Hindawi

The Scientific World Journal

Volume 2024, Article ID 6565723, 17 pages
https://doi.org/10.1155/2024/6565723

Research Article

@ Hindawi

Degradation Rate/Vulnerability Potential and Fertility Status of
Luvisols in the Mandara Mountains (Far-North Cameroon)

Estelle Lionelle Tamto Mamdem,! Désiré Tsozué (»,> Emmanuel Matakon,>
Michael Roi Apiniel Atourakail,> Nérine Mabelle Moudjie Noubissie,>
Simon Djakba Basga,> Aubin Nzeugang Nzeukou,” and Dieudonné Lucien Oyono Bitom*

'Department of Earth Sciences, Faculty of Sciences, University of Yaoundé 1, P.O. Box 812, Yaoundé, Cameroon
2Department of Earth Sciences, Faculty of Science, University of Maroua, P.O. Box 814, Maroua, Cameroon
3Institute of Agricultural Research for Development (IRAD), P.O. Box 415, Garoua, Cameroon

*Department of Soil Science, Faculty of Agronomy and Agricultural Sciences, University of Dschang, P.O. Box 222,
Dschang, Cameroon

Correspondence should be addressed to Désiré Tsozué; tsozudsir@yahoo.fr
Received 11 October 2023; Revised 8 April 2024; Accepted 21 April 2024; Published 6 May 2024
Academic Editor: Dun Xian Tan

Copyright © 2024 Estelle Lionelle Tamto Mamdem et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Soil degradation emerges as one of the major problems in the locality of Sir in the Mandara Mountains, Far-North Cameroon.
Inappropriate agricultural techniques resulting in land use change affect soil functions and seriously harm forest ecosystems. This
study was conducted to analyse the current character of soils and access their degradation and their level of fertility. Twenty soil
samples were taken at 15 cm depth. This includes ten in the plot under forest reserve and ten others in the plot under cultivation.
Cultivation is responsible for the increase in bulk density (BD) (1.59 to 2.23 g/cmS), Mg (4.76 to 6.40 cmol-kg_l), Ca (10.44 to
11.26 cmol-kg ™), P (7.93 to 9.93 g/kg), and Mg/K (2.28 to 5.84) and decrease in CEC (38 0.15 to 31.46 cmol-kg™"), OM (2.76 to
1.08%), OC (1.66 to 0.62%), total nitrogen (0.08 to 0.05%), K (4.59 to 1.15 cmol-kgfl), Na (1.32 to 0.91 cmol-kgfl), C/N (25.69 to
13.86), and Ca/Mg (2.32 to 1.89). This variability in physicochemical properties reflects progressive soil degradation. Cultivated
soils are subject to severe degradation or potential vulnerability (SDR/Vp =4/2) due to texture, organic carbon, soil aggregate
stability, sealing index, and total nitrogen. On the other hand, soils under forest reserve are subject to severe degradation or
vulnerability due to the total nitrogen and sodium absorption ratio. The soils of the study area are subject to severe and extreme
potential degradation or vulnerability due to BD, respectively, under forest reserve and cultivation. Two classes of fertility were
identified: class II (plots under forest reserve) having a good level of fertility, characterized by good physical properties and severe
limitations in nitrogen and phosphorus and class IV (cultivated plots) with a low level of fertility due to severe limitations in
organic matter, phosphorus, and poor physical characteristics. The best indicator of the good quality of the luvisols of Sir is the pH,
while the bulk density is an indicator of severe to very extreme degradation or high to very high vulnerability. The application of
organic and mineral amendments is essential for raising the organic matter and nitrogen and phosphorus contents in these soils.

1. Introduction

Population growth in sub-Saharan Africa has led to an
increase in food demand [1]. Soil fertility management is
fundamental for sustainable agriculture ensuring food
security and the standard of living of the population [2, 3].
However, increasing agricultural production requires good

knowledge of the concept of soil degradation and fertility
[4, 5]. Intensive agriculture and the search for new fertile
lands result in pressure on the ecosystem, which, in turn,
exposes the soil to degradation issues and considerably
reduces its fertility [6]. Similarly, poor land use and
management expose agricultural soils to the risk of
degradation.
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Like most other areas in the world, the Sudano-Sahelian
zone of Africa is suffering from the degradation of its natural
resources [7]. In Cameroon, particularly in the Far-North
region, degradation emerges as one of the major problems in
the area, due to the impact of human activity on their dy-
namics [8]. Ignorance of soil heritage, resulting in the change
in land use, mainly the passage from forest land to agri-
cultural land, is very frequent [9]. This practice affects soil
functions and seriously harms forest ecosystems, especially
since agriculture is identified as being by far the main cause
of tropical deforestation [10]. The degraded soils, with low
production potential, when they are not abandoned, no
longer allow satisfactory agricultural production, thus ex-
posing the population to malnutrition, starvation, and food
insecurity [2]. Under these conditions, agro-socio-economic
sustainability seems inaccessible and the protection of the
environment and natural resources cannot become the
major concern of farmers, which is mainly because of their
very short-term future [11]. It seems necessary and im-
perative to rethink the management and restoration of
agricultural land [12, 13] and in particular those from the
Sudano-Sahelian zone whose crops contribute directly to the
feeding of the population [8]. In addition to erosion,
identified by far as the main factor of soil degradation in the
Sudano-Sahelian zone [14], overgrazing and the un-
controlled use of pesticides/chemical fertilizers are also other
factors responsible for soil degradation [8, 15, 16].

Inappropriate agricultural techniques resulting in land
use change as a consequence of human activities affect soil
functions [8, 9, 14, 15]. This leads to soil fertility degradation
problems and seriously harms forest ecosystems. This is
reflected in the Far-North region of Cameroon and more
particularly in the Mandara Mountains by the reduction in
yields of the main crops [14]. There is an increase in the need
for information likely to improve agricultural production in
this part of the country. The decrease in yields mainly affects
crops which directly contribute to feeding populations and
therefore to food security. The objective of the present study
is to analyse the current character of soils and access their
degradation rate/vulnerability potential and level of fertility.
To do this, the locality of Sir in the Mandara Mountains was
chosen to conduct the study. The analysis was based on the
comparison of the physicochemical characteristics of soils in
two contrasted plots, one is a forest reserve (control) and the
other is under cultivation, with different management sys-
tems. In medium-dated, the results of this study will serve in
the development of strategies for the management and
restoration of agricultural land, thus promoting an increase
in agricultural production in the Sudano-Sahelian zone.

2. Materials and Methods

2.1. Study Area. 'The study area was located in the Mandara
Mountains, precisely at Sir in the Kapsiki plateau (Figure 1)
in the Mayo-Tsanaga Division, between latitudes
10°22'-10°44" North and longitudes 13°31'-13°47' East. This
Kapsiki Plateau represents the northernmost volcanic zone
of the Cameroon Volcanic Line [17]. It was an asymmetrical
horst that covered an area of 150km?, located along the
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FIGURE 1: Location of the study area.

Cameroon-Nigeria border. This locality was influenced by
a Sudano-Sahelian mountain type climate [18], with a long
dry season from October to June and a short rainy season
from July to September, with a mean annual rainfall and
temperature of 1074mm and 26°C, respectively [19]. The
geologic substratum consisted mainly of gneisses, migma-
tites, and granites [20-22]. Locally, it was covered by Lower
Cretaceous continental sediments cut by trachytic and
rhyolitic dykes and numerous basaltic dykes and flows [20].

