formation that has the highest resistance to infiltration. Resistance to infiltration is also
remarkably observed in soils derived from loose materials with a sandy-clay texture, in gray
soils with a halomorphic tendency, and in undifferentiated halomorphic soils (Figure 6).
The impermeability of the soils mentioned above could be justified firstly by their low
organic matter content and secondly by their grain size, most of which is dominated by
fine materials, sometimes adding a high proportion of sandy materials [28,31]. It should
be noted that the structural stability of soil depends on its intrinsic characteristics, which
could make it more vulnerable to rainfall aggressiveness and, hence, to crusting. Therefore,
since these soil types cover more than 75% of the Mayo Mizao watershed surface area, their
implication in the genesis of runoff and flooding should rightly be considered in this study.

In addition, we were given the opportunity to compare the degree of permeability ob-
served between the surface (5 cm) and depth (20 cm) using the Wilcoxon test. Before doing
s0, it is important to check the normality of the distribution of K values by applying the
Shapiro-Wilk test. Thus, to the null hypothesis Hy (samples follow a normal distribution),
we opposed the alternative hypothesis H, (samples do not follow a normal distribution).
Regarding the results in (Table 4), we accept that the alternative hypothesis was retained
for each of the two samples, as the calculated p-value (0.0001) was below the significance
threshold o = 0.05. This means that the distributions of the two samples (Kyq and Ksp) did
not follow a normal distribution and that the risk A of rejecting the null hypothesis Hy
when it is true was less than 1%.
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Table 4. Results of the Shapiro-Wilk test.

Statistic Parameters Ksq (mm/h) Ksp (mm/h)
W 0.780 0.432
p-value <0.0001 <0.0001
Significant level () 0.05 0.05
Risk of rejecting the true hypothesis (A) 0.01% 0.01%

According to the Wilcoxon test itself, the principle consists of testing the null hypoth-
esis Hy (the distribution of the two samples is not significantly different) against the H,
hypothesis (the distribution of the two samples is significantly different). The results show
that the alternative hypothesis H; (the two distributions are significantly different) was
supported, and the risk A of these results being considered true when they are false was
less than 1.07% for the first sample (Kyq) and less than 4.89% for the second sample (Ksp).
The results of this test (Table 5) mean that for the same type of soil, hydraulic conductivity
values at the topsoil are different, with some obtained at depth. The variability of perme-
ability at the soil surface area and depth is then under the control of different factors. It
may be considered that the difference in the hydrodynamic behavior of soils is due to the
organization and the structure of the soil layers, generally shaped by the nature of the soil,
the land use type, and the cultivation practices.

Table 5. Results of the Wilcoxon test applied to Kyq and Ksp values.

Statistic Parameters Ksq (mm/h) Ksp (mm/h)
\Y 23 349
Expectation 15,500 248
Variation (V) 7750 2,603,875
p-value 0.011 0.049
Significant level () 0.05 0.05
Risk of rejecting the true hypothesis (A) 1.07% 4.89%

Analysis of the results in (Figure 7) shows that, for the majority of individual test
points, the soils have high surface permeability and low depth permeability (Ksq > Ksp),
with the exception of the following test points: 150813P4, 150901P7, 150901P8, 160309P13,
160317P17, 160930P20, 161001021, and 170320P31, where Kqgq < Ksp. This result may not
always be true when considering the weighted average of K values obtained from test
points carried out on the same soil type (Figure 6). The exceptions mentioned above are
linked, on the one hand, to an abundance of granular material on the surface and, on
the other hand, to the modification of the surface condition due to encrusting. To better
understand this, we need to look at material texture. Indeed, it should be noted that
the silty-sandy texture, sandy texture, or sandy-clay texture of soil is a factor that is at
the origin of soil crusting. Clearly, a crusted surface will inhibit infiltration [29,32]. The
inverse gradient of permeability can be considered the result of an accumulation of alluvia
upstream or the consequence of colluvial deposits left by flood damping in major beds.
Similarly, the difference in soil permeability between the surface and the lower depth could
also be explained by the differences in the layers’ structural homogeneity or in the operation
between the two infiltration measurement methods. In fact, during the double-ring test,
the lateral flow of water is prohibited by the outer ring; this makes the vertical flow more
predominant, and the test should not concern many layers. In the case of the Porchet test,
the flows are carried out in the vertical and lateral directions, and many layers may be
affected by the test. In addition, we can see that the Porchet test provided very spread-out
hydraulic conductivity values (upwards) with so many extreme values (332 mm/h and
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415 mm/h) (Figure 8). The dispersion of the K, values could express the effect of the
lateral flow during the Porchet experiment.
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Figure 7. Comparison of hydraulic conductivity values between the surface (5 cm) and the soil depth
(20 cm).
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Figure 8. Distribution of hydraulic conductivity values obtained using the double-ring test and the
Porchet test.

