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Abstract 
Degradation of the physical quality of the soil is a common problem encoun-
tered in agrosystems, particularly in the case of open field cropping systems 
in the northern areas of Côte d’Ivoire. Thus, the structural stability of the soil, 
which is a good indicator of the sensitivity to threshing and to water erosion 
in relation to the accumulation of organic matter, was evaluated in two types 
of soil (Ferralsol and Cambisol) in cashew orchards, in two villages (Mahana 
and Sanankoro) producing cashew nuts, located the Department of Touba in 
the North West of Côte d’Ivoire. The objective of this study is to develop new 
technical routes that are better suited to further promote the sequestration of 
organic carbon in the soil. Soil samples were taken from open soil profiles at 
the two chosen sites to allow laboratory analyzes. The results indicate that the 
surface horizon of Cambisol (site 1) is more stable (Is = 0.78) than that of 
Ferralsol (site 2; Is = 1.08) with nevertheless relatively small thicknesses of 
horizons. The median horizons and those of depth, indicate a mediocre sta-
bility (Is vary from 1.03 to 1.62). In terms of the quantity of organic carbon, the 
estimated values vary from 1.96 to 4.53 t∙ha−1 for Cambisol (site 1) and from 
1.44 to 3.46 t∙ha−1 for Ferralsol (site 2). These values remain relatively low espe-
cially at the level of the median horizons and those located in depths. Statistical 
tests have shown a very highly significant and negative association between the 
structural stability of soils and the amount of organic carbon in the different 
horizons. The relationship implies that organic carbon plays an important 
role in the structural stability of soil horizons under cashew tree orchards. 
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1. Introduction 

The cashew tree was introduced in Côte d’Ivoire in 1951. It was only from 
1959-1960 that a forest plantation installation program was implemented by 
Technical Assistance Society for the Modernization of Agriculture in Côte d’Ivoire 
(SATMACI) and Forest Development Society (SODEFOR). These plantations 
were set up for ecological purposes in order to fight against the advancement of 
the desert and soil degradation [1]. The plant plays an important role today both 
socially and economically. The sector employs nearly 250,000 producers and di-
rectly or indirectly provides livelihoods for approximately 1.5 million people [2]. 
The cashew tree, a sturdy, drought-tolerant tree, helps to restore the forest shade 
in the northern part of the Ivory Coast. The plant is a tool for an ecological and 
social transition. In two decades, the country has taken the place of the world’s 
leading producer of cashew nuts. From 8500 tonnes in 1989, Ivorian cashew 
production exceeded 70,000 tonnes in 1999, then 350,000 tonnes in 2010. De-
spite the drought in 2016 and clandestine sales to neighboring countries, the 
threshold of 700,000 tonnes was officially crossed in 2017 [2] [3]. Today, the ca-
shew nut tree is experiencing an extraordinary craze among the populations to 
the point of monopolizing the best land and large areas. It is therefore important 
to take a look at the properties of the soil under the cashew orchards, a culture 
that crystallizes the hopes and expectations of peasants who have been in poverty 
for so long. 

Indeed, the physical state of agricultural soil is one of the pillars that underpin 
its productive capacity [4]. Agricultural soil is a structure constructed from ag-
gregates of different sizes which result from the assembly of organic and mineral 
particles. These aggregates provide a pore space between them which plays a de-
cisive role in the circulation of water and air, even the storage and availability of 
nutrients [5]. The structure of a soil is one of its essential physical properties, 
conditioning the exchange of air, water and energy between the soil and the at-
mosphere. It therefore constitutes an essential criterion in determining cultural 
aptitudes. The stability of the structure is considered to be a good indicator of 
the quality of the soils and their sensitivity to runoff and erosion [6]. It is the 
most studied physical parameter in experiments comparing no-till to plowing 
[7]. Intensive tillage destroys the cohesion of aggregates and weakens the struc-
ture, while direct seeding helps restore soil aggregation and improve its structur-
al stability [8]. In this study, we propose to assess the level of structural stability 
in relation to the accumulation of organic matter, of two (2) types of soil under 
cashew orchards in the department of Touba in the north-west of the Côte 
d’Ivoire, with a view to building new technical routes, thus further promoting 
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the sequestration of organic carbon in the soil while ratifying the sink function 
towards greenhouse gases. 