2.2. Experimental Plots. The study was carried out in two
plots, including one under natural forest reserve (control)
and another under cultivation. The current surface state of
each plot of about 9 km? is shown in Table 1. Different land
management practices included ploughing, removal of crop
residues, uncontrolled use of chemicals products (fertilizers
and pesticides), application of organic manure, fallow,
mulching, crop rotation, crop association, weeding, ridging,
burning and direct seeding in the cultivated plot, as well as
increased grazing in forest reserves. These different modes of
land use have already been reported by several authors
[7, 8, 23]. The main crops grown in the cultivated plot were
millet (Pennisetum glaucum), sorrel (Rumex acetosa), maize
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TaBLE 1: Historical characteristics of plots.

Samples  Coordinates Surface state Land management practices
E, 10°35'50"N/13°37'0.064"E
E, 10°35'46.8"N/13°37'0.074"E
E, 10°35'41.6"N/13°37'08.9"E
E, 10°35'38.5"N/13°37'07.3"E
Forest reserve 15 10'35'33.5"N/13'37'02.1"E Virgin Grazin
E, 10°35'40.9"N/13°37'00.3"E & 8
E, 10°35'48.3"N/13°37'00.9"E
Eq 10°35'44.8"N/13°37'02.3"E
E, 10°35'48.5"N/13°37'03.4"E
E 10°35'51.5"N/13°37'04.8"E
Ey, 10°35'54.2"N/13°37'04.8"E  Cultivation of maize and soybean (i) Application of organic manure
E, 10°35'57.2"N/13°37'04.9"E  Cultivation of maize (ii) Fallow
Ei; 10°36'02.2"N/13°37'07.6"E  Cultivation of rice (iii) Mulching
E, 10°36'10.6"N/13°37'11.1"E ~ Cultivation of millet and groundnut (iv) Crop rotation
Eis 10°36'05.8"N/13°37'21.95"E  Cultivation of maize (v) Crop association
Cultivated plot  Ej¢ 10°36'02.1"N/13°37'32.4"E  Cultivation of cowpea (vi) Weeding
E,, 10°36'00.9"N/13°37'34.3"E ~ Cultivation of sorrel (vii) Ploughing
Eig 10°35'36.7"N/13°37'32.6"E  Cultivation of millet (viii) Ridging
Ep 10°35'55.7"N/13°37'32.6"E  Cultivation of soybean (ix) Burning
Ey 10°35'55.5N/13°37'204"E  Cultivation of potato (x) Direct seeding

(xi) Application of chemical inputs

(Zea mays), Bambara groundnut (Vigna subterranea),
cowpea (Vigna unguiculata), sesame (Sesamum indicum),
potato (Ipomoea batatas), rice (Oryza sativa), and soybean
(Glycine max) (Table 1). The forest reserve, in addition to
grazing, was subjected to uncontrolled cutting of trees as
a consequence of the growing needs of wood by expanding
urban populations, as already noted in the Zamai savannah
by Tsozué et al. [23]. There was an important biological
activity, characterized by the presence of many termite
mounds.

The studied soil profile has a thickness of 1.5m (Figure 2).
It is composed of three horizons which are, from top to bottom,
a yellowish-red humiferous horizon with sandy-clayey texture
and fine lumpy structure, a reddish-yellow horizon with loamy-
clayey texture and weakly developed blocky structure, and
a weathering polychrome horizon with sandy-loamy texture
and massive structure. Mineralogically, it was constituted of
kaolinite (3695.34cm ™", 3623.10cm™’, 909.31 cm™"), quartz
(999.96cm™!, 774.76cm™', 684.11cm™!, 465.98cm™’,
423.49 cm™"), smectites (1627.42 cm™"), goethite (640 cm™,
684cm™), and sepiolite (535.39 cm™h) (Figure 3). It was
marked by a subsurface horizon (50 to 75 cm) with higher
clay content than the overlying horizon. This horizon was
characterized by a fine to massive blocky structure, with
a sandy clay-loam texture, high chroma, and a reddish-
yellow colour (5 YR 6/8). Cation exchange capacity and base
saturation rate in this horizon were high. All of these ob-
served properties were characteristics of an argic horizon.
Referring to the World Reference Base for Soil Resources,
these properties were those of luvisols. No particular
character was noted along the soil profile, which allowed
them to be classified as haplic luvisols. Throughout the soil
profile, cation exchange capacity was generally high due to
the strong activities of the 2/1 type clays, in particular those
of montmorillonites and sepiolites (35.74 + 13.18 cmol-kg™;

CV =37%). Base saturation was moderate (51.49 +19.53%;
CV =38%) (Table 2). The studied soil thus belonged to the
epidystric haplic luvisol groups.

2.3. Soil Sampling and Laboratory Analysis. Fieldwork took
place in two phases. The first phase consisted of direct
observations, description of environmental settings, and soil
survey in order to choose the position of drills and pits.
Within each plot, seven transects along which a total of 56
drills of 1.20m deep were performed to appreciate the
morphological organization of soils were opened. This
permits us to note that the studied soils are homogenous,
leading to the choice of the digging point for the repre-
sentative soil profile in the forest reserve. A representative
soil profile was thereafter dug in the forest reserve and
described in detail according to the standard procedure, for
soil characterization and classification. The main search
characters were colour, thickness of horizons, coarse ele-
ments, texture, structure, porosity, roots and roolets, con-
sistency, and boundaries between horizons. The Munsell Soil
Colour Chart was used for colour appreciation. Secondly,
due to the availability of nutrients and microbiota found
mainly in the most superficial layers [23], surface soil
samples (0-15cm) were taken from the forest reserve and
cultivated plot. At each sampling point, approximately 1kg
of soil sample was taken. Three repetitions were carried out
in the field, which led to the collection of 40 samples per plot.
These samples subsequently underwent quartering opera-
tions. A total of twenty composite samples were taken,
including ten from the forest reserve and ten others from the
cultivated plot. The collected soils were placed in polythene
bags and labelled for later laboratory analyses. The history
and different land management practices of the cultivated
plot were obtained from direct interviews with the farmers.
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Soil profile Soil description

The soil profile, approximately 150 cm deep, is located at

the top of an elongated and gently sloping interfluve, at 981+5
m a.s.],, 10°35'44.8" N and 13°37'02.3" E. The environment of
the pit is marked by the presence of natural vegetation and few
boulders. The biological activity is very important,
characterized by the presence of several termite mounds. the
contact between the litter and the A1 horizon is characteristic
of mull-type humus. On the geological level, the bedrock is a
gneiss, consisting essentially of quartz, mica and feldspar.
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FIGURE 2: Macroscopic organization of the soil in the study area.

The samples were air-dried at room temperature for ap-
proximately one week and passed through a 2 mm sieve for
physicochemical analyses in the laboratory. Methods used
for physicochemical analyses were those already used by
Tsozué et al. [23, 24] and Issine et al. [25]. For soil texture
analysis, soil organic matter and carbonates were removed
with hydrogen peroxide (30%) and diluted hydrochloric acid
(10%), respectively. Sand was separated from silt and clay by
wet sieving. Then, silt and clay were dispersed with sodium
hexametaphosphate, and particle size distribution was
analysed using the pipette method. Clay and fine silt were
separated by wet sieving, and coarse silt was estimated by
subtraction [26]. Soil pH was determined using a glass
electrode in a 1:2.5 soil : water suspension for pHy,o and

