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Cocoa is a vital crop globally, yet its production is influenced by various cropping systems that can significantly affect its field
performance and long-term sustainability. This study aimed to evaluate how different cropping systems impact yields, losses from
pests and diseases, soil fertility, and microbial populations in cocoa cultivation. Three distinct cropping systems were examined
within a 65-ha orchard in southern Cameroon: cocoa monoculture without shade (cropping system 1), cocoa grown alongside
forest trees and Persea americana (cropping system 2), and cocoa in association with Inga edulis and Dacryodes edulis (cropping
system 3). Data collected on production metrics, soil fertility, and microbial populations revealed significant differences (p < 0.05)
among the cropping systems. Cropping system 2 demonstrated the highest performance across several production variables,
including the number of pods per tree, fresh pod weight, number of beans per pod, and both fresh and dry bean weights. The yield
was also notably higher in this system. Conversely, the percentage of losses due to pests and diseases was not significantly different
among the three systems, with System 1 at 42.18%, System 2 at 41.21%, and System 3 at 43.09%. In terms of soil fertility, cropping
system 2 exhibited superior conditions along with a more diverse microbial population. The dominant bacterial genera identified
included Actinomycetes, Azotobacter, Bacillus, Clostridium, and Streptomyces, while the fungal genera included Aspergillus,
Penicillium, and Trichoderma. Interestingly, the soil bacterial load was highest in cropping system 3 at 1.89 x 10° CFU.g ', whereas
cropping systems 1 and 2 had higher fungal loads at 2.09x 10° CFU.g"" and 1.91 x 10° CFU.g ™", respectively. These findings
suggest that cropping systems that integrate cocoa with forest species and Persea americana not only yield better results but also
enhance ecological functions related to microbial diversity and soil fertility in cocoa plantations.

Keywords: agroforestry; cocoa production; cropping system; microbial population; pest and disease losses; sustainable cocoa
farming

1. Introduction South America. The cocoa tree is truly famous and appre-

ciated for its beans, which are the raw material for chocolate
Stimulant plants play an essential role in the human diet due ~ production [2]. Indeed, chocolate is a source of happiness
to their high alkaloid and phenolic compound content [1].  and is recognized for its benefits to human health [3]. It
Among them is the cocoa tree, a perennial crop native to ~ improves cardiometabolic health by modulating blood


https://orcid.org/0000-0002-0403-5476
https://orcid.org/0000-0002-8542-4843
https://orcid.org/0000-0003-2404-4959
https://orcid.org/0009-0000-0398-6192
https://orcid.org/0009-0001-4311-4206
https://orcid.org/0000-0001-9607-9961
mailto:pierrentsoli@yahoo.fr
mailto:yaoubaaoudou@yahoo.fr
https://creativecommons.org/licenses/by/4.0/

pressure and lipid profiles [4]. Furthermore, chocolate
consumption has also been reported to improve cognition in
clinical trials [5]. The cocoa beans essential to chocolate
production are grown in some 70 countries around the
world. Most of these countries are located in the in-
tertropical zone [3, 6], mainly on the African, American, and
Asian continents. According to the latest reports from the
International Cocoa Organization (ICCO), world cocoa
production in 2023 is estimated at 5 million tons [7]. Around
65.70% of the world’s cocoa supply comes from rural family
farms on the African continent [8], for whom cocoa is
a major contributor to their income [9]. Specifically, these
production statistics for the African continent are best de-
scribed with the Ivory Coast (900,000 tons), Ghana (450,000
tons), Nigeria (280,000 tons), and Cameroon (260,000 tons)
as the continent’s top four producing countries [8].

In Central Africa, Cameroon, known as Africa’s fourth-
largest cocoa producer and the world’s sixth-largest, is
currently the subregion’s leader in terms of cocoa pro-
duction [8]. Cocoa farming represents a major economic
and social activity for the country [10]. Along with coffee,
cotton, and bananas, cocoa is one of the four main sources of
revenue from the marketing of agricultural commodities
[11, 12].

Over the last few decades, global demand for mer-
chantable cocoa has risen significantly as a result of the high
consumption of chocolate products worldwide [13, 14].
Despite this increase in demand for market cocoa, pro-
duction in Cameroon has been revised downward across the
production basin particularly due to many factors intrinsic
and extrinsic to cocoa farmers. Some of these factors are
linked to the economy and independence of cocoa farmers,
through the price per kilogram of commercial cocoa, which
has fallen as a result of the government’s liberalization of the
sector, leading cocoa farmers to abandon the sector and
concentrate on more profitable perennial crops such as
cashew nuts, palm oil, and rubber trees. Other factors are
linked to the production environment influenced by recent
climate change, aging plantations, degraded soil, pest, and,
above all, diseases such as black pod disease [15-18].