2. Material and Methods 
2.1. Material 
2.1.1. Presentation of the Study Area 
The area of interest is the department of Touba, specifically the villages of Ma-
hana (Site 1) and Sanankoro (Site 2), located in the northwest of Côte d’Ivoire 
(Figure 1). It is subject to a tropical transition climate, characterized by an av-
erage rainfall of 1500 mm∙year−1. The relief is formed by plateaus, of average al-
titude equal to 550 m. Some isolated mountains culminate between 600 and 750 
m and present models with massive forms, with convex vertices and with steep 
sides. The hydrographic network is very varied (parallel, dendritic and lattice 
types). This region belongs to the Archean domain of the Man Ridge where the 
geological formations (gneiss para and ortho-derivatives, charnockites, migma-
tites, quartzites) have been influenced by the Leonian and Liberian orogenic 
megacycles [9]. 

2.1.2. Natural Environment Material 
In order to characterize the material in the natural environment, soil samples 
were taken from open soil profiles at the different sites chosen for the study in 
order to allow laboratory analyzes. 

2.2. Methods 
2.2.1. Morpho-Pedological Characterization of the Soils of the Study  

Sites 
A morpho-pedological characterization of the soils under 11 cashew orchards  
 

 
Figure 1. Geographical situation of the study area. 
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whose ages vary from 6 to 12 years was carried out using open soil profiles on 
toposequences implanted in a well chosen azimuthal direction. In the village of 
Mahana, a total of 4 cashew tree orchards against 5 in Sanankoro were investi-
gated. The trees were heterogeneous in size. Composite soil samples were taken, 
from depths, 0 - 20 cm; 20 - 40 cm; and 40 - 60 cm, in open pits considering two 
(02) topographic levels (upper slope and mid slope). The total number of pits is 
2 per site, making a total of 22 pits for the study. The soil samples taken were 
described in the sun, taking care to indicate on the description sheet, the date, 
the place, the map sheet, the vegetation, the local slope, the topographic position, 
and the microrelief.  

2.2.2. Laboratory Analysis of Soil Samples 
Physical soil analyzes of the grain size and the apparent density of the soil were 
carried out. In terms of chemical and physico-chemical analyzes, the soil pH was 
measured according to standardized methods (AFNOR NF ISO 10-390, 2005) 
and organic carbon by the method of [10]. The evaluation of the quantity of or-
ganic carbon (q) in each horizon (i) was calculated according to the following 
formula [11]: 

( ) ( )q i 0.1 Ei da i Ci= × × ×                       (1) 

where: 
 q(i): content in Corganic, in the soil horizon (i) (t∙ha−1), 
 Ei: thickness of the horizon (i) (cm), 
 da(i): apparent density of the fine fraction (<2 mm) in the horizon (i) 

(g∙cm−3), 
 Ci: concentration of organic carbon in fine earth for the horizon (i) (g∙kg−1). 

The total quantity of carbon (Q) in the soil up to a selected depth is the sum of 
the quantities in each horizon: 

( )( )Q q i= Σ                            (2) 

Structural water stability is determined by the [12] method. Four grams of the 
fraction (1 - 2) mm obtained during dry sieving (dry stability) are deposited in a 
sieve (70 μm) animated with an alternating movement and immersed in a beaker 
containing 100 ml of distilled water for 3 minutes. The unstable aggregates in 
water are in suspension in the beaker, their mass is weighed after drying in an 
oven for 24 hours. The weighed mass corresponds to the mass of the unstable 
aggregates in water (MAI in g). The sieve containing the remaining aggregates, 
plant debris and sand particles is again animated with a vertical reciprocating 
movement in a beaker containing 100 ml of a solution of sodium hexameta-
phosphate (2 g/l) up to complete dispersion (about 30 minutes). The particles in 
suspension in the solution correspond to the water-stable aggregates and their 
mass (MAS) is determined after passing through the oven for 24 hours at 105˚C. 
The mass of sand retained in the sieve is subtracted from the total mass (4 g). 
Knowing the mass of stable aggregates and unstable aggregates in water, the wa-
ter stability index (IS) is defined as follows: 
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( )IS MAS MAS MAI MC 100= + − ∗                  (3) 

MAS: mass of water-stable aggregates (g) 
MAY: mass of aggregates unstable with water (g) 
MC: mass of sodium hexametaphosphate or calgon used (g). 