al:1 soil: KCl (1 M) suspension for pHKCI, using a soil-to-
water ratio extracts of 1 g: 2.5 ml [27]. Bulk density (BD) was
measured by the paraffin-coated clod method [28]. Field-
moist clod samples were carefully collected at natural breaks
to form smaller clods. Each clod was dried in an oven at
105°C for at least 48h and weighed. After tying thread
around the clods, they were repeatedly dipped in melted
paraffin until air bubbles were no longer observed to provide
a thin waterproof coat. The volume of the clods was de-
termined by the displacement of water in graduated cylin-
ders. Exchangeable cations were extracted by a solution of
ammonium acetate (1N NH4OAc) at pH 7, and their
concentrations were determined by atomic absorption
spectrometry for Ca and Mg and by flame emission
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TaBLE 2: Physicochemical characteristics and summary statistics of the soil profile.
Depth (cm) 0-25 25-50 50-75 75-100 100-125 Min Max Mean SD CvV
Sand 74.70 69.70 59.70 72.70 79.70 59.70 79.70 71.30 7.44 0.1
Silt 17.40 16.40 21.40 15.40 12.40 12.40 21.40 16.60 3.27 0.2
Clay 7.90 13.90 18.90 11.90 7.90 7.90 18.90 12.10 4.60 0.38
pPHmzo 6.60 6.00 6.50 6.70 7.20 6.00 7.20 6.60 0.43 0.07
pHxa 4.70 4.00 4.10 4.20 4.20 4.00 4.70 4.24 0.27 0.06
OC (%) 1.90 0.17 0.52 1.11 1.60 0.17 1.90 1.06 0.72 0.68
OM (%) 3.27 0.30 0.89 1.91 2.76 0.30 3.27 1.83 1.24 0.68
N (%) 0.04 0.01 0.03 0.03 0.02 0.01 0.04 0.03 0.01 0.41
C/N 45.13 14.48 18.46 44.31 65.31 14.48 65.31 37.54 21.04 0.56
Ca (cmol-kgfl) 7.68 8.48 9.28 10.96 7.60 7.60 10.96 8.80 1.39 0.16
Mg (cmol-kgfl) 2.48 4.88 512 4.72 6.32 2.48 6.32 4.70 1.39 0.3
K (cmol-kg_l) 6.04 1.56 0.91 1.01 0.41 0.41 6.04 1.98 2.30 1.16
Na (cm01~kg71) 1.27 0.97 0.77 0.87 0.57 0.57 1.27 0.89 0.26 0.29
SBE (cmol-kg_l) 17.47 15.89 16.08 17.56 14.90 14.90 17.56 16.38 1.13 0.07
CEC (Cmol.kgfl) 38.24 42.88 52.48 24.80 20.32 20.32 52.48 35.74 13.18 0.37
P (mg/kg) 12.50 8.71 4.92 3.92 4.42 3.92 12.50 6.89 3.66 0.53
V (%) 45.67 37.04 30.64 70.79 73.31 30.64 73.31 51.49 19.53 0.38
ISS (%) 12.92 0.98 2.21 7.00 13.59 0.98 13.59 7.34 5.85 0.8
Gravel (%) 15.00 7.00 25.00 25.00 25.00 7.00 25.00 19.40 8.17 0.42

Min: minimum; Max: maximum; SD: standard deviation; CV: coefficient of variation; SBE: sum of exchangeable bases; ISS: soil aggregate stability index.

spectrometry for K and Na. Cation exchange capacity (CEC)
was also determined using the ammonium acetate method at
pH 7, by a direct continuation using a 1N potassium
chloride (KCI) saturation solution [29]. Base saturation (V)
was determined according to the formula (SBE/CEC) x 100.
Total nitrogen was obtained after heat treatment of each
sample in a mixture of concentrated sulfuric acid and

salicylic acid. The mineralization was accelerated by a cata-
lyst consisting of iron sulfate, selenium, and potassium
sulfate. The mineralization was followed by distillation via
conversion of nitrogen into steam in the form of ammonia
(NH3), after alkalinization of mineralized extract with
NaOH. The distillate was fixed in boric acid (H;BO3) and
then titrated with sulfuric acid or diluted hydrochloric acid



(0.01 N). Organic carbon (OC) content was determined by
wet oxidation according to Walkley and Black [30] using
a mixture of sodium dichromate and concentrated H,SO,.
The organic matter (OM) content was calculated from the
formula OM=1.724xOC and then the C/N ratio. The
available phosphorous content was analysed using the Bray
II method, which combines extraction of phosphorus in the
acid medium and their complexation with ammonium
fluoride (NH,4F). The quantity of available phosphorus was
obtained by spectrophotometry in the presence of blue
molybdenum (MoOQO;) [31]. For mineralogical analysis,
diffuse reflectance infrared spectra were recorded between
4000 and 400cm™', using a FTIR Perkin Elmer 2000
spectrometer (Perkin Elmer, Waltham, MA, USA) equipped
with a deuterated triglycine sulfate (DTGS) detector. Air-
dried samples were analysed at room temperature using
diamond attenuated total reflectance (ATR) accessories
(Perkin Elmer). The spectrum resolution was 4 cm Y, and the
accumulation time was 5 min.

2.4. Calculation of Soil Degradation Rate/Vulnerability Po-
tential and Fertility Parameters. The physicochemical
properties commonly used are OC, OM, N, C/N, available P,
Ca, Mg, K, Na, SBE (sum of exchangeable bases), CEC,
textural class, BD, and pHy,o. These soil properties are used
to calculate soil degradation rate/vulnerability potential
(SDR/Vp) and soil fertility parameters such as Forestier
index (IF), soil aggregate stability index (ISS), soil sealing
index (IB), and sodium absorption ratio (SAR).

For the SDR, the weighting sequence was as follows:
l1=none, 2=slight, 3=moderate, 4=severe, and
5 = extreme. In this way, good soils have the lowest SDR and
poor soils the highest value. For the Vp, the weighting was
the reverse as follows: 5=very low, 4=low, 3 =medium,
2 =high, and 1 = very high [4, 12, 28]. The cumulative rating
index corresponds to the sum of different SDR/Vp weighting
values [28].

The soil aggregate stability index (ISS) related to soil
resistance to disturbance from external forces was evaluated
using the formula of Pieri [32]. It is in fact a measurement of
the resistance of the aggregates, therefore of the structural
porosities, against agents that can destroy them and in
particular against water. This formula is defined as follows:

1.724xOC

with OC as the soil organic carbon, L as the silt fraction, and
A as the clay fraction. An ISS > 9% indicates stable structure,
7% < ISS <9% indicates a low risk of structural degradation,
5% <ISS<7% indicates a high risk of degradation, and
ISS <5% indicates structurally degraded soil.

The soil sealing or impermeabilization index (IB) related
to the risk of soil erosion and compaction was estimated
using the Remy formula [33]:

(1.5xLf) + (0.75xLg) B

C, 2
A - 10xOM @

IB (%) =
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with C being equal to 0.2 x (pH-7); Lf, the fine silt; Lg, the
coarse silt; A, the clay; and OM, soil organic matter content.
An IB< 1.4 indicates soils without a risk of thrust and
without a risk of erosion; 1.4 <IB < 1.6 indicates soils with
a low risk of erosion; 1.6<IB<1.8 indicates soils with
a medium risk of erosion; IB > 1.8 indicates soils with a high
risk of erosion.

The Forestier index (IF) was assessed using the following
formula [34]:

SBE?

F = m, (3)

with SBE, the sum of exchangeable cations; A, the clay
fraction; and Lf, the fine silt fraction. An IF < 1.5 indicates
soils with low nutrient reserves, and an IF > 1.5 indicates
soils with good nutrient reserves.

The sodium absorption ratio (SAR) was calculated by the
following relationship [28]:

Na+
SAR = [Na+] x100. (4)
[Ca2+] + [Mg2+]
SAR<10 indicates soils with no limitation;
10<SAR<12 indicates soils with slight limitation;

12 < SAR < 15 indicates moderate limitation; 15 < SAR < 20
indicates severe limitation; SAR >20 indicates extreme
limitation.

Fertility classes were obtained based on the criteria for
evaluating soil fertility classes of Quemada and Cabrera [35],
modified by Nguemezi et al. [5]. Class I: soil characteristics
are not present or present only weak limitations; Class II: soil
characteristics do not have more than three moderate
limitations possibly associated with low limitations; Class
III: soil characteristics have more than three moderate
limitations possibly associated with a single severe limita-
tion; Class IV: soil characteristics have more than one severe
limitation.

