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Abstract

Agroforestry is a very common practice in farmers’ cultivation methods. It
involves growing trees alongside crops on the same plot of land. With the aim
of determining the effects of agroforestry trees on cocoa trees, a study was car-
ried out in traditional agroforestry systems in the department of Lakota. To
this end, an assessment was carried out of the plant species and the physical,
chemical and biological fertility of the soils in these systems. With regard to
the physical and chemical indicators of soil fertility, the following analyses
were carried out on the soil samples from the various treatments: bulk density,
coarse particle content, available water content, and the determination of or-
ganic matter (OM), organic carbon (OC), nitrogen (N), the C/N ratio and soil
pH. With regard to biological indicators, 12 monoliths were installed in the
plots in order to identify the biological organisms in the soil, as well as their
abundance and diversity. The results showed that, during the floristic survey,
fruit-bearing species (62.49 per cent) were more prevalent than forest species
(37.51 per cent). Furthermore, the bulk density and usable water reserve de-
crease as the density of trees associated with cocoa trees increases; conse-
quently, coarse particles are more abundant in more sparsely spaced stands.
As for the chemical indicators, organic matter content was higher in the soils
of agroforestry systems (28.52 - 32.16 g-kg™") than in the soils of full-sun plots
(25.80 g-kg™). With regard to biological indicators, high organism abundance
was observed in treatments T2 (earthworms: 58, molluscs: 9.33, termites:
98.67) and T3 (earthworms: 61.67, molluscs: 8; termites: 43), whilst low values
were observed under full sun (earthworms: 9, molluscs: 4.32; termites: 25.33).
From our results, we can conclude that densities of between 25 and 50 trees
per hectare could be beneficial for the sustainability of cocoa plantations, given
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that the physical, chemical and biological indicators of soil fertility showed
optimal values.
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1. Introduction

The degradation of natural resources, particularly soil, is now one of the main
challenges facing global agriculture. In sub-Saharan Africa, this degradation is a
particular cause for concern due to the low intrinsic fertility of the soil, climatic
constraints and intensive farming practices, which accelerate the depletion of soil
resources [1]-[3]. This situation is leading to a gradual decline in agricultural
productivity, jeopardising food security and the sustainability of production sys-
tems [4]. In this context, soil quality assessment appears to be an essential tool for
evaluating the sustainability of agroecosystems and guiding sustainable manage-
ment strategies. Soil quality refers to its ability to simultaneously fulfil the biolog-
ical, physical and chemical functions necessary to maintain crop productivity, to
the preservation of the environment and the functioning of ecosystems. It depends
not only on its physico-chemical properties, in particular the availability of essen-
tial nutrients such as carbon, nitrogen, phosphorus, potassium, calcium and mag-
nesium, but also on its biological component. This biological fertility relies pri-
marily on the activity of soil organisms, which break down organic matter and
recycle nutrients, the formation of aggregates and the improvement of soil struc-
ture. Among these organisms, soil macrofauna plays a vital role. Consisting
mainly of earthworms, termites, ants, millipedes, molluscs and various insect lar-
vae, it comprises the invertebrates visible to the naked eye that spend a significant
part of their life cycle in the soil ([5] Bachelier, 1978; [6] Brown et al, 2002). These
organisms, often referred to as “ecosystem engineers” [7], alter the physical,
chemical and biological properties of the soil by promoting the incorporation of
organic matter and aeration, water infiltration and the availability of the minerals
essential for crop growth. The diversity and abundance of macrofauna are there-
fore relevant indicators of biological fertility and soil quality. In Céte d’Ivoire,
where agriculture is a strategic sector of the national economy, cocoa farming
plays a key role. As the world’s leading cocoa producer, the country derives a sig-
nificant proportion of its export earnings from this sector, on which more than a
million producers are directly dependent [8] [9]. However, the expansion of cocoa
plantations—often in the form of monoculture—has led to a sharp decline in for-
est cover, a reduction in biodiversity and progressive soil degradation, thereby
jeopardising the sustainability of the plantations and cocoa productivity [10]. In
light of these challenges, agroforestry appears to be a promising approach that