2.2.3. Statistical Processing of the Data Collected 
The results of the observations and measurements were analyzed using SPSS 
version 20 software. An analysis of variance was first performed. Then, the 
means were separated by the TUKEY test at the threshold of 5% when the effects 
were significant. The normality of the data and the homogeneity of the variances 
were checked beforehand using the de, Kolmogorov-Smirnov and Shapiro-Wilk 
test, respectively. 

3. Results 
3.1. Morphological Characteristics of the Different Soils of the  

Study Sites 

The soils observed and described at the Mahana site are for the most part deep 
(reaching 120 cm), having a humiferous, humid penetration, with numerous de-
cimetric to centimetric roots in sub-horizontal orientation, at the level of the 
surface horizons. The texture is predominantly sandy-clay-silty, with around 
20% to 25% clay at the surface horizon. The horizons, median and depth have a 
predominantly clay-sandy-silty texture. Medium to low porosity is observed 
(Figure 2). There is a good inking of the roots of the plants at the level of the 
profile. For the most part in the CPCS classification, a rejuvenated and reworked 
browned soil whose conversion into the WRB classification gives an “Eutric 
Cambisol” in the WRB classification. 

The small variation and the state of the vegetation of the site of Sanankoro, 
allowed us to have only one type of soil. Thus, under the orchards of cashew 
trees, the soils observed and described are deep (reaching 120 cm). A humiferous 
penetration is observed on the surface and at medium depth of the profile. The 
soil is moist, with numerous decimetric to centimetric roots in a sub-horizontal 
orientation, at the level of the surface horizons. The texture is predominantly 
sandy-clay-silty, with around 12% to 15% clay at the surface horizon. The hori-
zons, median and depth have a predominantly clay-sandy-silty texture. Good 
porosity is observed. There is a good inking of the roots of the plants at the level 
of the profile. For the most part, this is a CPCS classification of a ferralitic soil, a 
“Plinthic Ferralsol”, in the WRB classification (Figure 2). 

3.2. Physical and Physico-Chemical Parameters Evaluated at the  
Different Study Sites 

3.2.1. Granulometry, Total Porosity and Structural Stability Index of  
Different Soils 

Table 1 reports the average values of some physical parameters characterizing 
the different soil horizons as a function of depth (Figure 3). Thus, the clay content 
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Figure 2. Types of soils encountered at the different study sites. 
 
(A) of the soil increases from the surface to the depth whatever the type of soil. 
Values; 15.12 to 36.50 g∙kg−1 for site 1 of Mahana and 25.48 and 32.70 g∙kg−1 for 
site 2 of Sanankoro show no significant difference (Fcal = 0.81; Pcal ≥ 0.05) 
based on statistical analyzes. The silt content (fine and coarse) is low regardless 
of the depth of the soil. These contents do not exceed 8 g∙kg−1, there are no sig-
nificant differences between the contents evaluated whatever the depth and the 
types of soil (χ2 = 1.28; Pcal ≥ 0.05). A significant difference is noted in the 
coarse silt (Lg). The content increases with depth at site 2 (5.34 to 6.13 g∙kg−1), 
while on the contrary it decreases at site 1, with the contents varying from 3.88 
at 5.40 g∙kg−1 (χ2 = 5.98*; Pcal ≤ 0.05). The data analyzed in terms of sand con-
tent do not contain any significant differences. They vary from 13.03 to 25.11 
g∙kg−1 at the level of fine sand (Sf; χ2 = 0.95; Pcal ≥ 0.05); and from 35.59 to 46.65 
g∙kg−1 for coarse sand (Sg; χ2 = 0.98; Pcal ≥ 0.05). 
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Figure 3. Evolution of the granulometry on the different study sites. A = Clay; Lf = fine 
silt; Lg = coarse silt; Sf = Fine sand; Sg = Coarse sand H = horizon. 
 

Table 1. Physical and physico-chemical parameters of the different study sites. 