2.5. Statistical Analysis. 'To assess the main characteristics of
the sampled population, the various physical and chemical
properties of soils were subjected to standard statistical
analyses (mean, maximum-minimum values, standard de-
viation, and the coefficient of variation). The normality of
the distribution was studied by the Anderson-Darling
normality test. The significance test was applied to the av-
erage values of the physicochemical properties in order to
measure the variability of the parameters between the two
plots, soil under forest reserve and soil under cultivation.
Subsequently, correlation analyses (Spearman test) on the
different variables were also carried out to measure the links
between them. Finally, to evaluate the effect of cultivation on
the different properties and parameters of the soil, principal
component analysis (PCA) was performed. Significance was
considered at p<0.05. All statistical analyses were per-
formed using XLSTAT software for Excel (version
2014.5.03).
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3. Results

3.1. Physicochemical Characteristics of Soils. Sand represents
the important particle size fraction both in the forest reserve
and in the cultivated plot. Its proportions are between 60.6
and 80.6%, with an average of 73.88 £5.89% in the forest
reserve and between 68 and 86%, with an average of
77.2+4.52% in the cultivated plot (Table 3). Silt was the
second largest grain size fraction in both plots. Its contents
vary between 12 and 26%, with an average of 17.67 + 4.34%
in the forest reserve and between 7.6 and 18.6%, with an
average of 13.6 +2.98% in the cultivated plot. As for clay, its
average contents are 8.45%2.07% and 9.2+2.49%, re-
spectively, in the forest reserve and in the cultivated plot. In
the cultivated plot, there is a drop in silt content, while the
sand and clay contents increase compared to the control
(Table 4). Sand and clay contents did not significantly differ
between the two plots, unlike silt content which differed
significantly (p = 0.034) (Table 5). The bulk density (BD) of
the plots under forest reserve has an average of 1.59 +0.37 g/
cm’, ranging between 0.79 and 2.11 g/cm’, while that of the
cultivated plots varies from 1.49 to 3.44g/cm’, with an
average of 2.23 +0.71 g/cm” (Table 4). Soil BD increases with
cultivation but does not differ significantly between the two
plots (p = 0.256) (Table 5). The soil aggregate stability index
(ISS) of the studied soils differed significantly from one plot
to another (p = 0.002) (Table 5). Its values calculated in soils
under forest reserve are between 2.66 and 17.59%, with an
average of 10.48 + 4.02% (Table 3). In the cultivated plots, the
values vary between 0.84 and 8.71%, with an average of
4.62+2.93% (Table 4).

The pH values are similar and do not show any sig-
nificant difference from one plot to another. The studied
soils are slightly acidic, with an average pH value of 6.4 + 0.5
in the forest reserve and 6.3+0.55 in the cultivated soils
(Tables 3 and 5). The Mg content is high in the reserve and
very high in the cultivated soils. Ca has a high content in
both cases. For Mg, the levels in the forest reserve evolve
unevenly and are between 2.48 and 6.56 cmol-kg™" of soil,
with an average of 4.76 +1.39 cmol-kg’1 (Table 3). In the
cultivated plot, its values oscillate between 3.12 and
9.36 cmol-kg™', with an average of 6.40+1.92cmolkg '
(Table 5). As for the Ca, the average content in the forest
reserve is 10.41 +2.01 cmol-kg ™' and it varies between 7.68
and 13.52 cmol-kg ™' (Table 3). For the cultivated plots, they
vary between 7.76 and 16.56 cmol-kg ™', with an average of
11.26 +2.5cmol-kg ™" (Table 5). The Mg and Ca contents
showed no statistically significant difference between the two
plots (Table 4). The soils under forest reserve have a high
content of Na and very high content of K with an average
content of 4.59 +3.45 cmolkg™" and 1.32+0.65 cmol-kg",
respectively. In the cultivated plot, the average K content is
115+029cmolkg™’  and  that of  sodium s
0.91 +0.11 cmol-kg™" (Table 5). The average K and Na contents
in the soils under the forest reserve are higher than those of the
cultivated plots (Table 4). The cation exchange capacity of soils
under reserve is high. Its values are between 2544 and
71.44 cmolkg ™', with an average of 38.15+12.39 cmol-kg™"
against an average of 31.46 + 12.80 cmol-kg ™" in cultivated soils

(Table 5). These average contents vary significantly between the
two plots (p = 0.023) (Table 4). Base saturation (V) is higher in
cultivated plots than in forest reserve plots. The average values
are 67.14 + 16.38% in the cultivated soils and 57.07 + 15.87% in
the soils under reserve (Tables 3 and 5). The OM content is
moderate in the forest reserve, while it is low in the cultivated
plots. Its values oscillate between 0.59 and 4.63%, with an
average of 2.76 + 1.2% in the reserve (Table 3). In the cultivated
plot, the OM content varies between 0.17 and 2.09%, corre-
sponding to an average of 1.08 +0.70% (Table 5). A significant
difference in OM content was noted between the two plots
(p = 0.001) (Table 4). With regard to nitrogen, lower average
concentrations were measured in the cultivated plot, while in
the reserve, the concentrations were higher. The average
concentrations obtained are 0.08 +0.03% for the reserve and
0.05+0.02% for the cultivated plot (Table 5). The nitrogen
content, although low, differs significantly between the two
plots (p =0.028). The average C/N ratio varies between
13.86 £ 11.66 and 25.69 +17.32 in the studied soils. A higher
value was observed under the forest reserve. The average
available phosphorous content is practically low in the two
plots. Its average levels are 7.93 £2.09mg/kg in the forest
reserve and 9.93 + 7.01 mg/kg in the cultivated plots (Table 4).
The Mg/K ratio varies significantly between the two plots
(p = 0.002). The average values are, respectively, 5.85 +2.02 in
the cultivated soils and 2.28 + 1.99 in the forest reserve. For the
Ca/Mg ratio, the quotients are low in both plots, with
1.89+0.62 in the cultivated plot and 2.32+0.59 under the
forest reserve. No significant difference was observed between
the two values (Table 4).

3.2. Degradation Rate/Vulnerability Potential

3.2.1. Forest Reserve. The SDR/VP (degradation rate/vul-
nerability potential) weighted value for pHy,0, Na, ISS, and
IB is 1/5 and 4/2 for BD (Table 6). This value reflects no soil
degradation or vulnerability. The SDR/VP weighted at 2/4
for V reflects a slight degradation or a low vulnerability.
Texture and OC, with a SDR/VP of 3/3, indicate moderate
degradation or vulnerability of the soils under the reserve.
Severe degradation or high vulnerability is explained by the
weighted value 4/2 assigned to the SAR and N (Table 6). The
SDR/VP weighted value of 4/1 for BD reflects severe deg-
radation or high vulnerability of the soils under the forest
reserve. Overall, the sum of the weighting factors of the
different parameters resulted in a cumulative rating index of
27 based on eleven soil properties.