reconciles agricultural production with the conservation of natural resources. By
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deliberately combining cocoa trees with forest or fruit trees, agroforestry systems
help to improve the microclimate, enrich the soil with organic matter, limit ero-
sion, promote the recycling of nutrients and maintain functional biodiversity,
which is essential for the proper functioning of agroecosystems [11]-[13]. These
systems have the potential to simultaneously improve the chemical properties of
soils and their biological fertility through the development of an abundant and
diverse macrofauna. In the Loh-Djiboua region, particularly in the Lakota depart-
ment where cocoa farming is the predominant agricultural activity, agroforestry
systems are characterised by considerable diversity. However, our understanding
of their effects on soil quality remains limited, particularly with regard to the in-
teractions between soil chemical properties, biological fertility and the structure
of macrofauna communities. A better understanding of these relationships ap-
pears essential for promoting agroforestry practices capable of ensuring sustaina-
ble cocoa production whilst preserving the ecological functions of the soil. It is
against this backdrop that this study has been conducted, with the aim of assessing
the influence of cocoa agroforestry systems on soil quality through a combined
analysis of soil chemical properties and soil macrofauna in the plantations of the

Lakota department.

2. Materials and Methods
2.1. Selection of Study Sites

For our study, three plots of cocoa trees were selected in each of the two villages
in the Lakota district, namely Gogné and Djokolilié, making a total of six plots.
The plots were selected on the basis of the presence of associated trees at varying
densities within the same plot. In the village, the three plots are situated close by,

approximately 2 to 3 km apart. The cocoa plantations are more than 10 years old.

2.2. Experimental Setup and Treatments Applied

2.2.1. Determination of the Density of Associated Trees
The experimental plots covered an area of 2 hectares. The method used is a nested
plot sampling scheme. It comprises a main plot measuring 50 m x 50 m, designed
to determine the density of the associated trees and to carry out an inventory of
them. Within this plot, sub-plots measuring 10 m x 10 m were established to de-
termine cocoa tree density as a function of tree cover. Across the plot, four test
plots were established in order to determine different densities within the same
plot. Three density ranges were therefore identified in comparison with ‘full sun’
(no trees growing alongside the cocoa trees). The trial was conducted using a
Fischer block design with four treatments (density of trees associated with cocoa
trees) and three replicates, with each plot constituting a replicate within the de-
partment. Based on the density gradient of trees growing alongside the cocoa
trees, four treatments were identified:

TO (control): cocoa trees in full sun;

T1: cocoa trees with 1 to 25 associated trees per hectare;
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T2: cocoa trees with 25 to 50 associated trees per hectare;

T3: cocoa trees with more than 50 associated trees per hectare.

2.2.2. Characterisation of Agroforestry Systems

General information on the various plant species found in these systems—such as
their common and scientific names, their family and their role within these sys-
tems—was gathered from a field survey [14]. This technique was applied to all the
plots studied. The list of woody species identified during the survey was compiled
in accordance with the APG IV nomenclature, which involves the taxonomic clas-

sification of the plant species surveyed.

2.2.3. Inventory of Associated Trees

For each density of trees associated with cocoa trees, general information on the
various plant species found in these systems—such as their common and scientific
names, their family and their role within these systems—was collected through a
transect survey [14]. This technique was applied to all the plots studied in the two
villages. The list of woody species identified during the survey was compiled in
accordance with the APG IV nomenclature, which involves the taxonomic classi-

fication of the plant species surveyed.

2.2.4. Physico-Chemical Characterisation

The samples taken from the 0 - 20 cm depth layer for the “soil diagnosis” in cocoa
cultivation, as described by [15], were collected and homogenised to produce a
composite sample. Three replicates were taken from each of the three sites for
chemical analysis in the laboratory, with a view to characterising the soil’s phys-
ico-chemical indicators. Thus, the texture was determined by a particle size anal-
ysis using the Robinson method described by [16]. The pH of the water was meas-
ured using a pH meter at a soil-to-solution ratio of 1:2.5. Organic carbon (C) was
determined using the Walkley & Black method and total nitrogen (N total) using
the Kjeldahl method.

The following were derived from these parameters:

Organic matter (OM), using the formula: OM = 1.724 x C;

The carbon-to-nitrogen (C/N) ratio;

The sum of the exchangeable bases (Ca**, K*, Na* et Mg**) referred to as (S);

The saturation level of the adsorbent complex (V%) by the relationship: (S/CEC)
x100.

