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Physicochemical properties and fertility level ofthe vertisols
surface horizonsfor muskuwaari [Sorghum bicolor (L.) Moench]
cultivation in the Sudano-Sahelian zone of Cameroon

ABSTRACT

Poor agricultural practices coupled with climatic disturbanees—aberrationshave led to the
degradation of vertisols intended for muskuwaari cultivation and-censequenthyconsequently
result ina drastic drop in crop yields. Faced with this situation, the knowledge of the state of
their physicochemical properties and fertility level becomes a priority to develop strategies to
restore their fertility. Hs—in-this—perspeetive—that-this-werk—is—tnseribed—whiththe-aims—at
contributingln this perspective, this work is inscribed to contribute to the knowledge of the
state of the physicochemical properties of wvertisols and the evaluation of the
associatedfertility levels. To do this, 6 samples of cultivated vertisols associated with the
rhizosphere were surveyed and collected in the surface horizon (0-30 c¢cm) including, three
samples in each administrative region of the North (Houla, Bangli, Pitoa) and the Farfar
North (Dargala, Ibba, Moutourwa), respectively. Physical characterisation revealed that
almost all of these vertisols have rather a silty or silty_???texture with a very small proportion
of the clay fraction (25.66-28.66%) compared to normal (40-80%). Chemically, acidity is
spatially variable with generally low proportions (pH= 5.50-7.16) compared to normal (7-
7.5). These vertisols also have very low proportions of nitrogen (0.03-0.08%), organic carbon
(0.95-1.9%), organic matter (1.63-3.39%), C/N ratio (19.45-49.14%), assimilable phosphorus
(5.92-45.31 mg/kgka), the sum of exchangeable cations (4.10-7.56 meq/100 g), cation
exchange capacity (16.51-18.49 meq/100g) and saturation of the exchangeable complex
(23.33-43.14%) compared to normal especially for organic matter (2-4%), the sum of
exchangeable cations (25-40 meqg/100g), the cation exchange capacity (20-45 meqg/100g) and
the saturation of the exchangeable complex (80-100%). Therefore, the fertility level
associated with these vertisols was very low with at least one limiting parameter. One fertility
rehabilitation strategy for these vertisols is based on the use of inputs such as mycorrhizae
and/or compost.

Keywords:Physicechemical—properties;fertitity—levelvertisolmuskuwaari, mycorrhizae,

compost.

1. INTRODUCTION

The agricultural sector is the mainstay of many countries’socioeconomic developmentaround
the world [1]. In Africa, it is a strategic development pathway because of the diverse socio-
economic and environmental services it provides, particularly to cities in developing countries
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[2]. In Cameroon, the subsistence, industrial and export agriculture sector is the largest
provider of employment and contributes 22.9% of the gross domestic product [3]. Among
agricultural products, cereals are also the most important food resource for both human and
animal consumption [4-:5]. In the Sudano-Sahelian zone, the cultivation of flood sorghum,
commonly known as muskuwaari, occupies a prominent place in this sector of activity and
represents a major part of cereal production by regularly supplying urban markets in northern
Cameroon, a large part of southern Chad and part of Northwestern Nigeria [6]. This type of
sorghum is used in food and feed as seed and fodder, respectively [7]. The seed has a high
energy value; because it is high in carbohydrates (starch) and also contains fats, proteins,
fiber, minerals and vitamins [8]. However, the cultivation of this speculation depends on a
drastic reduction in yields due to the degradation of the quality of soils on which it is grown
[9]. At the same time, the cereal deficit has increased in recent years due to a combination of
several factors, including land saturation [10], inflation in the price of cereal commaodities on
the market [11], population growth [12], the cotton crisis [13], diseases and pests [14], armed
conflicts [15], the phenomenon of climate change and disruption [16], the Covid-19
pandemic[17], vegetation loss [18] and more recently, economic repression between and
within Western countries [19]. According to the 2017 World Food Programme (WFP) report,
in Northern Cameroon, the problem of food insecurity is chronic and recurrent, and nearly
40% of the population is affected by this calamity. Faced with this situation, the
implementation of agricultural strategies, aimed at increasing agricultural production withand
based—on respect to for ecological functionalities is necessary [20]. For this purpose, the
screening of appropriate fertilisers must take into account the properties of the soil and the
requirements of the plant [21]. This work is therefore a-centribution to enhance the knowledge
of-onthe physicochemical properties and fertility level of vertisols surface horizons intended
for muskuwaaricultivation in the Sudano-Sahelian zone of Cameroon.

2. MATERIAL AND METHODS

2.1. Study area description



The study was conducted in the Sudano-Sahelian zone of Cameroon covering both the
administrative regions of the North and the Far North. It is still called agroecelegical-agro-
ecologicalzone 1 and extends from the Benue fleedpain-floodplain(9° N) to the current shores
of Lake Chad (13° N) with an area of 100,353 km? representing about 21.15% of Cameroon's
territory [22].

In the Far North region, the study was carried out in the Diamare floodplain, while in the
North region, it focused on the Benue floodplain.

Diamare feedplain-floodplainis located between 10°0" and 10°48' North latitude and between
14°0' and 14°48' East longitude. In this station, the selected sampled substations included Ibba
(14.41672°E; 10.68982°N; 227 m), Dargala (14.57194°E; 10.55634°N; 345 m) and
Moutourwa (14.19117°E; 10.25772°N; 468 m).