3.2.2. Cultivated Plots. The various parameters that reflect
the state of degradation/vulnerability potential of soils under
cultivation show that five soil quality parameters indicate
severe degradation or high vulnerability potential of soils
(SDR/VP =4/2). These parameters are texture, OC, ISS, N,
and IB. These soil parameters (except for N), in the forest
reserve, on the contrary, indicate no degradation/vulnera-
bility (ISS, IB) and slight degradation/vulnerability (texture,
OC). P, with a weighted value of SDR/VP =3/3, reflects
moderate degradation or vulnerability of cultivated soils. V,
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TaBLE 3: Physicochemical characteristics and summary statistics of the soils under the forest reserve.
Samples El E2 E3 E4 E5 E6 E7 E8 E9 EI00 Min Max Mean SD CV
Sand 676 706 80.6 606 786 73.6 78 747 757 737 60.6 80.6 73.88 584 0.08
Silt 22 22 12 26 13 17 136 174 18.4 18.4 12 26 17.67 434 0.25
Clay 10.4 7.4 7.4 13.4 8.4 9.4 8.4 7.9 59 7.9 59 134 845 2.07 0.24
PHuz0 6.1 6.5 6.5 5.2 6.2 6.4 6.4 6.6 6.8 7.1 5.2 7.1 6.39 048 0.07
PHkal 4.9 53 54 3.9 53 53 55 4.7 5 5.2 3.9 5.5 505 045 0.09
OC (%) 2.23 1.21 1.34  2.28 1.12 145 0.34 1.9 209 268 034 2.68 1.6 0.69 043
OM (%) 3.85  2.09 2.31 3.93 1.92 251 059 3.27 3.61 463 059 463 276 1.2 0.43
N (%) 0.1 0.1 0.07 013 0.1 0.07 0.08 004 009 0.04 002 013 0.08 003 042
C/N 2244 1246 2014 17.04 11.54 21.65 4.22 4513 245 63.88 422 639 2569 17.32 0.67
Ca (cmol-kgfl) 13.52 8.8 792 976 1096 1216 135 7.68 952 1056 7.68 13.52 1041 2.01 0.19
Mg (Cm01~kg71) 6.4 6.32 5.6 376 472 496 656 2.48 3.6 488 248 656 476 139 0.29
K (cmol-kg-1) 4.32 6 577 1094 8.29 1.3 1.66 6.04 0.73 0.91 0.73 1094 459 345 071
Na (Cmol'kgfl) 3.07 1.17 127 167 157 087 097 127 077 087 077 3.07 132 065 049
SBE (cmol-kg_l) 27.31 2229 20.56 26.13 2554 19.29 22.7 1747 1462 1722 14.62 2731 2131 422 018
CEC (Cmol-kgfl) 71.44 42.72 39.52 33.28 3952 3616 254 38.24 28.64 37.6 2544 7144 3815 1239 0.32
P (mg/kg) 852 678 597 715 771 995 79 125 889 734 454 125 793 209 0.26
Ca/Mg 2.11 1.39 1.41 2.6 2.32 245 2.06 31 2.64 216 139 326 232 059 025
Mg/K 1.48 1.05 097 034 0.57 381 394 041 495 536 034 536 228 1.99  0.82
V (%) 38.22 5219 52.03 7851 64.63 5335 893 45.67 51.04 458 3822 893 57.07 1587 0.26
ISS (%) 11.87 711 1191 997 898 9.5 266 1292 1484 17.59 2.66 176 1048 4.02 0.38
IB (%) -28 -627 -489 -29 -709 -5.03 311 -323 -2.76 -218 -7.09 311 -0.61 11.25 -17.6
IF 1.41 1.7 335 093 289 205 277 221 236 207 093 335 217 0.72 0.31
BD (g/CmS) 079 145 194 174 211 1.88 1.68 131 1.56 1.5 0.79 211 1.59 037 0.22

Min: minimum; Max: maximum; SD: standard deviation; CV: coefficient of variation; SBE: sum of exchangeable bases; IF: Forestier index; ISS: soil aggregate
stability index; IB: soil sealing index.

TaBLE 4: Physicochemical characteristics and summary statistics of the soils in the cultivated plot.

Samples El1 E12 E13 El14 El5 El6 E17 E18 E19 E20 Min Max Mean ET CV
Sand 79 76 75 80 78 76 86 78 68 76 68 86 77.2 452  0.06
Silt 14.6 14.6 13 11.6 14.6 16.6 7.6 126 18.6 12.6 7.6 18.6 13.6 298 022
Clay 6.4 9.4 12 84 7.4 7.4 6.4 94 134 114 6.4 13.4 9.2 249 027
PHu20 6.5 5.7 6 6.6 7.1 6.3 6.2 6.7 6.7 52 5.2 7.1 6.3 0.55 0.09
pHxa 5 4.8 4.8 5.4 6.1 5.1 4.5 5.6 5.4 4.1 4.1 6.1 5.08 0.58 0.11
OC (%) 097 073 01 024 028 1.02 0.1 0.82 078 1.21 0.1 1.21 0.63 041  0.65
OM (%) 1.67 125 02 042 048 176 017 142 134 2.09 0.17 2.09 1.08 0.7 0.65
N (%) 0.02 003 01 0.05 0.09 006 0.02 0.08 0.05 0.06 0.02 0.09 0.05 0.02 044
C/N 39.6 231 1.9 456 323 158 554 973 148 204 1.88 39.58 13.86 11.66 0.84
Ca (cmol-kg_l) 102 9.6 12 128 122 107 7.76 166 122 832 7.76 16.56 11.26 2,55 0.23
Mg (cmol-kg’l) 312 448 59 696 656 6.8 8.56 7.6 9.36 4.64 3.12 9.36 6.4 1.92 0.3
K (cmol-kg_l) 1.54 0.88 1 142 119 119 088 154 1.19 0.7 0.7 1.54 1.15 0.29 0.25
Na (cmol-kg’l) 097 077 09 107 087 097 087 107 087 0.77 0.77 1.07 0.91 0.11 0.12
SBE (cmol~kg’1) 158 157 20 223 20.8 19.7 18.07 268 236 144 1443 26.77 19.72 3.86 0.2
CEC (cmol-kg’l) 27 259 26 272 664 272 2128 358 303 272 21.28 66.4 31.46 128  0.41
P (mg/kg) 454 6.84 8 13.7 285 103 6.1 7.65 678 6.78 454 28.53 9.93 7.01 0.71
Ca/Mg 326 214 21 184 1.8 158 091 218 1.3 1.79 0.91 3.26 1.89 0.62 0.33
Mg/K 2.03 5.08 6 491 551 571 9.71 494 7.86 6.65 2.03 9.71 5.85 2.02 035
V (%) 584 60.7 76 81.8 313 724 8492 749 78 53.1 31.29 84.92 67.14 1638 0.24
ISS (%) 796 522 08 209 219 731 1.19 646 418 8.71 0.84 8.71 4.62 293 0.64
1B (%) -78 =25 75 184 311 -79 1621 -16 3042 -7.6 -249 3041.8 305.08 961.7 3.15
IF 297 241 23 32 277 241 528 277 145 241 1.45 5.28 2.79 1 0.36
BD (g/cm3) 1.85 1.61 1.5 168 1.8 2.6 344 188 3.24 2.7 1.49 3.44 2.23 0.71  0.32

Min: minimum; Max: maximum; SD: standard deviation; CV: coefficient of variation; SBE: sum of exchangeable bases; IF: Forestier index; ISS: soil aggregate
stability index; IB: soil sealing index.

Na, and SAR have SDR/VP =2/4, testifying a slight degra-
dation or a low potential vulnerability of cultivated plots due
to these parameters. Unlike the pHy,o with SDR/VP =1/5,
which indicates that the soils run no risk of degradation/

vulnerability, BD has a SDR/VP = 5/1, reflecting an extreme
degradation or very high vulnerable potential of soils under
cultivation, as already noted in soils under the forest reserve.
The cumulative rating index estimated by the sum of the
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TaBLE 5: Mean soil characteristics variability of in the study area.