2.2.5. Determination of the Bulk Density of the Soil, the Available Water
Content and the Coarse Particles

Bulk density

The bulk density (Da) of soil is its weight per unit volume of dry soil in situ.
The method used is the cylinder method. A cylinder, open at both ends and of
known volume, is carefully driven into the ground—taking care not to disturb its
structure—to a depth of 20 cm (0 - 10 cm; 10 - 20 cm). The soil sample is weighed
(wet) to determine its fresh weight, then placed in a coolant bag and sent to the
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laboratory to be dried in an oven (105°C) for 24 hours. The dry sample is then
weighed again to determine its dry weight. The bulk density (g/cm?) is calculated

as the ratio of the mass of the dried soil to the volume of the cylinder.

Dry land mass(g)

Da(g/cm®) = (1)

Cylinder vqume(cm3)

Cylinder volume = zir?h

with, r (cm): the radius of the base of the cylinder and 4 (cm): the height of the
cylinder.

Useful water reserve

The recoverable reserves were determined by gravimetric analysis [17]. Samples
are taken using a cylindrical tube with a circumference of 340 cm’ from layers at
depths of 0 - 10 cm and 10 - 20 cm. After collection, the samples are placed in pre-
tared containers, and then weighed to determine the fresh weight of the soil (Ptf)
and the dry weight (Pts) after being dried in an oven at 105°C for 24 hours. Mois-
ture content by weight, expressed as a percentage, is calculated using the following
equation:

Hp(%) = (Ptf — Pts)/Pts;; ()

The available soil water reserve is then determined using the following equa-
tion:

R(mm):loxthpra; 3)

where R (mm): Water reserves in the relevant aquifer; A: Thickness of the horizon
in metres; Da (g/cm?®): Bulk density on the horizon; Hp: Moisture content by
weight of dry soil, expressed as a percentage.

Proportion of coarse particles

The soil sample, which has been dried beforehand, is weighed, then sieved and

weighed again in order to carry out the following calculation:

EG (%) _ Mass of material retained on a 2 mm diameter sieve <100 (@)
Initial mass of the air-dried sample

The weight percentage was therefore assessed according to three categories: less

than 20 per cent; 20 to 50 per cent; and more than 50 per cent [18].

2.2.6. Biological Characterisation of Soil

The study of soil macrofauna was carried out to assess the biodiversity and bio-
logical fertility of the soils in the cocoa plantations within these agroforestry sys-
tems. The monolith design and the identification of macrofauna were made pos-
sible using quadrat and TSBF (Tropical Soil Biology and Fertility) methods, as
described in the work of [19]. The study was carried out during the rainy season
in order to assess a wide range of soil macrofauna. Quadrats measuring 50 x 50 x
30 cm were set up in each density of trees associated with the cocoa trees, on each
plot studied. The aim was to extract a soil layer (monoliths) of this size from each

treatment in order to identify and count the macrofauna present in the different
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densities of associated trees. In total, four monoliths were designed per for each
of the four densities tested that is, 12 monoliths across all three plots studied in
each village—in order to assess the biological fertility of the soils in these agrofor-
estry orchards (Figure 1).

Figure 1. Soil monoliths (50 cm x 50 cm x 30 cm) for the study of macrofauna.

Once the monolith has been formed, soil samples are taken at 10 cm intervals
throughout each monolith until a depth of 30 cm is reached. A total of three soil
samples were therefore collected and placed in a storage bag to prevent any or-
ganisms from escaping, before being extracted by direct manual sorting [20] [21].
After sampling, the three soil samples (each 10 cm deep) from each monolith are
spread out gradually on a plastic tray so that the soil macrofauna can be extracted
by hand. All visible specimens are collected and counted in 10 cm layers using
tweezers, and preserved according to their taxonomic group. Earthworms are pre-
served in a 4 per cent formaldehyde solution, whilst other organisms, including
termites, ants and millipedes, etc., are preserved in 70 per cent alcohol. This pro-
cedure ensures that specimens are properly preserved for subsequent taxonomic
analysis. The jars are labelled according to the plot and the density of the associ-
ated trees, and then sent to the laboratory for a detailed analysis of the organisms
present. Of the invertebrate macro-organisms collected, only specimens from the
major taxonomic groups of earthworms, termites, myriapods, halophilus and
molluscs were identified. The other invertebrate macroorganisms that were col-
lected but not identified have been grouped together and will form the “other or-
ganisms” group. The “other organisms” group includes: fly larvae, ants, woodlice,
mites and spiders. The macrofauna were identified using the FAO’s identification

key for soil macrofauna.