Benue floodplain is located between 6°43' and 10°45' North latitude and 11°41' and 15°40'
East longitude. In this station, the selected sampled substations included Pitoa (13.50966°E;
10.25772°N-; 171 m), Houla (13.71094°E; 9.29718°N; 200 m) and Bangli (13.21518°E;
9.22819°N; 171 m).

2.2. Collection and conditioning of soil samples

Soil samples were collected at the end of the 2020/2021 crop year, at a depth of 0-30 cm from
the soil and using a planter based onHuang et al. method[23]. This method consisted in
constructing two concentric circles of 3 and 6 meters radius delimited by 2 perpendicular lines
around a central sampling point (figurel).

Fig.1.Experimental soil collection device [23].
@Central sampling point ; ® Elementary sampling point.

The points of intersection of the first circle with the two perpendicular lines represent the first
elementary sampling points. The other sampling points were distributed equidistant 6 meters
in radius. The GPS coordinates of each fieldwere taken at the same time. In each station
(Diamare floodplain or Benue floodplain), 3 sites with an average distance of 500 meters were
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selected and for each site, 3 fields of at least 2 hectares were chosen for collection [24]. In
each field, 12 rhizospheres were surveyed and collected (figure 2). All 12 soil samples
collected per field (500 grams per sample) were homogenized to form a composite soil
sample from each site.

S

Fig.2. Prospecting (A) and collecting (B) soil samples from the muskuwaari rhizosphere.

2.3.Physicochemical characterization and fertility level assessment of soil samples in the
study area

Per-siteeEach composite sample was physically and chemically analyzed according to the
methods described by[25], at the Soil Science Laboratory of the University of Dschang.

2.3.1. Soil texture

The different-sample’s soil texture was determined by the Robinson Pipette method [26]. The
sandy fraction was obtained by dry sieving. This consisted of drying at 105 °C for 24 hours,
500 g of soil sample. A series of sieves was previously mounted from bottom to top following
this toposequence of meshes: 45 pm, 63 pm, 106 um, 150 pm, 180 um, 500 pm, 2 mm and
2.36 mm. A mass of 100 g of previously dried soil sample was taken and passed through the
sieves. The whole was agitated until a rejected mass was obtained and accumulated on each
sieve. Each mass was then weighed whereas silt and clay samples were taken with a pipette.
The soil structure was read according to the triangle of soil textures.

2.3.2. pH (pHwater; PHkcL)

The pH measurement was done using the method of [27]. The pHyater Was determined by an
electrode in a soil-water solution suspension (1/2.5) and the pHkc in a soil-KCI suspension

[ Formatted: Subscript

(1/2.5) 1N. 20 g of dried and sieved soil (2 mm) was placed in a beaker and 50 ml of sterilized
distilled water was added. After stirring at intervals of 15 minutes for 2 hours, the pH was
measured with a glass electrode pH meter after calibration for pHyaer. The same process was
carried out for pHkc except that the 50 ml of distilled water was replaced by 50 ml of a of

— [Formatted: Subscript

Potassium Chloride solution (KCI).

2.3.3. Total organic matter



The total organic carbon (OC) proportion was determined using the method of Walkley and
Black [28]. This method consisted in oxidizing the soil organic carbon with a solution of
Potassium Bichromate-Dichromate (K,Cr,0;) in excess in an acidic medium. The excess of
Bichromate-Dichromate not reduced by Organic Carbon was then titrated by a solution of
ferrous sulfate (FeSO4H,0) in the presence of Diphenylalamine which turns from purple to
green at the point of equivalence. The result was converted and the organic matter (OM)
proportion was then determined by the formula:
OM (%) = OC (%) x 1;.724

With OM: Organic Matter ; OC: Organic Carbon and 1.724 the division factor.

2.3.4. Total nitrogen

The total nitrogen proportion was determined by the Kjeldahl method [29], which consisted in
hot attacking the organic matter with concentrated Sulfuric Acid in the presence of a catalyst
and then distilling the extraction solution with excess soda and titrated with H,SO,4 (1N).

2.3.5. Assimilable phosphorus

The assimilable phosphorus proportion was obtained using the Bray 2 method [30]. It
consisted in combining the extraction of phosphorus in an acidic medium with complexation,
ammonium fluoride and aluminum.

2.3.6. Exchangeable cations

The proportions of exchangeable cations were determined by the "Aqua-Regia extraction"”
method [31]. For this purpose, 3 g of soil was weighed in a quartz bowl and perfectly mixed
with hydrogen chloride diluted with distilled water and 2 ml of diluted HNO3;™ (1/2 HNO3’
[diluted water). The mixture was then covered for more than 8 hours of the night and the day
after, which it was heated in a sand bath for 2 hours. 2 ml of diluted hydrogen chloride (HCI)
and 2 ml of HNOj3™ were added respectively in 2 steps (T1 and T2). Subsequently, the samples
were transferred to a 50 ml vial filled with distilled and filtered water. The concentration of
the different ions was measured using an ICP-OES spectrophotometer.

2.3.7. Cation Exchange Capacity (CEC)

The CEC was determined using the Duchaufour method [32]. For this, the sample was first
saturated with ammonium ions (NH,") by successive percolations of an ammonium acetate
solution (CH3CO;NH,4) at 1 mol/l. The buffering capacity of the latter made it possible to
reduce the pH of the medium to around 7 which is one of the essential properties of this
method. After removing the excess ammonium ions by percolation of ethyl alcohol, their
exchange was then carried out with a solution of sodium chloride (NaCl) at 1 mol/l. The
displaced ammonium ions were determined by spectrocoloriometry on the previous solution
once filtered. The concentrations found were converted to meg/100 g.