As previously reported, cocoa farming in Cameroon
faces numerous constraints and significant challenges due to
unsustainable farming practices applied to address these
constraints, which often lead to the degradation of the
production environment. In fact, these practices manifest as
farmers’ dependence on synthetic inputs, leading to the
deterioration of soil fertility and microbial biodiversity,
which are essential to the maintenance of healthy agro-
ecosystems. These forms of degradation are often irreversible
or extremely difficult to rectify over time, posing a major
threat to the sustainability of cocoa farming [19, 20].

To address the issues of degradation and ensure sus-
tainable yields, implementing and understanding cocoa-
based cropping systems is essential. Agroforestry practices
such as shade-grown cocoa, alley cropping with nitrogen-
fixing trees, and multistory cropping have shown promise in
improving both ecological balance and economic viability
[21]. These systems not only mitigate the adverse effects of
monoculture but also contribute to carbon sequestration
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and biodiversity conservation. The design, understanding of
the functioning and adoption of efficient and innovative
cropping systems, is important to ensure sustainable agri-
cultural production, particularly in cocoa production, which
requires deforestation during plant stand development [18].
At the same time, it involves taking into account aspects of
production and system sustainability through the impact on
the production environment [20, 22-25]. This is the ratio-
nale behind the present study, which was conducted to assess
yields, pest-related yield losses, fertility status, and soil
microbial population of three cocoa-based cropping sys-
tems, involving an unshaded monocropping, a conventional
agroforestry system, and a system involving a tree legume.

2. Materials and Methods

2.1. Location and Description of the Study Area. The study
was conducted in Nkolandom, located in the southern re-
gion of Cameroon, within the bimodal rainforest zone
(geographical coordinates: 2° 29’02 N and 11° 5735 E). This
area experiences a Guinean climate, characterized by average
annual temperatures around 25°C and annual rainfall
ranging from 1700 to 1800 mm. The vegetation in the study
region comprises Congolese forest formations, also referred
to as dense evergreen rainforest, interspersed with semi-
deciduous forest. This ecosystem is notable for its high tree
density per hectare, with a canopy height reaching ap-
proximately 50 m. The predominant botanical families in-
clude Combretaceae, Sterculiaceae, and Ochnaceae, which
shed their leaves during the dry season [26, 27].

The soil is dominated by ferrallitic tropical soils, which
degrade rapidly in the absence of forest cover. These types of
soils are characterized by low organic matter and silt con-
tent, variable clay content, acid pH, and low nutrient re-
tention capacity [28]. The relief is dominated by the South
Cameroon plateau, with altitudes of up to 1000 m, although
the various cropping systems are located in the flat zone. The
average altitude varies between 600 m and 675 m, although
here and there are hills of varying size, separated by valleys of
varying depth [27]. The weathering profiles across much of
the plateau are notably thick and feature the widespread
presence of ferruginous nodules and cuirass blocks, all
covered by loose clayey material of varying thickness [29].

2.2. Plant Material, Experimental Site, and Trial Design.
The plant material for this study consists of cocoa trees aged
between 8 and 12 years, cultivated under various cropping
systems on a 65-ha peasant farm. The farm features a mix of
cocoa clones, including SNK 413, TAFO 79/501, IMC 67,
and UPA 109. The cropping systems evaluated are illustrated
in Figure 1. For data collection, three plots of 1000 m* were
established within each cropping system of the plantation,
with each plot carefully marked using BTP tape. Each
designated plot was homogeneous in terms of both age and
the type of cropping system employed. The rectangular
shape of the plots was intentionally selected to encompass
a more heterogeneous area, thereby enhancing the repre-
sentativeness of the sample compared to square or circular
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Figure 1: llustration of the different cropping systems. (a): Monoculture cocoa without shade (cropping system 1), (b): cocoa + forest trees
(> 30 m) + Persea americana (cropping system 2), (c): cocoa + Inga edulis + Dacryodes edulis (cropping system 3).

plots of the same size [30]. This design choice aims to capture
the variability inherent in the agroecosystem, which is
crucial for accurately assessing the impacts of different
cropping systems on cocoa production. The densities and
spacings of cocoa trees and associated trees in the different
cropping systems are presented in Table 1.