2.3. Statistical Analyses

Data relating to physical parameters (bulk density, proportion of coarse particles,
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usable reserve, etc.), chemical parameters (C, N, V etc.) and soil macrofauna
(number of termites, millipedes, molluscs, etc.). Each variable was subjected to an
analysis of variance (ANOVA) based on the associated tree densities, using SAS
2016 software, after verifying the homogeneity of variances. Statistically signifi-
cant differences were examined using post-hoc tests, in particular the Student-
Newman-Keuls (SNK) test, at a 5 per cent significance level. Significance levels
were expressed as follows: p < 0.05 (significant), p < 0.01 (highly significant), p <
0.001 (very highly significant). Clusters were established amongst all the parame-
ters measured in this study using Principal Component Analysis (PCA) with the
XLSTAT software, in order to determine the relationships between the variables

under investigation.

3. Results

3.1. Characterisation of Plant Species Associated with Cocoa Trees

3.1.1. Nature of the Associated Trees in Cocoa Plantations

The floristic survey of associated tree species in the three plots revealed a total of
383 trees, comprising 25 species belonging to 21 distinct botanical families. Of
these species, 239 are fruit-bearing species, representing 62.49 per cent, compared

with 144 forest species, representing 37.51 per cent (Figure 2).

4

m Fruit species = Forest species

Figure 2. Proportion of plant species associated with cocoa trees.

3.1.2. Characteristics of Fruit Species Associated with Cocoa Trees

There are 11 fruit species recorded in the cocoa plantations. They belong to 9 bo-
tanical families. Citrus sinensis, Musa paradisiaca and Mangifera indica were the
most common species found in cocoa plantations, with respective proportions of
11.17%, 8.78% and 7.71% (Table 1).

3.1.3. Characteristics of Forest Species Associated with Cocoa Trees

The surveyed areas contained 14 different forest species, belonging to 8 botanical
families. The most common species are: Pycnanthus angolensis, Pterygota bequa-
ertii, Ricinodendron heudelotii and Acacia mangium, with abundance percent-
ages of 4.26 per cent; 3.72%; 3.46% and 3.46%, respectively (Table 2).
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Table 1. Fruit species found in cocoa plantations.

Common name Species Family Proportion of abundance for each species
Avocado tree Persea americana Lauraceae 6.65
Orange tree Citrus sinensis Rutaceae 11.17
Mango tree Mangifera indica Anacardiaceae 7.71
Papaya tree Carica papaya Caricaceae 5.59
Lemon tree Citrus limon Rutaceae 2.66
Banana tree Musa paradisiaca Musaceae 8.78
Mandarin tree Citrus reticulata Rutaceae 5.05
Gwava Psidium guajava Myrtaceae 2.93
Coconut tree Coco nucifera Arecaceae 4.52
Cola Cola nitida Malvaceae 4.52
Moringa Moringa oleifera Moringaceae 2.93

Table 2. Forest species found in cocoa plantations.

Common name Species Family Proportion of abundance for each species (%)
Albizzia Albizzia lebbeck Fabaceae 2.39
Acacia Acacia mangium Fabaceae 3.46
Iroko Milicia excelsa Moraceae 3.19
Illomba Pycnanthus angolensis Myristicaceae 4.26
Fromager Ceiba pentandra Malvaceae 1.86
Encens Aucoumea klaineana Burseraceae 2.39
Isope Nesogordonia papaverifera Malvaceae 1.60
Akpi Ricinodendron heudelotii Euphorbiaceae 3.46
Fraké erminalia superba Combretaceae 2.93
Movingui Distemonanthus benthamianus Fabaceae 1.60
Samba Triplochiton scleroxylon Malvaceae 2.13
Coto Pterygota bequaertii Malvaceae 3.72
Acajou Khaya ivorensis Meliaceae 2.13
Bois bété Mansonia altissima Malvaceae 2.39