2.3.8. The sum of exchangeable cations (SEC)



The proportion of the Sum of Exchangeable Cations (SEC) was determined by
spectrophotometry and their relative proportions were determined and compared to the

| optimal cationic ratio (76/18/6) prepesed-by-[33].

2.3.9. The saturation of the exchangeable complex (V)

The saturation of exchangeable complex (V) was obtained by the following formula [31] :

V (%) = SEC x 100/CEC
With SEC: Sum of Exchangeable Cations and CEC: Cationic Exchange Capacity.

2.4. Fertility level

The fertility level of the different soil samples was determined according to the criteria for
evaluating fertility classes (table 1) reported by [34] with the following classes :

— Class I, high fertility level: Soils are of this class when the properties do not present or
have only slight limitations ;
— Class I, average fertility level: Soils are of this class when the properties do not have
more than 3 moderate limitations possibly associated with small limitations ;
| — Class I, low fertility level: Soils are of this class when #s-theirproperties have more
than 3 moderate limitations associated with a single severe limitation ;
| — Class 1V, very low fertility level: Soils are of this class when #s-theirproperties have
more than one severe limitation.

Table 1. Criteria for assessing soil fertility classes.

Parameters Fertility
level
Very high High (Low Medium Low Very low
(Without limitation) (Medium (Severe (Very
limitation) limitation) limitations) severe
limitations)
Degree 0 Degree 1 Degree 2 Degree 3 Degree 4
OM (%) >2 2-2.15 15-1 1-0.5 <05
N (%0) >0.08 0.08-0.06 0.06-0.045 0.045-0.03 <0.03
AP(Cmol/kgkg) >20 20-15 15-10 10-5 <5
K* (Cmol/kgkg) >0.4 0.4-0.3 0.3-0.2 0.2-0.1 <01
SEC >10 10-7.5 7.5-5 5-2 <2
| (Cmol/gka)
V (%) > 60 60-50 50-30 30-15 <15
CEC >25 25-15 15-10 10-5 <5
| (Cmol/gka)
pH 5.5-6.5 5.5-6.0 5.5-5.3 5.3-5.2 <52
6.5-8.2 6.5-7.8 7.8-8.3 8.3-8.5 >85

| OM: Organic Matter; N: Nitrogen; AP: Assimilable phosphorus— K*: Potassium; SEC: Sum of Exchangeable
Cations; V: Saturation of the exchangeable complex; CEC: Cation Exchange Capacity; pH: Potential of
Hydrogen.



The reference cut-off values (table 2) for tropical soils typical of vertisol made it possible to
assess the current state of vertisol properties in the study area.

Table 2. Reference cut-off values[35].

Parameter Clay (%) pH OM (%) SEC V (%) CEC
(meq/100g) (meq/100g)
Thresholds 40-80 7-7.5 2-4 25-70 80-100 20-45

pH: Potential of Hydrogen; OM: erganric—Organic_matter; SEC : Sum of Exchangeable Catiens—cations; V:
Saturation of the exchangeable complex; CEC: Cationic Exchange Capacity.

3. 2.5 Statistical analysisSTATISTHICAL-ANALYSIS

The results obtained were statistically analysed using StatGraphics Centurion 16.0 software.
When the analysis would have revealed significant differences, Duncan's test was used to
judge the difference between the proportion means of the different parameters at the 5% level.
A Principal Component Analysis (PCA) highlighted the relationships between the proportion
means of the different parameters through a multivariate approach using XLStat 2007 8.04
software. The projection of all individuals on the planes of axes 1 and 2 made it possible to
assess the dispersion of individuals and to better compare their variability in space on the
physical and chemical levels.



4. 3. RESULTS
4.1. 3.1 Physical properties of soil samples

Table 3 shows the particle size composition of the different soil samples by site. The analysis
of variance (ANOVA) performed shows that the mean proportions of coarse elements vary
very significantly (p<0.0001) between study areas for elements such as silt and sand except
for clay (p = 0.889). At the same time, the mean proportion of these elements shows
significant differences (p <0.0001) at-inalmost all areas of interest except the Dargala site (p =
0.1268). However, the proportion of clay was lower at all sites compared to other coarse
elements.

Table 3. Average proportion (%) of physical elements at different sites

Sites Clay Silt Sand p-value
Ibba 28.66+3.21%,  29.33+0.58", 42.00+0.2%, 0.0008
Moutourwa 28.00+3.00%,  40.81+0.16%,  31.18+2.85", 0.0010
Dargala  28.33#5.77%,  36.66+1.56",  35.00+1.00%, 0.1260
Houla 28.00+2.00%,  38.08+1.01%,.  33.91+1.01%, 0.0003
Pitoa 25.66+3.21%,  43.25+2.38%,  31.08+0.88%, 0.0002
Bangli 27.58+0.52",  39.08+0.88%,.  33.33+1.15%, 0.0001
-value 0.8890 0.0001 0.0001
Uppercase [IJetters on the same row and lowercase letters in the same column are not significantly different at the
5% threshold.