3.3. Influence of Land Use Type on the Variability of K, in the Mayo Mizao Watershed

According to Shukla [33] and Di et al. [34], land use has direct or indirect effects
on infiltration capacity. In the case of the Mayo Mizao watershed, four main land use
classes were identified and tested: rainfed crops; mixed crops (rainfed crops, off-season
crops, irrigated crops)/vegetation (pasture, shrub, forest); mixed vegetation (pasture, shrub,
forest)/crops (rainfed crops, off-season crops, market gardening), and finally, the closed to
opened landscape (hardwood or softwood; evergreen or deciduous; shrubs). The results of
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the field experiments show that the cropland landscape is more favorable to infiltration
than the covered land (closed to opened landscape, mixt vegetation/crops) (Figure 9).
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Figure 9. Variability in saturated hydraulic conductivity related to land use type in the Mayo
Mizao catchment.

The results above could be explained by the fact that tillage, which leads to the creation
of clods, aggregates, and pore networks, makes the soil structure looser, less compact, and
more permeable to water flow [28-30,35]. The high hydraulic conductivity values of the
croplands and plowed lands have also been observed in other West African catchment
areas, particularly in the Tougou catchment in northern Burkina Faso [36]. However, it is
prudent to express reservations about the involvement of tillage in increasing soil hydraulic
conductivity values. According to previous studies that have been carried out in both
the Sahelian area [29,30,37,38] and in other bioclimatic environments, in particular in the
Mediterranean area [35,39,40], the increase in soil infiltration capacity following plowing
constitutes a dynamic state during that growing season. Thus, under the influence of the
intensity and cumulative rainfall, the conditions of cropland surface are enhanced over time
toward an unfavorable state for infiltration, as under the impact of the energy of successive
raindrops, the aggregates and porosity initially generated by tillage fade after a certain
time. From then on, encrusting is reconstituted at the surface, and subsequent rains, even of
low intensity, will be sufficient to generate runoff. According to Andrieux [35], cumulation
and rainfall intensities are not the only factors responsible for the decrease in infiltration
capacity in the croplands. In fact, soils with high clay content in the first 10 cm of depth are
also responsible for the decrease in soil infiltration capacity. When comparing the values of
Ksq and Ksp obtained in the same given land use class, we can see that Kyq > Kyp, except in
the case of plots occupied by rainfed crops, where Kgq < Kgp. This could once again reflect
the short-term consequences of tillage activity in association with rainfall intensity and
accumulation. However, it seems that the combination of the effects resulting from soil
type and land use type could influence hydraulic conductivity in one direction or in the
other, depending on the case.