3.2. Effect of Agroforestry Tree Densities on Soil
Physico-Chemical Parameters

Analysis of the table revealed a significant difference (p < 0.05) between the treat-

ments in terms of bulk density (Da) and available soil water (RU). The highest
bulk density was observed for the control (T0), with a value of 1.40 g/cm’. With
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regard to the usable water reserve, treatments T0, T1 and T2 recorded the highest

values of 41.57 mm, 39.54 mm and 44.35 mm respectively. However, with regard

to the coarse-particle content, no significant difference was observed between the

treatments (Table 3).

Table 3. Physical properties of soils under different cocoa cropping systems.

Treatment
TO (Full sun)
T1 (0 - 25 trees per ha)
T2 (25 - 50 trees per ha)
T3 (>50 trees per ha)
Cocoa thresholds
Pr
Mean

Cv

Bulk density (Da) (g/cm?®)

1.40 £ 0.03*
1.20 + 0.04°
1.26 + 0.03°
1.27 £ 0.03
<1.5
0.002
1.28

8.03

Coarse particles (%)
23.22 £1.23*
15.66 £ 0.53*
18.33 £2.18*
13.33 £1.33*

<30
0.72
17.63

10.73

Useful water reserve (RU) (mm)
41.57 £ 0.54*
39.54 £ 0.62*
44.35 + 2.54*
34.28 +0.97°
<50
0.0002
39.93

10.68

The results of the chemical analyses are set out in Table 4. The highest levels of

organic matter, carbon and nitrogen were found in the T2 and T3 density treat-
ments, at 16 - 18.70 g-kg™', 30.53 - 32.16 g-kg™ and 1.40 - 1.65 g-kg™" respectively.
The soil pH fluctuated between 6.43 and 6.7 for all treatments. The cation ex-

change capacity (CEC) of the soils in the various treatments was higher in treat-
ments T2 and T3 (29.93 and 23.16); even the CEC values for the other treatments,

although low, remained within the normal range for cocoa cultivation. However,

no significant difference was observed in the saturation rate (Table 4).

Table 4. Chemical properties of soils under different cocoa cropping systems.

Treatment SOC (g.kg™)
TO (Full sun) 12.53 +0.92P
T1 (0 - 25 trees/ha) 16 + 0.61%
T2 (25 - 50 trees/ha)  17.37 +0.53°
T3 (>50 trees/ha) 18.70 + 1.48*
Cocoa thresholds 17 - 32
Pr 0.006
Mean 15.26
Cv 18.46

SOM (gkg!) N (gkg")
25.80 +1.58°> 0.70 £ 0.43°
28.52+1.06® 0.77 £ 0.17%®
30.53 +£0.92* 1.40 £0.10*
32.16 +2.54* 1.65+0.22*
>3( >1.2
0.006 0.02
26.25 1.08
18.46 5.94

pH C/N CEC (cmol*/kg) V (%)
6.46 £ 0.20° 17.90 +3.50* 17.21 +3.33* 57.86 +2.27°
6.43 £0.10*0 20.77 £1.29* 18.07 £2.89* 60.74 £ 5.98*
6.7 £0.08° 1240 +6.74° 23.16 £0.80* 71.69 +2.22°
6.7 +0.11*°  11.33 +0.49° 29.93.10 + 1.85* 63.38 + 1.84*
51-7 9-15 12-30 >60
0.17 0.006 0.35 0.12
6.6 24.40 17.40 89.15
5.16 9.53 36.37 34.87

Mean values marked with the same letter in the same column are not significantly different at the 5 per cent significance level. SOC:

soil organic carbon, SOM: soil organic matter, N: nitrogen, C/N: carbon-to-nitrogen ratio, CEC: Cation Exchange Capacity; V: base

saturation; Pr: probability; Cv: coefficient of variation.
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3.3. Effect of Agroforestry Systems on Indicators of Biological Soil
Fertility

Analysis of variance revealed a significant difference between the treatments for
all the biological organisms studied. Treatment T2 showed high abundance across
all organisms. This was in contrast to treatments T0 and T1, for which the values
were lower than those for the other treatments. However, the difference is less
pronounced in the case of molluscs, where treatments T1 and T3 are, in principle,
identical (Table 5) (Figure 3).