It emerges from this table that the Ibba site is richer in sand (42%) compared to the sites of
Moutourwa (40.81%), Dargala (36.66%), Houla (38.08%), Pitoa (43.25%) and Bangli
(39.08%) which are rather rich in silt respectively. The proportion of clay was lower at all
sites compared to other coarse elements. By projecting different proportions of the particle
size fraction for each site onto the [36] soil texture triangle, it can be seen that the texture of
the soils studied varies from one site to another with Pitoa, Houla, Ibba and Moutourwa
having a loamy texture.On the other hand, that of Bangli and Dargala is silancy (figure 3).
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Fig.3.Soil texture reading triangle according to [36].
Dargala N Bangli N Pitoa NHoula “Moutourwa Nibba

Based on all the physical soil fractions, the analysis of the three crude fractions (figure 3)
revealed dissimilarities between the texture of the different soil samples (p <0.0001). The
dendrogram in figure—Figure4 makes it possible to distinguish probably 4 homogeneous
classes of soils with a4.79% physical similarity index.
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Fig.4.Classification dendrogram of all soil samples according to the similarity of the
proportion of coarse elements.

It is noted in this classification that the first class consists of soil samples from Bangli,
Dargala and Houla. The second class, on the other hand, is essentially characterized by the
soil sample from the Ibba site. The third class is mainly characterized by the soil sample from
the Moutourwa site. The fourth class is characterised by the soil samples from Pitoa.

4.2. 3.2 Chemical propertiesefsamples
42.1.3.2.1pH

Table 4 shows the average ef-pH proportions (H,O; KCI) of the different soil samples by site.
The analysis of variance performed shows a significant difference between the mean pH
proportions in the different study sites (p <0.0001). At the same time, this proportion varies
very significantly (p <0.0001) for the potential of hydrogen in the Ibba, Moutourwa, Dargala
and Houla sites, unlike the Pitoa (p = 0.1018) and Bangli (p = 0.0849) sites.

Table 4. Average proportion (%) of the potential of hydrogen at different sites

Sites pH




H,O KCI p-value

Ibba 6.1620.06",, 5.36+0.38%,, 0.0600
Moutourwa  6.11+0.09%,, 5.59+0.10" . 0.0020
Dargala 6.60+0.10%, 6.03£0.23%, 0.0300
Houla 5.50+0.205, 4.91+0.05%, 0.0300
Pitoa 7.1620.50%; 6.3+0.50%, 0.1018
Bangli 5.63+0.42%, 4.96+0.29%, 0.0849
p-value 0.0001 0.0003

| pH:Potentialof Hydrogen; H,O: wWiater; KCI: Potassium Chloride; Uppercase letters on the same row and
lowercase letters in the same column are not significantly different at the 5% threshold.

It is noted from this table that all soil samples from the sites studied have a generally acidic
pH except for the sample from the Pitoa site which is close to neutrality (pH= 7.16). In
addition, the acidity of the soils of Ibba, Moutourwa and Dargala is light. That of the Houla
and Bangli sites is moderate while that of the Pitoa site is moderately alkaline.

4.2.2. 3.2.2Total Nitregernitrogen, Organic—organic_Carbencarbon, Organic—organic
Matter-matter and C/N ratio

Table 5 shows the average proportions of total nitrogen (N), total organic carbon (OC), total
organic matter (OM) and the ratio of total carbon/nitrogen (C/N) of the different soil samples
by site. The analysis of variance performed shows a very significant difference between the
mean proportions of each of these chemical elements in the different study sites (p <0.0001).
Relatively, there is also a very significant difference between the proportionsof these different
elements for all sites (p<0.0001).

Table 5. Average proportion (%) of nitrogen, organic carbon, total organic matter and C/N
ratio

Sites N oC oM C/N p-value
Ibba 0.04+0.01%, 1.72+0.055,  2.96+0.02%,  49.14+0.19°, 0.0000
Moutourwa  0.05+0.00%,, 0.95+0.01%,  1.63+0.03%,  19.45+1.50%, 0.0000
Dargala 0.03£0.005",  1.01+0.01°,  1.74+0.01°,  35.98+0.44°%,  0.0000
Houla 0.08+0.01%, 1.89+0.185,  3.25+0.26%.  24.62+0.01%, 0.0000
Pitoa 0.06+0.005%,,  0.93+0.05%,  3.26+0.02%.  30.67+0.45°, 0.0000
Bangli 0.05+0.00%,, 1.9+0.055, 3.39+0.11%  34.64+0.56°  0.0000
p-value 0.0001 0.0000 0.0000 0.0000

N: Nitrogen; OC: Organic Carbon; MO: Organic Matter; C/N:Carbon/Nitrogen ratio-; Uppercase letters on the
same row and lowercase letters in the same column are not significantly different at the 5% threshold.
Fhis-Table 5 shows that the average proportion of total nitrogen is low for all soils at the sites
studied (0.03-0.08%)—Fthat of a high total organic carbon-is-high-(0.93-1.89%). Relatively,
the that-ef-total organic matter is low for the sites of Moutourwa (1.63%) and Dargala
(1.74%) but rather average for the sites of Ibba (2.96%), Houla (3.25%), Pitoa (3.26%) and
Bangli (3.39%). The ratio of carbon to total nitrogen remains very low (19.45-49.14%).