3.4. Combined Effects of Soil Type and Land Use Type on the Variability of K

By taking into account the combined effects of soil type and land use type (Figure 10),
we realized that for the same soil type, K vary according to the land use type. For example,
in the case of vertisols, Ks is found to be higher on mixed vegetation/crop plots than
on rainfed plots. Similarly, it can be seen that for the same land use type, Ks varies
according to the soil type. For example, it can be noted that for a plot occupied by mixed
vegetation/crops, Ks is higher in gray soils with a halomorphic tendency (at the surface)
than in vertisols. Such observations, therefore, allow us to confirm that the preponderance
of each soil type over the variability of Ks depends on the land use type, and the opposite is
also true. However, the part of the influence of each landscape feature was not determined.
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Figure 10. Combined effects of soil type—land use type on the variability of the saturated hydraulic
conductivity in the Mayo Mizao watershed.

3.5. Impact of the Cultivation Practices on the Variability of Ks in the Mayo Mizao Catchment

The influence of farming practices was tested on two of the most cultivated soil types
in the Mayo Mizao catchment. These are vertisols and undifferentiated halomorphic soils.
These two soil classes cover nearly half of the surface area of this catchment.

3.5.1. Farming Practices Conducted on the Vertisols

The spatial variability of saturated hydraulic conductivity as a function of farming
practices on vertisols shows that plowed plots have the lowest K values (A in Figure 11).
Therefore, we can consider that the practice of plowing on vertisols leads to a decrease
in infiltration and an increase in runoff. This result is in line with those obtained by
Seyni-Boukar [37] and Peugeot [29]. Thus, after studying the influence of tillage on the
infiltration capacity of Sahelian soils, the above authors came to the conclusion that tillage is
responsible for increasing runoff by reducing the infiltration capacity in vertisols. According
to them, plowing helps to bring back to the surface the elementary particles buried in the
soil. From then on, and under the effect of the kinetic energy of the raindrops, these
elementary particles will cause the intergranular pores to clog. The result is the formation
of an impermeable shell that prevents water infiltration. Similarly, Fies and Castelao-
Guegunde [39] also experimented with the effect of tillage on runoff. Thus, by applying
kinetic energy rains ranging from 70 to 340 J-m 2 to a plowed silty-clayey soil, they noticed
that the volume of structural pores decreases by 60% when the kinetic energy of the rain
increases. They then estimated a reduction in soil infiltrability by a factor of 10. Such a
mechanism of structural soil reorganization induced by tillage is particularly characteristic
of vertisols due to their high fine content [37].

Contrary to the effect of plowing on the hydraulic conductivity of vertisols, the
results show that slash-and-burn farming and fallowing seem to increase infiltration rather
than runoff. This result is supported by [41]. Indeed, slash-and-burn farming has a
reducing effect on the infiltration capacity of soils because of its structural modification.
The magnitude of the effects of slash-and-burn farming on the hydraulic conductivity of
soils would be dependent on the intensity of the calcination or the length of time between
the pre-burnt and post-burnt periods. However, due to the high spatial and temporal
variability of rainfall, there are many studies conducted under natural rainfall (rather than
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simulated rainfall) that have shown a more stimulating role for bushfire on soil infiltration
capacity. Thus, to talk about the Mayo Mizao watershed, where this study was carried out
under simulated rain, one would rather have expected a reducing effect from the practice of
slash-and-burn farming on the infiltration capacity of the soil, which is quite the opposite.
As such, one could attribute this difference in the hydrodynamic behaviors of burned land
to the nature of the soil rather than to an agricultural practice itself. It would, therefore, be
interesting to note that in vertisols, there are networks of shrinkage slits that constitute a
significant source of permeability and whose densification could come from the desiccation
process generated by the practice of burning [28]. In the case of fallowing, it should be noted
that the increase in infiltration observed in this study could be explained by the influence
of vegetation cover in the infiltration-runoff relationship. Vegetation cover is involved at
several levels in the fight against runoff [42]. Thus, thanks to the interception of raindrops
by the aerial parts of the plant (leaves, branches, and trunk), vegetation cover contributes to
reducing the erosive energy of rainfall by preventing the splash effect. Thanks to the litter
and bushes, the vegetation cover also acts directly on runoff by acting as an obstacle to the
water flow. In addition, thanks to the root system, the plant cover ensures that the soil’s
structural cohesion is maintained. Similarly, the development of organic matter from plant
residues improves soil porosity and, therefore, promotes infiltration. To summarize, the
action of vegetation in increasing infiltration takes place directly and indirectly. In terms of
the vertical variability of hydraulic conductivity, it can be seen that whatever the farming
practice, the K values are higher on the surface than at depth.
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Figure 11. Variability of hydraulic conductivity according to the farming practices made on the
vertisols and on the halomorphic soils.