Soil characteristics  Forest reserve  Cultivated plot  p value
Sand (%) 73.88 £ 5.84a 77.2+4.52a 0.095
Silt (%) 17.67 +4.34a 13.6 +£2.98b 0.034*
Clay (%) 8.45+2.07a 9.2+2.49a 0.732
pPHmzo 6.38 £0.48a 6.3+0.55a 0.82
pHkal 5.05+0.45a 5.08+0.58a 0.97
OC (%) 1.66 +0.69a 0.63 +0.41b 0.001*
OM (%) 2.76 +1.20a 1.08 +£0.70b 0.001*
N (%) 0.081 +£0.03a 0.05 +0.02b 0.028*
C/N 25.69+17.32a 13.86 +11.66a 0.112
Ca (cmol-kgfl) 10.44 +2.01a 11.26 +2.55a 0.495
Mg (cmol-kg™") 4.76 +1.3% 6.4+1.92a 0.076
K (cmolkg™) 4.59+3.45a 1.15+0.29b 0.019*
Na (cmolkg™") 1.32+0.65a 0.91+0.11b 0.046*
CEC (cmol-kg_l) 38.15+12.39a 31.46 +12.80b 0.023*
SBE (cmol-kgfl) 21.31 +24.22a 19.716 + 3.86a 0.406
P (mg/kg) 7.93 +2.0% 9.93+7.0la 0.705
BD (g/cm?) 1.59 +0.37a 2.22+0.71a 0.256
Ca/Mg 2.32+0.59a 1.893 +0.62a 0.131
Mg/K 2.28 +1.99a 5.845+2.02a 0.002*
ISS (%) 10.48 +4.02a 4.615+2.93b 0.002*
V (%) 57.07+15.87a 67.144+16.38a 0.406

*Significant at p <0.05. Numbers followed by different lowercase letters
within the same line have significant differences (p <0.05); SBE: sum of
exchangeable bases; ISS: soil aggregate stability index; BD: bulk density.

TaBLE 6: Rating scheme for soil degradation rates (SDR) and
vulnerability potential (Vp) of selected soil quality indicators under
the forest reserve.

Properties Mean SDR VP SDR/Vp
Texture Sandy loam 3 3 3/3
pHio 6.38 £ 0.503 1 5 1/5
P (mg/kg) 8.272+1.86 3 3 3/3
Na (cmol'kg™") 8.483 +12.67 1 5 1/5
OC (%) 1.66 +0.698 3 3 3/3
BD (g/cm?) 1.59+0.37 4 2 4/2
ISS (%) 10.73 £ 4.148 1 5 1/5
IB (%) -0.608 £11.25 1 5 1/5
N (%) 0.081 + 0.028 4 2 4/2
V (%) 57.07 £15.87 2 4 2/4
SAR (%) 17.769+7.34 4 2 4/2
Cumulative rating index 27 27 27/27

IF: Forestier index; ISS: soil aggregate stability index; IB: soil sealing index;
BD: bulk density; SAR: sodium absorption ratio.

various parametric values describing the state of degradation
or vulnerability of the soils under cultivation for the
weighted parameters is high (35) compared to the value
obtained under the forest reserve (28) (Table 7).

3.3. Soil Fertility

3.3.1. Relationship between Soil Physicochemical Properties.
In forest reserve soils, OM was significantly and positively
correlated with silt (r=0.640, p < 0.05) (Table 8). pHp,0 was

TaBLE 7: Rating scheme for soil degradation rates (SDR) and
vulnerability potential (Vp) of selected soil quality indicators in the
cultivated plot.

Properties Mean SDR VP SDR/Vp
Texture Loamy sand 4 2 4/2
P (mg/kg) 9.925+7.012 3 3 3/3
Na (cmol'kg™") 1.15+0.29 2 4 2/4
OC (%) 0.62 +0.407 4 2 4/2
BD (g/cm?) 2.22+0.70 5 1 5/1
ISS (%) 4.615+2.933 4 2 42
IB (%) 305.07 £961.72 4 2 4/2
N (%) 0.05 % 0.024 4 2 42
V (%) 67.144+16.38 2 4 2/4
SAR (%) 10.572+ 18.34 2 4 2/4
Cumulative rating index 35 35 35/35

IF: Forestier index; ISS: soil aggregate stability index; IB: soil sealing index;
BD: bulk density; SAR: sodium absorption ratio.

significantly and negatively correlated with SBE (r=-0.921,
P <0.05) in the forest reserve but significantly and positively
correlated with SBE (r=0.815, p<0.05) and K (r=0.746,
P <0.05) in cultivated soils. In addition, there were signif-
icant and negative correlations between pHpyo and N
(r=-0.740, p<0.05), pHu,o and Na (r=-0.730, p <0.05),
C/Nand V (r=-0.830, p <0.05), and V with ISS (r=-0.733,
p<0.05) in the forest reserve. On the other hand, the
correlation between N and SBE (r=0.742, p <0.05), C/N et
SBE are significant and positive, also under the forest re-
serve. As for the physical properties, BD is significantly and
negatively correlated with C/N (r=-0.685, p <0.05). As well
as sand and silt (r=-0.902, p<0.05), silt with pHKCI
(r=-0.716, p<0.05), and clay and pHpyo (r=-0.828,
p<0.05) are significantly and negatively correlated
(Table 8).

In the cultivated plot, significant positive correlations
were noted between pHy,o and CEC (r=0.805, p <0.05),
pHKCI and Ca (r=0.749, p <0.05), pHgc and K (r=0.749,
p <0.05), pHKCI and CEC (r=0.865, p <0.05), pHkc and
SBE (r=0.817, p <0.05), N and CEC (r=0723, p < 0.05), and
N and P (r=0.768, p<0.05) (Table 9). It was also noted
between Ca and K (r=0.675, p < 0.05), Ca and Na (r=0.659,
p<0.05), Ca and CEC (r=0.709, p<0.05), Mg and V
(r=0.709, p <0.05), and between CEC and SBE (r=0.693,
p<0.05). In these cultivated plots, only significant and
negative correlations are noted, between sand with clay
(r=-0.814, p <0.05), Ca/Mg and BD (r=-0.673, p <0.05),
and Ca/Mg and Mg/K (r=-0.806, p <0.05) (Table 9).

3.3.2. Distribution of Variables and Individuals on the Main
Axes. The principal component analysis (PCA) of different
physicochemical properties of soils shows variability in the
dataset along the F1 and F2 axes. This analysis was carried
out separately for the plots under the forest reserve
(Figure 4(a)) and plots under cultivation (Figure 4(b)).
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FIGURE 4: Principal component analysis of soil properties: ((a) circle of correlation under reserve; (b) circle of correlation of cultivated plot).
SBE: sum of exchangeable bases; ISS: soil aggregate stability index; BD: bulk density.

In the forest reserve, the discriminatory factorial analysis
explains 64.41% of the variability of the dataset, with 36.15%
on the F1 axis and 28.26% on F2. The F1 axis is strongly and
positively represented by Ca, V, SBE, and CEC. It is weakly
and positively represented by Na, N, K, and clay and likewise
negatively represented by pHpyo, ISS, C/N, and P
(Figure 4(a)). The F2 axis, meanwhile, is strongly and
positively represented by sand, BD, and pHy. It is strongly
negatively correlated with silt but weakly and negatively
represented by OM (Figure 4(a)).

Compared to the forest reserve, the variability of the
dataset on the main plan is expressed as 56.41%, with 32.20%
on the F1 axis and 24.21% on F2 in the cultivated soils. Clay,
P, Na, Ca, SBE, and pHy,0 represent strongly and positively
F1, while BD represents it strongly and negatively
(Figure 4(b)). Likewise, K, CEC, nitrogen, and pHgc; rep-
resent weakly and positively F1. The F2 axis is strongly and
positively represented by OM and silt. It is weakly repre-
sented by ISS, C/N, and Ca/Mg. It is strongly and negatively
represented by V and sand but more weakly by Mg and Mg/
K (Figure 4(b)).