4.2.3. 3.2.3 Assimilable phosphorus

Fig. 5 shows the average proportion of phosphorus available at the different study sites. The
analysis of variance performed reveals a very significant difference (p<0.0001) between the
mean proportions in this element for all the different study sites.
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Sites

Exchangeable cations (méq/100g) SEC CEC \Y

Ca?" Mg?* Na* K* még/100g méq/100g %

Ibba

3.26+0.125,  1.23+0.09",  0.15+0.00%, 1.59+0.04"%, 6.17+0.06%, 17.25+1.04%,,  34.57+1.44%,

Moutourwa 2.25+0.05%,  1.26+0.05",  0.98+0.01", 1.59+0.01°, 6.08+0.02°, 18.49+0.50°,  32.59+0.59%;

Dargala

1.85+0.03%, 0.56+0.05",  0.26+0.01", 1.59+0.04%,  4.40+0.40°, 18.25+0.04°,  23.33+0.65%,

h [}
[==] =

D

Assimilable phosphorus (mg/kg)
- .
=

L e

% d
ZOC % %
10?ab% %

From this figure—Figure 5, it can be observed that the average proportion of assimilable
phosphorus of the sites of Ibba (16.57 mg/kgkg), Houla (35.66 mg/kgkg), Pitoa (45.31
mg/kgka) and Bangli (21.53 mg/kgka) remains average compared to the sites of Moutourwa
(5.92 mg/kgkq) and Dargala (6.77 mg/&gkg) whose proportions of assimilable phosphorus
are very low.
Fig.5.Phosphorus proportion available in soils at different sites (mg/kgkQq)
Values with the same letters are not significantly different at the 5% threshold.

4.2.4. 3.2.4Exchangeable cations, Sum of Exchangeable Cations (SEC), Cation Exchange
Capacity (CEC) and saturation of the exchangeable complex (V%)

Table 6 shows the average proportions of exchangeable cations, the sum of exchangeable
cations, the cation exchange capacity and the saturation of the exchangeable complex of the
different soil samples by site. The analysis of variance performed shows a very significant
difference between the mean proportions of each of these chemical elements in the different
study sites (p<0.0001). Relatively, there is also a very significant difference between the
proportions of these different elements for all sites (p <0.0001).
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Houla
Pitoa
Bangli
p-value

2.16+0.02%  0.84+0.14"%, 0.16+0.01", 1,09+0.08%, 4.10+0.31°, 16.51+0.61F,  25.35+0.07%,
3.20+0.23°,  0.96+0.03%,  0.39+0.06"; 3.09+0.12%,  7.56+0.02°, 17.47+0.06%,  43.14+0.30%;
4.20+0.03%  1.16+0.025,  0.07+0.02"%, 0.84+0.11%,  6.42+0.13°, 17.2+0.31%,  37.32+0.25%,
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

0.0000
0.0000
0.0000

Table 6. Average proportion of exchangeable cations, sum of exchangeable cations, cation
exchange capacity and saturation of the exchangeable complex of the different sites.

Ca?" : calcium ion ; Mg®": Magnesium ion; Na": Sodium ion; K*: Potassium ion; SEC: Sum of Exchangeable
Cations; CEC: Cation Exchange Capacity; V: saturation of the exchangeable complex; Uppercase letters on the
same row and lowercase letters in the same column are not significantly different at the 5% threshold.

On table 6, we note that the average proportion of the Ca™ ion remains low for the sites of
Ibba (3.26 meq/100g), Moutourwa (2.25 meqg/100g), Houla (2.16 meg/100g), Pitoa (3.20
meq/100g) and Bangli (4.20 meq/100g). On the other hand, it is very low for the Dargala site
(1.85 meq/100g). That of the Mg™ ion remains low for all sites. That of the Na* ion also
remains low for the sites of Ibba (0.15 meg/100g), Dargala (0.26 meg/100g) and Houla (0.16
meq/100g). However, it remains high for the Moutourwa site (0.98 meg/100g), medium for
the Pitoa site (0.39 meqg/100g) and very low for the Bangli site (0.07 meqg/100g). The K* ion
proportion on the other hand, is very high for the sites of Ibba (1.59 meq/100g), Moutourwa
(1.59 meq/100g), Dargala (1.59 meq/100g) and Pitoa (3.09 meqg/100g) unlike the sites of
Houla (1.09 meg/100g) and Bangli (0.84 meqg/100g) whose proportions are rather high. In
addition, the sum of exchangeable cations, cation exchange capacity and saturation of the
exchangeable complex remain very poor by reference standards.
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Fig.6. Dendrogram for classifying all soil samples according to similarity in chemical
property proportion.

Based on all the chemical constituents of different soil samples, the analysis of variance
(Figure—Figure 6) revealed significant differences between the proportion in chemical
propertiesfrom different soil samples (p <0.0001). The dendrogram of figure-Figure 6 made it
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possible to distinguish all the samples into 3 dissimilar classes, according to their chemical
constituent proportion with 254.56% similarity index.

This classification shows that the first class is mainly made up of soil samplesfrom the Ibba,
Dargala and Bangli sites. The second class is made up of soil samples from the Houla and
Pitoa site. The third class is the soil sample from the Moutourwa site.

4.2.5. 3.2.5 Identification of limiting physicochemical parameters and estimation of soil
fertility levels

Tables 7 and 8 present respectively the limiting physicochemical parameters and of fertility
level associated with the different soil samples. The analysis of table 7 shows that for each
site, at least one physicochemical parameter is limiting.

| Table 7. Identification of limiting physicochemical parameters < ( Formatted: Left
Ibba Moutourwa Dargala Houla Pitoa Bangli
OM (%) 2.96 1.66 1.74 3.25 3.26 3.39
N (%0) 0.04 0.05 0.03 0.08 0.06 0.05
‘ AP(Cmol/kgkg) 16.50 5.92 6.77 35.66  45.31 21.53
K*(Cmol/Kgkg) 1.59 1.50 1.59 1.09 3.09 0.84
SEC 6.17 6.08 4.40 4.10 7.56 6.42
| (Cmol/kgka)
CEC 17.25 32.59 23.33 2535  43.14 37.32
| (Cmol/kgka)
V (%) 3.45 18.49 18.25 16.51 17.47 17.20
pH 6.16 6.11 6.60 5.5 7.16 5.63
Limiting factors N, AP, OM, N, AP, OM,N,AP, NK' N, N, K,
K',SEC, K, SEC, K", SCE, SEC, AP K", SEC,
CEC,V, CEC,V,pH CEC,V,pH CEC, SEC, CEC, V,
pH V,pH CEC,V, pH
pH