3.5.2. Farming Practices Conducted on the Halomorphic Soils

The hydraulic conductivity (Ks) on halomorphic soils is higher in plowed plots than
in fallowed plots (B in Figure 11). This situation is quite the opposite of that observed
in vertisols. We can see that the influence of soil type on hydraulic conductivity inhibits
farming practices. In fact, halomorphic soils are indurated soils with low organic matter
content and a high content of sandy or gravelly materials. Plowing breaks down the
compactness of the land, making it looser and more permeable to water. This phenomenon
has also been observed by Segalen [31], Casenave and Valentin [28], and Peugeot [29] in the
same Sahelian environment. However, the practice of fallowing on halomorphic soils leads
to reduced infiltration. Moreover, Fournier et al. [43], who studied the role of fallowing land
on runoff and soil erosion in the locality of Bondukury in Burkina Faso, found the opposite
results. The results of their study conducted on sandy soils with a low slope (5%) showed
that the fallowed plots had the lowest annual runoff coefficients, i.e., 13% compared with
20% for cultivated plots and 50% for bare soil. However, the comparison between the
results of the various studies should take into account the stage of evolution of the fallowed
land itself [43]. It should, therefore, be noted that the capacity of fallowing to promote
infiltration depends on the presence and extent of bedding or the density of the plant cover.
In Far North Cameroon and specifically in the Mayo Mizao catchment, vegetation is almost
entirely grassy, while the time allocated to fallowing is relatively short. Consequently,
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the mineral soils of this region are poorly covered with litter [28]. In addition, it should
be noted that halomorphic soils in Far North Cameroon have mechanical properties that
are not consistent with infiltration in the first 10 cm of depth due to their prismatic and
compact structure [31]. During fallowing, the degree of the compactness of this soil should
increase, and so runoff should increase as well [30].

To summarize the above paragraphs, we can note that the variability in hydraulic
conductivity under different farming practices in the Mayo Mizao watershed suggests two
contradictory situations depending on the nature of the soil where the tests were performed.
In the case where cultivation practices are carried out on vertisols, plowing seems to be
responsible for the decrease in infiltration. The practice of slash-and-burn farming and then
fallowing, on the other hand, has less significant impacts, as it is inhibited by the natural
properties of the vertisols. In the case of halomorphic soils, plowing seems to increase
infiltration. This hydrodynamic behavior of plowed halomorphic soils is linked to their
high sand content and to the dismantling of the surface level area, which gives this soil
a looser and more permeable structure. On the other hand, halomorphic soils on which
fallowing is practiced are against infiltration due to the encrusting that develops at the
surface layers.