Table 5. Soil fauna identified according to tree density.

Treatments Earthworms Termites Millipedes Molluscs Holophilus Other
TO (Full sun) 9+1.29° 25.33 + 1.05° 7.67 £ 260° 433 £1.23° 4.67 +0.78° 20.67 + 4.59°
T1 (1 - 25 tree /ha) 22.67 +2.93° 45.67 +2.74° 6.67 £ 0.93° 6.33 £ 1.71% 8.00 + 2.77% 15.00 + 3.01°
T2 (25 - 50 tree /ha) 58 + 1.75% 98.67 +2.47% 15.89 + 1.36* 9.33 +£0.78* 9.33 £ 0.78% 65.67 +2.07*
T3 (>50 tree /ha) 61.67 +3.20* 43 +1.12° 17.33 + 1.50° 8.00 + 1.29% 16.67 + 25° 61.33 +1.30*
Pr <0.001 <0.001 <0.001 0.05 0.0007 <0001
Mean 37.83 53.17 11.89 7.00 10.50 40.67
Cv 19.24 4.46 4.27 5.56 5.51 5.29

Means marked with the same letter in the same column are not significantly different at the 5 per cent significance level. Pr: proba-

bility; Cv: coefficient of variation.

Figure 3. Various organisms observed in the soil of agroforestry systems. A: fly larvae; B: mites; C: earthworms; D: earthworm

cuticles; E: millipedes.

3.4. Interaction between Biological, Chemical, Physical Properties
of the Soil and Tree Density

The Principal Component Analysis (PCA) carried out using the soil’s physico-
chemical and biological parameters (Figure 4) showed that axes 1 and 2 accounted
for 74.8 per cent and 18.1 per cent of the total variance respectively; this represents
92.9 per cent of the total variance. This information can therefore be analysed easily
by focusing on the significant correlations revealed by these axes. Based on the cor-

relation between the axes and the variables, it appears that Axis 1 is positively cor-
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related with most soil parameters, such as CEC, MOS, SBE, pH, termites, molluscs,
earthworms and myriapods, and negatively correlated with the C/N ratio. As for
the vertically oriented variables, they are mainly correlated with the F2 axis. Over-
laying the data revealed that the treatments fell into two groups: The first group
comprises the TO treatment (full sun) and the T1 treatment (0 - 25 trees/ha), whilst
the second group comprises the T2 and T3 treatments. These treatments (T2 and
T3) promoted the production of organic matter (OM), soil nutrients (SBE), good
soil moisture saturation (V), a reduction in soil acidity (pH), and the development
of soil fauna and macrofauna. In contrast, T0 and T1-weighted images are charac-

terised by a C/N ratio and a low abundance of these parameters.

PCA biplot of treatments with HCPC clusters

RU

ul ya
TT2 (25-50 trees/ha)

T0 (full sun)
N

C/N

pim 2 (17.0%)

N\
T1 (0-25 trees/ha)

Holophi Lus

T3 (>50 trees/ha)

<]
Dim 1 (75.8%)

HCPC clusters @ Cluster 1 @ Cluster 2 variables =» Soil properties =» Soil macrofauna

Figure 4. Biplot of the analyses relating tree density, physico-chemical parameters and bi-
ological activity.

4. Discussion

Agroforestry systems are recognised as models of sustainable production that
combine crops with woody species. The adoption of these systems on cocoa farms
could prove significant for producers, as they improve soil quality and productiv-
ity. We will explain our findings, give our views on them and relate them to some
related research.