Sites 
Horizons 

(cm) 

Granulometry (g∙kg−1) Total 
Porosity; 

Pt (%) 

Indice de 
stabilité 

structurale; 
Is 

pH eau 

Quantité 
de carbone 

organique; Q 
(t∙ha−1) A Lf Lg Sf Sg 

M
ah

an
a 

H1 
(0 - 20) 

15.12 ± 7.33 a 5.12 ± 1.31 a 5.4 ± 0.71 a 25.11 ± 3.32 a 46.95 ± 11.5 a 68.58 ± 2.4 ab 0.78 ± 0.29 a 6.5 ± 0.5 a 4.53 ± 2.84 a 

H2 
(20 - 40) 

30 ± 14.76 a 4.63 ± 1.44 a 4.4 ± 1.49 b 16.51 ± 2.9 a 43.72 ± 14.7 a 58.40 ± 6.22 b 1.45 ± 0.14 a 6 ± 0.3 a 1.96 ± 0.12 a 

H3 
(40 - 60) 

36.50 ± 8.23 a 4.33 ± 1.70 a 3.88 ± 1.11 b 13.03 ± 3.16 a 41.14 ± 9.1 a 42.26 ± 2.11 c 1.40 ± 0.33 a 6.2 ± 0.5 a 1.96 ± 0.14 a 

Sa
na

nk
or

o 

H1 
(0 - 20) 

25.48 ± 11.1 a 3.80 ± 1.92 a 5.34 ± 0.35 a 19.30 ± 4.24 a 44.15 ± 7.6 a 72.83 ± 11.89 a 1.03 ± 0.28 a 5.8 ± 0.8 b 3.46 ± 0.37 a 

H2 
(20 - 40) 

37.12 ± 8.36 a 5.69 ± 3.71 a 5.50 ± 0.60 a 14.89 ± 1.14 a 35.6 ± 7.5 a 72.84 ± 6.54 a 1.37 ± 0.16 a 5.5 ± 0.5 b 2.08 ± 1.15 a 

H3 
(40 - 60) 

32.70 ± 9.24 a 7.37 ± 1.61 a 6.13 ± 0.1 a 16.07 ± 1.42 a 37.2 ± 9.5 a 54.28 ± 2.33 b 1.62 ± 0.07 a 5.4 ± 0.5 b 1.44 ± 0.54 a 

Associated 
statistical 

tests 

Fcal = 0.811 ns χ2 = 1.283 ns χ2 = 5.98* χ2 = 0.955 ns χ2 = 0.956 ns χ2 = 3.82* Fcal = 0.828 ns Fcal = 9.29* Fcal = 0.61 ns 

Pcal = 0.377 Pcal = 0.257 Pcal = 0.014 Pcal = 0.328 Pcal = 0.329 Pcal = 0.045 Pcal = 0.372 Pcal = 0.006 Pcal = 0.44 

Pthéor ≥ 0.05 Pthéor ≥ 0.05 Pthéor ≤ 0.05 Pthéor ≥ 0.05 Pthéor ≥ 0.06 Pthéor ≤ 0.05 Pthéor ≥ 0.05 Pthéor ≤ 0.05 Pthéor ≥ 0.05 

The means followed by the same letter in the same column. Are not significantly different at the probability threshold < 0.05, according to the TUKEY test, 
χ2 = Chi2, Kruskal-Walis test, F = F of Ficher (ANOVA), Pr cal = Calculated probability, * = significant, ns = not significant. A = Clay; Lf = fine silt; Lg = 
coarse silt; Sf = Fine sand; Sg = coarse sand; Q = Quantity of organic carbon; Is = Structural stability index, Pt = Total porosity. 
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The total porosity evaluated in the soils of the different sites contains a signif-
icant difference between the values noted (Pt; χ2 = 0.32*; Pcal ≤ 0.05). The soil of 
site 2 (54.28% to 72.83%) is more porous than that of site 1 (42.26% to 68.58%). 
It should be noted that, in general, the porosity decreases as a function of the 
depth of the soil whatever the site. 

The stability index evaluated (Table 1) at the different sites does not show any 
significant difference (Is; Fcal = 0.82; Pcal ≥ 0.05). The surface horizon of site 1 
(Is = 0.78) is more stable than that of site 2 (Is = 1.08). However, the thickness of 
the surface horizon is small. At the level of the median horizons and at depth, 
the stability is poor (Is vary from 1.03 to 1.62; Figure 4). 