OM: Total Organic Matter; N: total Nitrogen; AP: Assimilable Phosphorus; K*: Potassium ion; SEC: Sum of
Exchangeable Cations; CEC: Cationic Exchange Capacity; V: Saturation of the exchangeable complex; pH:
Potential of Hydrogen.
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Table 8. Degree of limitation of physicochemical parameter and associated fertility level

Ibba Moutourwa Dargala Houla Pitoa Bangli
OM (%) Without  Low Low Without ~ Without Without
limitation throttling throttling limitation limitation limitation
N (%0) Severe Average Average Low Average Average
limitation limitation limitation  throttling limitation limitation
AP (cmol*/Kkgkg) Low Severe Severe Without ~ Without Without
throttling  limitation limitation  limitation limitation limitation
K" (cmol*/kgkg)  Severe Severe Severe Severe Severe Severe
limitation  limitation limitation  limitation limitation limitation
SEC Average  Average Severe Severe Low Average
(dmol*/Kgkq) limitation limitation limitation  limitation  throttling limitation
CEC Severe Severe Severe Low Severe Low
(dmol*/Kgkq) limitation limitation limitation  throttling  limitation throttling
V (%) Low Low Low Severe Low Severe
throttling  throttling throttling limitation throttling limitation
pH Low Low Severe Average  Low Low
throttling  throttling limitation  limitation throttling throttling
Soil class v v v v v v

Fertility level Very low  Very low Verylow  Verylow Very low Very low

OM : Organic matter ; N : Total Nitrogen ; AP : Assimilable Phosphorus ; K* : Potassium ion ; SEC : Sum of
Exchangeable Cations; CEC: Cationic Exchange Capacity ; V: Saturation of the exchangeable complex ; pH :
Potential of Hydrogen.

However, the focus is on the parameters of severe limitations that would be at the origin of
the low fertility of the soil. In Ibba, the severe limiting parameters are nitrogen, potassium and
cation exchange capacity. In Moutourwa, the severe limiting parameters are assimilable
phosphorus, potassium and cation exchange capacity. At Dargala, the severe limiting
parameters are assimilable phosphorus, potassium, sum of exchangeable cations, cation
exchange capacity and potential of hydrogen. At Houla, the severe limiting parameters are
Petassitmpotassium, Sum of exchangeable cations and Saturation in exchangeable complex.
In Pitoa, the severe limiting parameters are potassium and cation exchange capacity. On the
other hand, in Bangli, the severe limiting parameters are potassium and saturation in
exchangeable complex.

Referring to the fertility classes to which each site soil sample belongs (table-Table 8), it can
be seen that all the soil samples studied belong to degree 4characterized by a very lowfertility
level.

4.2.6. 3.2.6 _Correlation between physicochemical propertiess and overall soil
classification

A summary of the correlation matrix between the proportions of physical and chemical
elements at all sites is presented in table-Table 9. The analysis of this table shows several
levels of correlation between the different variables.
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Table 9. Correlation matrix between proportions of physical and chemical properties for all
sites
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Variables  Clay Silt Sand OM  OC N CIN AP CEC ca* Mg*  Na' K* SEC  V PHwater  PHkar
Clay 1
Silt 0828 1
Sand 0795  -0998 1
oM 0271 0255 0303 1
ocC 0233 -0.281 0327 0998 1
N 0438 0349  -0.333 0523 0543 1
CIN 0601 -0.896 0909 0316 0.318 -0551 1
AP 0290 -0.026 0.057 0.851 0.867 0842 -0.064 1
CEC 0139 0261  -0.296 -0.933 -0.948 -0.691 -0.197 -0.964 1
ca* -0.355 -0.182 0232 0.672 0638 -0.066 0441 0213 -0.362 1
Mg? -0.231  -0.040 0.066 0.290 0.275 0072 0047 -0.021 -0.054 0.694 1
Na' -0.052 0476  -0509 -0.755 -0.753 -0.068 -0.639 -0.591 0.725 -0.436 0251 1
K* 0797 0376  0.327 -0.774 -0.748 -0567 0.165 -0.716 0.667 -0.583 0173 0517 1
SEC 0149 0115 0139 0119 0090 -0.326 0256 -0.325 0.197 0.754 0.910 0203 -0.047 1
\% -0.265 -0.113  0.148 0.375 0.348 -0.115 0.255 -0.058 -0.066 0.872 0.943 0026 -0279 0962 1
PHwater 0.640 0295 0.255 -0.790 -0.787 -0.863 0.318 -0.852 0.778 -0.439 0.382 0275 0.842 -0.067 -0.316 1
0.409 0818 -0.166 -0423 0972 1