The results of the survey of trees associated with cocoa trees revealed that agri-
cultural fruit species were predominant, accounting for 62.40 per cent in the tra-
ditional agrosystems of the Lakota area. These species, including Citrus sinensis
(orange tree), Musa paradisiaca (banana tree) and Mangifera indica (mango tree),
are mostly grown for food, whilst others, such as Cola nitida (cola tree), are
planted to diversify farmers’ incomes [22]. Following the floristic survey of our

agroforestry systems, a complete system was identified, comprising the three as-
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sociated tree strata. Trees in stratum 3 stood out (39 per cent) from those in strata
2 and 1, which accounted for 36 per cent and 25 per cent respectively. Indeed, the
prevalence of associated trees that are considerably larger than the cocoa trees
(strata 3) would appear to indicate that the agroforestry orchards found in the area
are ageing. This was revealed by [21] who showed that no new cocoa plantations
are being established in Cote d’Ivoire’s main cocoa-producing areas and that all
of them are existing plantations that have been in production for more than five
years. However, some producers retain certain tree species in their plantations in
order to use them as timber, which is sold to logging companies [23]. As for the
species comprising strata 2 and 3 consisting of Citrus sinensis (orange tree), Musa
paradisiaca (banana tree) and Mangifera indica (mango tree), their presence is
thought to be due to dietary requirements [22].

Furthermore, analysis of the physical properties of the soil has shown that the
bulk density of the soil decreases as the density of trees growing alongside the
cocoa trees increases. In fact, the value was 1.20 g/cm’ for treatment T1 (0 - 25
associated trees), 1.26 g/cm® for treatment T2 with a medium density (25 - 50 as-
sociated trees) and 1.27 g/cm? for more than 50 associated trees (T3). These results
confirm that these plots are indeed cultivated systems, as described by [24]. They
maintain that the bulk density of cultivated systems generally ranges between 1.2
and 1.5 g/cm®. Furthermore, the decrease in bulk density associated with tree den-
sity is thought to be due to good soil structure and improved aeration, resulting
from the seamless interaction between the soil components. This idea is supported
by [25], who demonstrates that agroforestry, through the continuous addition of
plant litter and the development of the root system, reduces the bulk density of
the soil whilst improving its porosity. As for the usable water reserve, the results
indicated that this decreases as tree density increases. Indeed, the T1 (0 - 25 asso-
ciated trees) and T2 (25 - 50 associated trees) treatments recorded higher values
than the high-density treatment (>50 associated trees), with values of 39 mm, 44
mm and 34 mm respectively. This finding could be explained by competition be-
tween trees and cocoa plants for access to water in the soil. [25] explain that if the
trees growing alongside cocoa trees do not complement this crop, competition
may arise for the available water in the soil. These results highlight the importance
of selecting an appropriate density of trees to be planted alongside cocoa trees
within modern agroforestry systems, which are now recommended in Cote
d’Ivoire. The proportion of coarse particles does not vary from one treatment to
another. Furthermore, regardless of the associated tree density, the proportion of
coarse material remains within the range of values for cocoa cultivation reported
by [26]. Indeed, soils with a low content of coarse particles have a good usable
water-holding capacity. However, an abundance of coarse particles reduces the
soil’s ability to retain water.

From a chemical perspective, the research focused on organic matter, the rate
of mineralisation, cation exchange capacity (CEC), total exchangeable bases, base

saturation and nutrients. The results relating to soil organic matter content
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showed that the values obtained were higher in agroforestry systems than in full-
sun systems, but remained within the normal range for cocoa cultivation [27].
However, the optimal values were observed for T2 (30.53 g.kg™') and T3 (32.16
g.kg™). These values represent the optimum MO levels for cocoa cultivation. They
are thought to be linked to a high availability and diversity of litter debris. Fur-
thermore, the presence of trees in a plantation is thought to increase the soil’s
organic carbon content through the permanent presence of plant litter and the
microclimatic conditions essential for the development of organisms that break
down plant matter, which is then returned to the soil. These findings are con-
sistent with those of [28] [29], who argue that agroforestry increases carbon and
organic matter stocks compared with agricultural systems without associated
trees. Furthermore, the C/N ratio, which indicates the rate of organic matter min-
eralisation, showed normal values for treatments T2 (25 - 50 trees/ha) and T3 (>50
trees/ha), at 12.40 and 11.33 respectively. These values indicate good mineralisa-
tion of the organic matter. The optimal range (9 < C/N < 15) ensures a balance
between mineralisation and immobilisation, beneficial for the nutrition of cocoa
trees [30]. Indeed, [31] established threshold values for nitrogen uptake by plants.
If the C/N ratio is less than 9, mineralisation is too rapid (nitrogen loss), and if the
ratio is greater than 15, mineralisation is too slow (nitrogen deficiency). The ni-
trogen input observed in treatments T2 and T3 may be due to the presence of
associated trees capable of fixing atmospheric nitrogen in the soil, as mentioned
in the survey of trees associated with cocoa trees. Indeed, the results showed that
in these two densities (T2 and T3), there is a good supply of nitrogen, at 1.40 and
1.65 mg/kg respectively.