3.3.3. Fertility Level of the Studied Luvisols. The statistical
analysis of the different physicochemical properties and
fertility parameters as well as the balances between these
different parameters permits to determine the current level
of fertility of the luvisols in the locality of Sir. The studied
soils had no limitations in K, V, SBE, CEC, and IF (Table 10).
Available phosphorus (P) shows a moderate limitation in
both cases. There is no limitation in OM in forest reserve
soils, while it is moderate in cultivated soils. The limitation in
nitrogen (N) is moderate in the soils under cultivation, while
it is weak in the forest reserve. There is a severe limitation in

TaBLE 10: Physicochemical limitation degree and fertility level
of soils.

Site Forest reserve Cultivated plot
OM (%) I 111

N (%) I i}

ISS (%) I v

V (%) I I

K (cmolkg™) I I

SBE (cmolkg™) I I

CEC (cmol-kg_l) I

P (mg/kg) III III

IF I I

1B (%) I v
Limiting factors P OM, N, P, ISS, IB
Soil classes I v
Fertility level Good Poor

SBE: sum of exchangeable bases; IF: Forestier index; ISS: soil aggregate
stability index; IB: soil sealing index.

ISS and IB in the cultivated soils but not in the forest reserve.
Soils under the forest reserve have a stable structure contrary
to cultivated soils which have a degraded structure. Table 10
summarizes two main soil classes corresponding to the level
of fertility in the studied area:

(i) Class II groups together soils with a good level of
fertility. This class characterized the fertility of soils
under forest reserves. These soils have a moderate
phosphorous limitation;

(ii) Class IV includes soils with a poor level of fertility
(low fertility). This class corresponds to that of soils
under cultivation. They present severe limitations in
ISS and IB, moderate limitations in OM and P, and
weak limitations in N (Table 10).
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4. Discussion
4.1. Physicochemical Characteristics of Soils

4.1.1. pH, Bulk Density, Texture, and Soil Aggregate Stability
Index. The pH in the two plots varies from acidic to neutral
(5.2 to 7.1). These pH values are common under the
Sudano-Sahelian climate [7, 23]. Sand content was very
high in both plots. The highest proportions of clay and the
lowest content of silt were noted in the cultivated plot. The
soil aggregate stability index of the luvisols in the study area
evolved from a stable structure (SI>9%) in the forest re-
serve to a degraded structure in the cultivated plot
(SI < 5%). These results obtained in the forest reserve are
contrary to those of Martinez-Trinidad et al. [36] and Sung
[37] who show that most soils in the dry tropical zone have
a low soil aggregate stability index. In addition to being
strongly and positively correlated with OM as many au-
thors have observed in other parts of the world [38], the soil
aggregate stability index is also positively correlated with
the C/N ratio. Carbon is therefore an aggregate stabilizer
[38]. Similarly, Razafimbelo [39] notes that the soil ag-
gregate stability index increases with OM content. The low
value of the soil aggregate stability index in cultivated soils
can be explained, on the one hand, by the low OM content
in these soils and, on the other hand, by the increase in the
base saturation. The total content of exchangeable bases
(SBE) in the cultivated plot was greater than that in the
control soil. Its evolution is dependent on the Ca and Mg
contents. The increase in the base saturation and the total
content of exchangeable bases implies a decrease in the soil
aggregate stability index [38]. This is confirmed by the
negative correlations between the soil aggregate stability
index and the total content of exchangeable bases on the
one hand and with the base saturation on the other in soils
under the forest reserve. The bulk density of cultivated soils
is higher than that of soils under the forest reserve (2.2
against 1.59 g/cm”), in line with the observations already
made by Getachew et al. [40]. Conversion of the forest
reserve to agricultural land increases soil bulk densities,
likely due to increased soil compaction. Higher bulk
density means that less water is held in the soil, while lower
bulk density means that soils are less compacted and can
hold more water [7].

4.1.2. Organic Carbon, Nitrogen, and Phosphorus. The OM
content is generally low for all the studied soils. This result is
consistent with the work of Koull and Halilat [41] which
shows that in the Sudano-Sahelian region, OM exists but in
very low quantity. Its content in cultivated soils has dropped
considerably (1%). Similar results were obtained from
Tsozué et al. [23] in Zamai soils, at the base of the Mandara
Mountains. The decrease in OM content is due on the one
hand to the continuous exploitation of the plots and on the
other hand to the climatic conditions of the study area such
as the high temperature and the humidity, which can lead to
arapid mineralization of the OM [42, 43]. Nitrogen contents
in cultivated soils, although very low [44], decreased by
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38.27%, with an average value of 0.081% in the forest reserve
against 0.05% in cultivated soils. Most studies on the effects
of cultivation and/or change in land use on the physico-
chemical properties of soils in the Sudano-Sahelian zone
have come to the conclusion that tillage contributes to the
loss of nutrients and reduces soil carbon sequestration [45].
The shift from natural vegetation to agricultural land has led
to the loss of nitrogen [45]. The average C/N values of 13.86
and 24.30 were obtained in soils under cultivation and forest
reserve. These results are consistent with those obtained
from Tsozué et al. [23] under similar climate conditions. It
can be seen that the C/N ratio increases considerably with
the OM content, hence a significantly positive correlation
between these two soil parameters. C/N ratios >12 under
forest reserve (control) are an indicator of poorly decom-
posed OM which could be due either to the quality of OM or
to the low activity of soil microorganisms [46].

4.1.3. The Absorbent Complex. The average Ca and Mg
contents are slightly higher in the cultivated plots, re-
spectively 11.26 and 6.4cmolkg™' against 10.44 and
4.93 cmol-kg ™" under forest reserve. These levels of Ca and
Mg might be due to the pedogenetic processes involved or
to the original material of this soil itself. K content evolves
from very high under reserve (4.59 cmolkg™') to a low
content in the cultivated plot (1.15 cmol-kg ') according to
the interpretation interval of Tabi et al. [44]. Similarly, Na
content follows the same evolution as potassium, hence
a positive and significant correlation between these two
elements. The high content of these elements in the study
area can be explained by the presence of parent rocks very
rich in this element and the mineral inputs by rain and
wind which are also very variable and the estimation of
which is imprecise [47]. On the other hand, the decrease in
their content in the cultivated plots would be linked to the
poor texture which is dominated by the sandy fraction and
therefore exposes the soil to relatively high leaching [48].
The CEC is generally high throughout the study site.
Nevertheless, its value under forest reserve is higher than
that of cultivated soils, with 39.25cmolkg™" against
31.46 cmol-kg ™" respectively. High CEC values were on the
contrary obtained in cultivated soils compared to the
controls in Zouana and Zamai, also under Sudano-Sahelian
climate [23, 49]. In general, the evolution of the CEC
depends on the OM content and the particle size distri-
bution. The high value of the CEC in the study area would
be linked to the high activities of 2/1 type clays, in par-
ticular those of montmorillonites and sepiolites. The
phosphorous content is low in all the studied plots. A
decrease of 1.65 g/kg was observed in the forest reserve soils
compared with the cultivated soils. When the clay content
increases, phosphorous retention also increases. The low
phosphorous content in the study area can be explained by
the low clay content, hence the positive correlation with
clay on both plots. The slight increase in the content of this
element in cultivated soils could be explained by the ad-
dition of fertilizers or application of organic manure.
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4.2. Degradation Rate/Vulnerability Potential of Soils

4.2.1. Physical Soil Degradation. Based on the selected
physicochemical properties, soils of cultivated plots are sub-
jected to severe degradation or vulnerability (SDR/Vp =4/2),
while those under the forest reserve, on contrary, are moderately
degraded (SDR/Vp=3/3) due to soil texture. The severe deg-
radation and high vulnerability of soils related to the texture in
cultivated soils were also noted by Ufot Akpan [12] in soils in
the coastal plains of Nigeria, characterized by a sandy loam
texture. In the same direction, Tellen and Yerima [7], by
evaluating the effects of tillage, fallowing, and burning on the
physicochemical properties of soils in the north-west region of
Cameroon, conclude that tillage leads to significant destruction
of soil macroaggregates and therefore degradation of the soil
structure marked by compaction. The soil aggregate stability
and sealing indexes indicate no degradation of soils under the
forest reserve (SDR/Vp=1/5) and extreme degradation in
cultivated soils (SDR/Vp=5/1). The extreme degradation in
cultivated soils would be linked to the erosion process which
limits the development of the soil structure [50] and to the low
OM content. However, these soils might have undergone the
process of compaction, mainly due to erosion and human
activities. The bulk density reflects severe degradation (SDR/
Vp=4/2) and very high vulnerability of luvisols both in forest
reserves and extreme degradation (SDR/Vp=5/1) and very
high vulnerability in cultivated soils. The SAR values obtained in
this study are, respectively, 17.77% in the forest reserve soils and
10.52% in the cultivated soils. These values between 10 and 26
are indicative of moderate to severe limitations, thus reflecting
a high risk of soil degradation [51].