3.2.2. Acidity and Amount of Organic Carbon in Different Soils 
The pH of the soil, translates the acidity and ranges from 1 to 14. It provides in-
formation on the nature of the rocks on which not only the soil was formed, but 
also the activity of microorganisms. Thus, the soil of site 1 (6 to 6.5) is weakly 
acidic as long as that of site 2 is strongly to moderately acidic (5.4 to 5.8). There 
is a significant difference between the values recorded (pH; Fcal = 9.29*; Pcal ≤ 
0.01). The amount of organic carbon evaluated from the point of view of vertical 
dynamics, does not differ from one site to another (Q; Fcal = 0.61; Pcal ≥ 0.05). 
Estimated values vary from 1.96 to 4.53 t∙ha−1 for site 1 and from 1.44 to 3.46 
t∙ha−1 for site 2. Whatever the site, the surface horizons are more provided with 
carbon. 

3.3. Relationship between Stocks of Organic Matter, Acidity and  
Physical Characteristics, of the Soils Investigated 

The various correlation tests carried out between organic carbon stocks, acidity, 
structural stability index, total porosity and particle size distribution of the soils 
gave several levels of significance (Table 2). Thus, at site 1, the most significant  
 
Table 2. Correlation between the different soils parameters. 

study sites 
variable 
couple 

Correlation 
coefficient r 

r2 t (Pr > |t|) Significance 

Mahana (Site 1) 

Q-pH 0.72 0.51 3.366 0.007 ** 

Q-Is 0.72 0.51 −3.966 0.003 ** 

Q-Sf 0.74 0.54 3.522 0.006 ** 

Is-pH −0.56 0.31 −2.146 0.048 * 

Is-Sf −0.76 0.57 −3.741 0.004 ** 

Sf-pH 0.61 0.37 2.640 0.025 * 

Sf-Pt 0.81 0.65 4.367 0.001 ** 

Sanankoro (Site 2) 

Q-Lf −0.76 0.57 −4.155 0.001 ** 

Q-Is −0.78 0.60 −4.408 0.001 ** 

Lf-Is 0.70 0.49 3.360 0.006 ** 

 A-pH −0.81 0.65 −4.561 0.001 ** 

* = significant, ** = highly significant. A = Clay; Lf = fine silt; Lg = coarse silt; Sf = Fine sand; Sg = coarse 
sand; Q = Quantity of organic carbon; Is = Structural stability index, Pt = Total porosity. 
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Figure 4. Evolution of the structural stability of different soils. 
 
and positive correlations were observed between the stock of organic matter (Q) 
and pH as well as between (Q) and Sf. The correlation coefficients are respec-
tively 0.72 and 0.74. A significant and negative correlation is observed between 
Q and Is (r = −0.72). The structural stability index is negatively correlated with 
pH and Lf. The values of r are, respectively, −0.56 and −0.76. Fine sand is posi-
tively correlated with pH (r = 0.61) and Pt (r = 0.81). 

The different significant correlations observed between the different parame-
ters evaluated at site 2 are located between the organic matter stock (Q) and the 
structural stability index on the one hand (r = −0.78) and on the other hand fine 
silt (r = −0.76). The pairs of variables Lf-Is and A-pH have respectively the cor-
relation coefficient r = 0.70 and r = −0.81. 

4. Discussion 

The morphological descriptions made at the level of the different soils indicate 
that the Mahana soils are of the Eutric Cambisol type. Indeed, the soils observed 
are very provided with coarse elements, essentially ferruginized concretions and 
nodules, coated, by a cortex of organic matter, which confer the particular 
brown color as it could be shown in the previous works of [13] on the Cambisols 
of Kanhankro and Anikro in the Toumodi region, in the south-central region of 
Côte d’Ivoire. At Sanankoro, the soils show very little vertical differentiation. 
The development of the macrostructure and the color vary very gradually with 
depth. At the surface, the macrostructure is composed of slightly sharp polyhe-
dral aggregates of medium size (1 to 10 cm) which flow into smaller sub-angular 

https://doi.org/10.4236/ojss.2020.105009


A. K. Alphonse et al. 
 

 
DOI: 10.4236/ojss.2020.105009 190 Open Journal of Soil Science 
 

to rounded aggregates (<1 cm). These are composed of rounded microaggre-
gates, of size < 1 mm. The surface color is brown due to the presence of organic 
matter. In depth, while the microstructure is more and more represented, the 
macrostructure is less and less clear, to end up being absent from 100 cm deep. 
The color varies from yellowish red to deep red. This type of property is charac-
teristic of Ferralsols [14]. 