OM : Organic Matter ; OC : Organic Carbon ; N : Nitrogen ; C/N : carbon/nitrogen ratio ; AP : Assimilable Phosphorus ; CEC : Cationic Exchange Capacity ; Ca®* : Calcium
ion ; Mg?" : Magnesium ion ; Na*: sodium ion ; K* : Potassium ion ; SEC : Sum of Exchangeable Cations ; V : Saturation of the exchangeable complex ; pHyaer : potential
the 5% threshold.
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Overall, silt is strongly and negatively correlated with sand (r = -0.998 ; p<0.05) and C/N
ratio (r = -0.896 ; p<0.05). Sand is strongly and positively correlated with the C/N ratio (r =
0.909; p<0.05). Organic matter is strongly and positively correlated with organic carbon (r =
0.998; p<0.05) and inversely with cation exchange capacity (r = -0.948 ; p<0.05) and pHkc (r
=-0.896 ; p<0.05). Organic carbon is strongly and negatively correlated with cation exchange
capacity (r = -0.948 ; p<0.05) and pHkc (r = -0.895 ; p<0.05). Magnesium is strongly and
positively correlated with the sum of exchangeable cations (r = 0.910 ; p<0.05) and the
saturation of the exchangeable complex (r = 0.943; p<0.05). The sum of the exchangeable
cations is strongly positively correlated with the saturation of the exchangeable complex (r =
0.962; p<0.05). pHwater €au is strongly and positively correlated with pHkc.

Figure 7A subdivided into two axes made it possible to verify the existence of the relationship
of similarity of proportions between physical and chemical elements in all sites.

Variables (axesFletF2: 73.01%) Biplot (axesFletF2: 73.01%)
1
10
4bba
0,75 G3HE)
Argile
0,5 5
pH
=0,25
f 3 pPHKC Ml
= o .
8 o 3, . . ‘
~ o Dargala .
v o CEC Pass(mg/kg)
0,25
. Na2s » * Bangli
0,5 5 (%
pitog Houl
oula
0,75 Moutourwa Limpn
10
-1 20 15 10 S 0 5 0 15
1 075 95 025 0 025 05 075 1 £1(47.59 %)
F1(47.59%) A B

Fig.7.Principal component analysis of parameters (A) and scatter plot in the factorial plane
(B).
In this model, axes F1 and F2 contribute for variations of 47.59% and 25.42% respectively

affinity between the proportions of the characteristic elements of the soils, for a total of
73.01%. Most of the analysis is concentrated in table 10.

Table 10. Eigenvalue and percentage variance of the first four axes of the CPA «
F1 F2 F3 F4
Eigenvalue 8.566 4576 3.722 3.722
Variability (%) 47.590 25.424 20.679 6.306
Cumulative percentage{%)  47.590 73.015 93.694 100.000

According to the correlation circle (figureFigure 7A), the first axis (F1) makes it possible to
discriminate soils rich in CEC, Na", pHkci, PHwater, Limon, K, in the negative abscissa of
soils rich in SEC, V, AP, Ca®*, N, Mg**, OM and OC in the positive abscissa (figure 7B). The
F2 axis makes it possible to oppose the rich soils with the proportions of clay, C/N and sands
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on the negative ordinates of soils rich in CEC, Na*, pHkci, pPHwater, Limon, K* on the positive
ordinates. Fig. 8B representing the distribution of sites according to the proportion of physical
and chemical elements in the factorial design (F1 and F2) makes it possible to distinguish 4
groups of vertisols studied with a strong heterogeneity in the composition of physical and
chemical elements. The F1 axis makes it possible to oppose the soils of group one (G1) which
is lower in proportion to CEC, Na', pHkci, PHwater, Limon and K* of the soils of group 2, 3
and 4 (G2, G3 and G4) rather provided in the proportions of sand, C/N, Mg™, N, Ca™, OM,
OC, AP, SEC and V.

To better appreciate the similarity of the physicochemical composition of the different sites, a

hierarchical ascending classification (CAH) made it possible to obtain a dendrogram that

groups the different sites with proportions of physical and chemical elements statistically
| dissimilar by three classes (Ffigure 8) with 366.60% similarity index.

1400
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1000 -

800 +

600 +
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400

200 +

Dargata
Moutetrwa
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Pitoal
Bangh
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Fig.8. Dendrogram for classifying all soil samples according to similarity in proportion in
physical and chemical elements.

The analysis of this classification makes clear distinction of three main classes of soils with
similar physicochemical characteristics. The first class is composed of soil samples from
Houla and Pitoa; the second class consists of the soil samples of Dargala and Moutourwa and
the last class consists of the soil samples of Bangli and Ibba.
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5. 4. DISCUSSION

The different samples study soils belong to the class of vertisols but have quite different
physical and chemical properties. Particle size analysis showed that the proportions of silt and
sand largely dominate that of clay in almost all the sites studied except for the Ibba site where
the proportion of sand is much more dominant. This high proportion of sand could be
explained by water erosion [37]. Indeed, this erosion would come from the splash effects of
intense rains accompanied by floods that strip the soil, transport fine particles through runoff
water and silt up the agricultural plot. Therefore, this erosion makes the soil of this site filter
and light subsequently gives it low structural stability and high susceptibility to physical and
chemical degradation. The silty and silty texture of the other sites testifies to the adaptability
of these soils to muskuwaari cultivation [38] except that clay proportions are minimal at
almost all sites and therefore hinder their quality cultural suitability [39]. Indeed, clay is the
element that conditions the retention of water and nutrients on the adsorbent complex [34] and
in the case of this study, its low proportion could also be explained by the long-lasting acid
rain thatwould lead to the drainage of surface horizons [40].