4.2.2. Soil Chemical Degradation. The weighted value for OC
showed severe degradation/vulnerability (SDR/VP =4/2) in
the cultivated plot and no degradation/vulnerability potential
in the forest reserve soils (SDR/VP =1/5). Cultivation would
have led to a decrease in the content of OM in the studied
soils. Similar results were obtained from Ufot Akpan [12] in
Nigeria. There was a severe degradation or vulnerability
(SDR/VP =4/2) due to the nitrogen content. This is not only
linked to the low OM content but also to the leaching pro-
cesses and low mineralization which might have led to poor
incorporation of nitrogen during the humification process
[52]. Moderate degradation/vulnerability (SDR/Vp = 3/3) due
to the base saturation rate and phosphorus was also noted.
With regard to phosphorus, Ufot Akpan [12] obtained an
extreme degradation or a very high vulnerability potential
(SDR/VP =5/1) in the coastal plains of the humid tropical
rainforest in the south-east region of Nigeria. Tsozué and
Azinwi [4] obtained severe degradation or high vulnerability
due to this element in the humid tropical mountainous zone
of the western zone of Cameroon. The low content of
phosphorus in the studied soils would be linked to the erosion
process and the poor management of crop residues or even
the low retention capacity of soil in this element. The best
quality indicator of the luvisols in the locality of Sir is pH,
while bulk density is the parameter reflecting the poor quality
of these soils. The cumulative rating index of the soils under
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the forest reserve is 27/27 against 35/35 for the soils under
cultivation, reflecting a more accentuated physical and
chemical degradation in the cultivated soils.

4.3. Soil Fertility Levels

4.3.1. The Absorbent Complex and Soil pH. pH is a key
parameter in the chemical composition of the soil which
determines the availability of nutrients for plants and soil
microorganisms [53]. The pH of the studied soils varies
between 520 and 7.10. This corresponds, respectively, to
slightly acidic and neutral pH. This indicates that the chemical
(bioavailability of nutrients) and microbiological reactions in
these soils are proceeding properly [54]. Similar results were
obtained in the Damara region of the Central African Republic
[55]. Even more, Delaunois et al. [56] also showed that a pH of
5.5 to 7.5 is a minimum for the development of all crops. The
average values of CEC obtained both in the forest reserve and
in cultivated plots are high (greater than 25cmol-kg™"). This
does not constitute a limitation, leading to the conclusion that
the level of fertility is good with regard to the CEC in all the
studied areas, in line with the observations already made by
Nguemezi et al. [5] in the dystric vitric andosols at Tombel area
in the south-west part of Cameroon. The average Ca contents
of 10.44 cmol-kg ™" in the forest reserve and 11.25 cmol-kg " in
the cultivated plots are considered to be quite good in all the
plots. Indeed, the majority of plants develop normally with
a critical threshold of 5cmol-kg™" of soil, thus excluding the
hypothesis of a low Ca content in the studied soil [57]. K, which
averages of 12.67cmolkg™' in the forest reserve and
1.15 cmol‘kgf1 in cultivated plots, is a vital element in the
formation of chlorophyll and the translocation of starch in
plants and is essential for the formation of lipids [58]. Mag-
nesium content values are high both in forest reserve soils
(493 cmolkg™") and in cultivated soils (6.4 cmol-kg ). The
absence of limitations indicates a level of fertility favorable to
the development of plants in the study area.

4.3.2. Organic Matter and Phosphorus. OM allows the long-
term maintenance of soil fertility and therefore sustain-
able agricultural production, due to its physical, chemical,
and biological effects [59, 60]. Its mineralization is a po-
tential source of N and P to plants. In the study area, the
OM content is low (1%) in soils under cultivation against
2.86% in the soils under the forest reserve. Its average
content close to 3% in the forest reserve soils testifies
a very good level of fertility, similar to results obtained by
Nguemezi et al. [5] with OM content greater than 2% in
the different soil groups. The low OM content (1%) in the
cultivated plots in the study area would reflect a poor state
of soil fertility [13]. The phosphorous contents of 8.272 g/
kg under the forest reserve and 9.93 g/kg in the cultivated
plots are severely limited and reflect deficiencies as fer-
tilizing elements. These deficiencies in available phos-
phorus were already noted in the evolution of soil fertility
in the Sudano-Sahelian zone of northern Cameroon [61].
Nevertheless, in many cases, phosphorus can be abundant
in the soil, but deficiencies can be observed in crops due to
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regression forms. These soils require thus fertilizer inputs
and a short-term correction to support good agricultural
development.

4.3.3. Soil Aggregate Stability Index, Forest Index, and Sealing
Index. Aggregate distributions and soil aggregate stability
index are indicators of soil fertility [62]. Soil aggregate
stability mainly reduces the risks of soil erosion and com-
paction [50]. The difference in the soil aggregate stability
index observed in the two plots is related to the OM rate and
the C/N ratio, confirmed by the significant and positive
correlations noted between these soil parameters. The Forest
index (FI) is a parameter which helps evaluate the nutrient
content in the soil. Its value is 2.17 under the forest reserve
against 2.79 in cultivated soils, indicating good nutrient
reserves in the studied soils [1, 5]. The sealing index value in
the forest reserve is —0.608 against 305.07 in the cultivated
soils. This parameter determines the degree of soil sealing
linked to the risk of erosion and the process of compaction
[33]. However, it measures the resistance of soils to root
growth and stem expansion [1]. It appears that the luvisols
under the forest reserve are not subjected to the risk of
erosion or compaction. The very high value of the sealing
index obtained in the cultivated plots testifies their water-
proofing which might be linked to the processes of erosion
and compaction as the result of ploughing and/or climatic
conditions. In order to enhance the current agricultural
potential of soil under cultivation, organic matter content
should be restored through the management of crop residue
spreading, compost, green manure, and farmyard manure.
Nutrient levels could be increased by combining mineral and
organic fertilization. The low phosphorous content should
be improved by the application of phosphorous fertilizers.

5. Conclusion

The present study was designed to analyse the current character
of luvisols in the locality of Sir in the Mandara Mountains and
evaluate their degradation rate/vulnerability potential and
fertility status. The analysis was based on the comparison of the
physicochemical characteristics of soils in two contrasted plots,
one under forest reserve and the other under cultivation, with
different management systems. Soils under the forest reserve
are subjected to severe degradation or high vulnerability po-
tential due to bulk density, nitrogen, and sodium absorption
ratio. Soils under cultivation are characterized by severe deg-
radation or high vulnerability potential due to texture, OM, soil
aggregate stability index, sealing index, nitrogen, and bulk
density. The best indicator of the good quality of the luvisols of
Sir is the pH. Soils under the forest reserve have a very good
level of fertility, while the soils under cultivation are charac-
terized by a low level of fertility. The results of this study will
serve in the development of strategies for the management and
restoration of agricultural land in the Sudano-Sahelian zone.
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