The stability index evaluated on the different sites certainly does not contain 
any significant difference, even if the surface horizon of the Mahana site (Is = 
0.78) is more stable than that of the Sanankoro site (Is = 1.08). At the level of the 
median horizons and at depth, the stability is poor (Is varies from 1.03 to 1.62). 
We note that the surface horizons are considered to be moderately stable, while 
those from 20 cm in depth have poor stability. Correlation tests carried out be-
tween the different soil parameters indicate that at site 1 the correlation coeffi-
cient obtained between Q and Is is significantly negative (r = −0.72). The same is 
true at site 2 where r = −0.78. The negative correlations obtained can be ex-
plained by the fact that the quantities of organic carbon evaluated in the various 
soils are relatively small. Indeed, according to [15], the organic carbon content is 
a major explanatory factor for structural stability. Several studies have shown a 
close relationship between the stability of the structure and the nature and cha-
racteristics of organic matter [16] [17]. As soon as the latter is supplied in dif-
ferent forms of residue, a significant improvement in structural stability is de-
tected from the first week and develops over the following year. 

All fractions of organic matter play an aggregating role: the particulate frac-
tion [18], polysaccharides, humic substances (fulvic acids and humic acids) and 
microbial biomass. They act on the stability of aggregates, essentially, by two 
mechanisms. The first concerns the formation of micro-aggregates by the bind-
ing of mineral particles with humic substances or by the entanglement of par-
ticles with roots and mycelial hyphae. The second relates to the decrease in wet-
tability which attenuates the intensity of the destruction of the aggregates during 
their humidification [19]. In addition, agricultural soil is a building constructed 
from aggregates of different sizes which result from the assembly of organic par-
ticles. These aggregates create a pore space between them which plays a decisive 
role in the circulation of water and air, even the storage and availability of nu-
trients [5]. The nature and intensity of the connections between the different 
particles on the one hand, and between the different aggregates on the other, 
give the architecture of the soil more or less resistance when it is subjected to 
external stresses such as cultural practices [4] [20]. Cultivation is generally ac-
companied by a decrease in the stability of the structural soil structure. These 
negative correlations could also be due to the nature of the clays that form there. 
Indeed, they induce high water constants and consequently low reserves of use-
ful water. Clay provides physical protection for organic compounds when these 
are adsorbed or located in the pores of the mineral fraction, especially at the 
Cambisols level [21]. 
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5. Conclusions 

The results of this study show the undeniable interest of estimating the structur-
al stability and the accumulation of organic matter in soils under long-lived ca-
shew orchard because this plant now plays an important role both socially and 
economically Côte d’Ivoire. 

In the light of the results obtained, the surface horizon of Cambisol (site 1) is 
more stable (Is = 0.78) than that of Ferralsol (site 2; Is = 1.08) with nevertheless 
relatively small thicknesses. The median and depth horizons indicate poor sta-
bility (Is vary from 1.03 to 1.62). In terms of the amount of organic carbon, the 
values estimated at the Mahana level (site 1) vary from 1.96 to 4.53 t∙ha−1 for 
Cambisol (site 1) and from 1.44 to 3.46 t∙ha−1 for Ferralsol (site 2). These values 
remain relatively low, especially at the level of the median horizons and those at 
depth. Thus, the different organic matter contents are mainly linked to the me-
thod of occupying the soil under cashew orchards. The stability of the two types 
of soil seems to be independent of the amount of organic carbon in the different 
horizons. Statistical tests have shown a very highly significant but negative asso-
ciation between the structural stability of soils and the amount of organic carbon 
in the different horizons. 

At the scale of the cropping system and with a view to building new technical 
routes, account must be taken of the relationship which exists between: 1) struc-
tural stability and the amount of organic carbon on the one hand and on the 
other part 2) between structural stability and water erosion of soils under cashew 
orchards established over a period of at least 10 years in order to improve the 
physical quality of the soils. Finally, it should be noted, however, that better 
structural stability of these soils not only causes slowing down of the phenomena 
of degradation of agricultural land, but reduces the decomposition of the organic 
matter which is protected in the aggregates. A process that further promotes the 
sequestration of organic carbon in soils and thus ratifies the sink function to-
wards greenhouse gases.  
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