4. Discussion

Many researchers from all over the world have reported that different types of soil
and land use have different abilities in passing water into the ground. Bare soil tends
to be prone to erosion, reducing the soil’s infiltration capacity and increasing surface
runoff. Increasing the runoff coefficient will increase the peak discharge in a watershed.
The decrease in the river capacity due to sediment can cause a river flood. According to
Basga et al. [44], flooded vertisols from northern Cameroon have a high content of clay that
displays dispersion and flocculation under rainfall and then inhibits vertical infiltration.
Shabtai et al. [45] studied the effects of soil and land use change on the structure and
hydraulic conductivity (Ks) of vertisols in northern Ethiopia. Their results are similar to
ours. Indeed, they observed a difference in saturated hydraulic conductivity between the
surface of vertisols and depth. According to them, the low saturated hydraulic conductivity
values observed at the surface are associated with the phenomenon of swelling of vertisols
in contact with rainwater. These swellings are, therefore, higher at the surface than at depth
and in cultivated soils than in savannah and forest soils. They, therefore, concluded that
the conversion of natural savannah vegetation to crops and tillage operations must have
destabilized the initial soil structure in cultivated plots, which in turn reduced the ability
of the soil to infiltrate. Several other studies carried out in the Sahelian zone [37,46—49]
have also confirmed the results of this study by concluding that the internal (clay and
sandy-clay textures) and external soil factors, such as farming practices (plowing and slash-
and-burn farming), lead to the crusting and then to the reduction in soil infiltration capacity.
Similarly, numerous studies carried out in other semi-arid regions have produced the same
conclusion. It is the case of Chartier et al. [50] in Patagonia (Argentina), Anderson [51] in
the lower Mississippi River Valley, and Liu et al. [52] in Shandong (China). To conclude
this paragraph, we can say that the involvement of vertisols and halomorphic soils on the
one hand and cultivated land and plowing practices on the other hand in the genesis of
floods is all the more significant given their considerable extent in the Far North region
of Cameroon.

Overall, it should be noted that poor water transfer within the surface formations of a
watershed is the cause of runoff and flooding. In the case of the Mayo Mizao watershed,
soil types marked by grain seize and its external structural organization have an influence
on infiltration and, therefore, on runoff and flooding. In addition, it should be noted
that the evolution of landscapes, associated with changes in land use and land cover,
and then certain farming techniques, are factors responsible for the genesis of runoff and
flooding. Prior identification of the landscape factors behind flooding can help people
improve flood hazard management and mitigation strategies. Thus, a number of land
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management actions can be applied to improve the infiltration capacity of soils across the
catchment studied or across a similar environment. Strategies can be agronomic, hydraulic,
or ecosystem-based. On the agronomic level, local farmers should limit machine plowing
practices or, on the contrary, practice mulching in order to limit the impact of raindrops
on soil erosion and crusting [53]. Similarly, practices such as crop rotation, fallowing,
humification of cultivated plots [54], and subsoiling should be encouraged to ensure
increased soil infiltration capacity. Ecologically, deforestation control and reforestation
policies for denuded watersheds should be implemented to limit runoff and soil erosion [55].
Similarly, farmers should practice terrace cropping in steeply sloping areas (hillsides) to
minimize runoff and soil water erosion [56]. According to hydraulic measures, farmers
should ensure sediment trapping or set up temporary rainwater retention structures (folds,
dikes, benches, ponds, hillside reservoirs, embankments, hedges, vegetated cordons) to
slow runoff across the watershed [52,57].

To conclude this section, we can say that the involvement of vertisols and halomorphic
soils on the one hand and cultivated land and plowing practices on the other in the
genesis of floods is all the more significant given their considerable extent in the Far North
region of Cameroon. Thus, through watershed redevelopment policies and the practice of
agricultural techniques appropriate to each soil type, we could achieve sustainable flood
management in the area concerned.

5. Conclusions

In a nutshell, this study shows that the genesis of runoff in the Mayo Mizao watershed
is dependent on soil type, land use, and farming practices. The influences of these factors
are simultaneous. However, with regard to soil type, it should be noted that vertisols,
halomorphic soils, and gray soils with a halomorphic tendency are the three main soil
types that offer considerable resistance to water infiltration. This is probably due to the
high content of fine materials, the compactness that varies, and the advance or earlier stage
of pedogenesis. As far as the influence of land use in infiltration, it should be noted that
the role of croplands is relevant. With regard to the role of farming practices, it should
be noted that, apart from plowing, which favors infiltration during the early stages of the
rainy season (but is unfavorable in the advanced stage of the rainy season), the impacts of
most agricultural practices on infiltration are strongly inhibited by the soil type.

This study is a contribution to a better understanding of the socio-ecological and
hydrological functioning of the Sahelian watersheds, which have recently been dominated
by many extreme hydrological events.
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