The pH proportions of the soil determine the type of activity existing or predominant in these
same soils [39]. The proportion values obtained at the different sites are between 5 and 7,
which would mean that nutrient bioavailability is not uniform across sites [41]. In addition,
the results show that at all sites, the pHyaeer is higher than the pHkc indicating the presence of

[ Formatted: Subscript

negatively charged colloids in the soils of the different sites studied [42]. This would be
explained by the immobilization of anions and cations that would have led to soil acidification
[43]. Indeed, when karés are flooded before the establishment of the culture, there would be
an increase in the solubility of AI** ions, a decrease in the assimilability of phosphorus
following the release of cations and most likely a disturbance of biological activity. As the pH
increases, the hydrogen would dissociate and the bound AI** ions would be released to
precipitate into the amorphous form AI(OH);. These changes release negative cation
exchange sites and thus increase soil pH.

Chemical analyses results facilited the recording of a variation in the proportions of very low
nitrogen, high organic carbon, organic matter from low to medium. In the same vein, the C/N
ratio was very low for all sites. In fact, organic matter is the source of nutrients (N, S, P, etc.)
in highly altered tropical soils with low mineral reserves [44]. The low proportion of nitrogen,
organic carbon, organic matter and associated C/N ratio could be explained on the one hand
by the pedoclimatic conditions of variable temperature and humidity depending on the sites
and crop methods and which would have an influence on the decomposition of soil organic
matter [21]. On the other hand, the low proportions found in organic or even average matter
could be explained by the salinity of the soils, which would exert an action inhibiting the
activity of telluric microorganisms involved in the decomposition of organic matter [45]. In
addition, in the muskuwaari cropping system, crop residues (straw and ear tops) typically
consumed by animals and dried cow dung remaining on the plots would be transported by
women and children to be used as an energy source for cooking. However, crop residues
positively affect soil properties such as moisture content, aggregate formation, density and
porosity [46].

These poor cultural practices would expose these soil types to several agronomic problems, in
particular the sensitivity to leaching of elements to the deep layers or erosion (water and/or
wind) because organic matter could no longer exert its biological activity and stabilizer of soil
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structure [21]. Statistical analyses also showed significant differences (p<0.0001) in the
different sites for the proportion of assimilable phosphorus. This change in proportion was
moderate to very small and could be explained by the low proportion of clay, pH and organic
matter in the associated soils. Indeed, the availability of phosphorus in soils would be
controlled by the organic matter content of the soil, which would play a role of immobilizing
phosphorus in the soil [47].

The analysis of exchangeable cations in the different sites showed that there is a low
proportion of Galeiumcalcium, Magresitm-magnesium and Sedium-sodium compared to the
proportion of exchangeable Petassitmpotassium, which would be very high in all sites. This
could be attributed to the fact that the proportion of organic matter would be acceptable but
quite low. Indeed, organic matter in the soil would play a major role both agronomically and
environmentally, namely the adsorption and retention of water, exchangeable bases,
phosphorus, nitrogen and metallic trace elements [48]. That of potassium, on the other hand,
very high, would be explained by the decrease in the proportion of calcium and magnesium in
the soil solution during flood periods [47].

Relative to the low proportion of exchangeable cations, the low proportion of cation exchange
capacity (CEC) would be related to the low proportion of organic matter and clay observed at
various locations. This linear relationship would indicate that cation exchange capacity would
become less important as soil organic matter content increased [49]. Indeed, soils with a high

CECecation—exchange—capacity could contain more cations and have a high capacity to
exchange them than soils with a low CEC [50].

The saturation proportion of the exchangeable complex is two to three times lower in all soils
of the areas studied. Indeed, the saturation rate is a valuable pedological and agronomic
indicator of the chemical richness of the soil, which determines the biological activity, the
quality of the structure and the quantity of nutrient reserves [39]. The low proportion of this
parameter in the different soils of the sites of this study would lead to the conclusion that the
soils studied are of a very low fertility level. This would be related to the nature of the clay-
humic complex, which would be very poor in soil nutrient reserves [34]. Indeed, in acidic
soils, the clay-humic complex would fix many more H+ ions and few other ions (Ca®*, Mg?*,
K", NH4*, Na’, etc.) and consequently would have generated the low eation—exchange
capacityCEC-observed[51].

On the other hand, the assessment of the level of soil fertility by the detection of limiting
physicochemical parameters would also have made it possible to conclude that all the sites
studied are of a very low fertility level with at least one limiting physical and/or chemical
parameter. This, is explained on the one hand by the low proportion of clay, organic matter
and low CECeation—exchange-eapaceity and on the other hand, by the negative correlations
observed on both sides between physical and chemical elements.
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6. 5. CONCLUSION

This studyaimed at evaluatingthe physical and chemical properties variation of some sampleof
vertisols associated with muskuwaari cultivation, as well as the fertility level for sustainable
management.It revealed that most of these samples have poor physicochemical properties and
a very low fertility levels. The analysis of the particle size fraction showed significant
differences (p <0.0001) between the proportions of silt and sand except for the proportion of
clay in the different sites, which makes them have a low retention capacity of the essential
chemical elements for goodhost plant productivity. The measurement of chemical parameters
has also shown that these soils have potentials of hydrogen ranging from very acidic to neutral
(5.5 <pH< 7.16) and therefore a very low proportion of nitrogen, organic carbon, organic
matter, C/N ratio, assimilable phosphorus, exchangeable cations, sum of exchangeable
cations, cation exchange capacity and saturation of the exchangeable complex. In order to
achieve productivity, sustainable development and food security, it would be interesting to
rehabilitate the physical and chemical properties of these vertisols to an optimal level of
biofertilizers.
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