As for the adsorbent complex, the results of this study revealed identical CEC
values in soils of all tree densities associated with cocoa trees. These rates ranged
from 17.21 at the control level (T0) to 29.93 for the high-density treatment
(cmol.kg™). These values fall within the standards for cocoa cultivation. Indeed,
soils that receive a daily supply of organic matter from associated trees will develop
a well-formed clay-humus complex [32]. This is the “reservoir” for basic cations in
the soil, which explains why systems with increasingly high tree densities exhibit
higher CEC values as density increases. Furthermore, the soil pH was statistically
identical across all cropping systems (6.4 to 6.7), with values close to neutrality (7).
These results show that agroforestry systems have helped to maintain, or even im-
prove, soil pH. Indeed, the ideal pH for growing cocoa is 7 [27] [33] [34]. The same
authors had confirmed that this plant can still grow in slightly acidic (pH 4.5 - 6)
or slightly alkaline (pH 6.5 - 7.5) soils. The near-neutral pH levels found in the
various soils are thought to promote the effective decomposition of organic matter
and the optimal structuring of soil components. In agroforestry systems, soil chem-
ical properties are strongly influenced by daily litter inputs and nutrient recycling
[35]. Furthermore, the base saturation (V %) showed statistically identical values
in the soils of the different cropping systems. However, the tree-based system

yielded acceptable values of 57.86 per cent, 71.69 per cent and 63.38 per cent re-
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spectively for treatments T1, T2 and T3, compared with the 60 per cent benchmark
set by [36]. Furthermore, these slightly elevated saturation values confirm that the
soils are slightly neutral, with a pH of around 6.7; indeed, the base saturation is
closely linked to soil pH [37]. Thus, when the pH is low, the saturation level is low
(<60 per cent), and when the pH is around neutral, the base saturation level is high
(>60 per cent). Furthermore, the presence of trees in plantations helps to maintain
the base saturation level through nutrient recycling and the transfer of exchangea-
ble bases from deeper soil layers to surface layers [38]. With regard to the sum of
exchangeable bases, the results showed the highest values in the T2 (16.62 cmol/kg)
and T3 (18.97 cmol/kg) treatments compared with the other treatments. These val-
ues are consistent with those reported by [39] which defines an optimal value for
cocoa cultivation of more than 15 cmol/kg. These normal values are thought to be
due to the well-structured clay-humus complex of the soils studied.

Following the assessment of the soils’ physico-chemical properties, the biolog-
ical characterisation of the soil is then addressed. Indeed, the results of the biolog-
ical characterisation revealed an abundance of biological organisms at medium
(25 to 50 associated trees) and high (more than 50 associated trees) densities, com-
pared with the lower associated tree densities (0 and 25 associated trees) and the
“full sun” system. These results suggest that an increase in the density of associ-
ated trees is correlated with a higher abundance of soil macrofauna, thus reflecting
an increase in biological activity within the ecosystem. Indeed, the presence of
trees in cropping systems appears to promote the establishment, survival and ac-
tivity of beneficial soil organisms, in particular by improving microclimatic con-
ditions, the continuous supply of organic matter. These findings are consistent
with those of [9] who reported that agroforestry systems promote high levels of
biological activity thanks to the microclimatic conditions they create. Principal
component analysis (PCA) yielded the same results as those from the analysis of
variance, which shows that systems with increasing levels of cover are rich in bio-
logical organisms in terms of both abundance and diversity.

The findings of this study indicate that traditional cocoa-based agroforestry sys-
tems have a positive impact on cocoa plantations. However, densities of between
25 and 50 trees per hectare and those with more than 50 trees per hectare could
be beneficial for the sustainability of cocoa plantations, given that the physical,
chemical and biological indicators of soil fertility have reached optimal levels at
these densities. But further studies are needed on the effect of these densities on
the growth and yield of cocoa trees in order to draw definitive conclusions regard-

ing the recommended density.
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