2.3. Crop System Management During the Trial.
Throughout the cropping season, the same fertilizer appli-
cation and pest and disease management methods were used
for the three cropping systems. For phytosanitary man-
agement, Ridomil Gold Plus 66 WP and Nordox 75 WG
were used 6 times at 21-day intervals for control of black pod
disease, while imidacloprid and thiamethoxam were used for
mirid management 2 times at 2-month intervals. Cocoa trees
in the orchard were pruned 2 to 4 times a year, depending on
the type of specific pruning required.

2.4. Data Collection. All agronomic data were collected
during the 2020-2021 crop year.

2.4.1. Climatic Data. Climatic data (rainfall for 30 years and
other parameters for 10 years) were obtained simultaneously
from the NASA website (https://power.nasa.gov) by the

geographical coordinates of the study site and from the
Agricultural Research Institute for Development, Nkoem-
vone station. Evapotranspiration was estimated using the
FAO Penman-Monteith formula in Ketema and Wade [31].

2.4.2. Estimation of Disease Losses and Yield Potential of
Cropping Systems. Losses due to the pest and disease were
assessed by counting healthy and attacked pods throughout the
crop year, following a series of 6 passes at 8-week intervals. To
estimate the yield, a total of 270 healthy pods were harvested, at
arate of 30 pods per cropping system and per observation plot.
All the following parameters were collected using a Z-shaped
sampling procedure: the number of viable and wilted cherelles,
healthy and mummified pods, the average weight of the pods,
the number of beans per pod, the fresh and dry weight of the
beans per pod, and the pod index.

The pod index is the number of pods (NbPods) needed to
produce 1 kg of merchantable cocoa. It was calculated using
the following formula:

lkg
dry weight of beans in a pod’

Podindex = (1)

Potential yield (PYield) and disease losses were esti-
mated following the formula of Jagoret et al. [32] by the
following mathematical relationship:


https://power.nasa.gov
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TaBLE 1: Density and spacing in the different cropping systems studied.

Density per ha (spacings)

Cocoa Forest trees Persea americana Inga edulis Dacryodes edulis
Cropping system 1 1600 (2.5x2.5m) \ \ \ \
Cropping system 2 1111 (3x3m) 123 (9x9m) 123 (9x9m) \ \
Cropping system 3 1111 (3x3m) \ \ 156 (8 x 8 m) 123 (9x9m)

Note: Cropping system 1: monoculture cocoa without shade. Cropping system 2: cocoa + forest trees (> 30 m) + Persea americana. Cropping system

3: cocoa + Inga edulis + Dacryodes edulis.

Yld = [(Nmc x Pmf x Ct x N¢)]. (2)

Yld represents the yield measured in kilograms per
hectare, while Nmc refers to the average NbPods per cocoa
tree, which can be quantified by counting the pods. This
count is based on the number of fruits exceeding 10 cm in
length, as these are less likely to be affected by physiological
wilt [33, 34]. Pmf denotes the average weight of fresh beans
per pod (in kg), and Ct is the transformation coefficient that
relates the weight of fresh beans to the weight of mer-
chantable cocoa, a variable considered constant at a value of
0.35 [35, 36]. The variable Nc¢ indicates the number of cocoa
trees per hectare, also referred to as the density of cocoa
trees. This can be quantified by counting the plants within
a specified area. The total number of cocoa trees in each plot
was recorded, and the density was extrapolated from these
counts.

2.4.3. Collection of Soil Samples. Soil samples were collected
from the three cropping systems using a Z-sampling
method. In each cropping system, a total of fifteen partial
samples, each weighing 500g, were gathered. Prior to
sampling, the soil surface was cleared of any dead leaves and
plant debris. The samples were taken from the upper soil
layers, specifically at a depth of 5-10 cm.

After collecting the partial samples, composite samples
weighing 1000 g were prepared for each cropping system.
Each composite sample was thoroughly mixed and then
divided into two equal portions, which were placed in plastic
bags for storage. The samples were kept at room tempera-
ture, and microbiological analyses were conducted on the
14th day of storage. This duration was deemed necessary to
allow for the re-establishment of microbiological equilib-
rium, as recommended by Ziemiecka [37].

2.4.4.  Physicochemical Analysis of Soil Samples.
Physicochemical analyses were conducted at the Research
Unit of Soil Analysis and Environmental Chemistry of the
Faculty of Agronomy and Agricultural Sciences (FAAS) of
the University of Dschang using the standard procedures
suggested and explained in the handbook of Pauwels et al.
[38]. The results of the physicochemical analysis were ap-
preciated using the Land Evaluation Manual by Beernaert &
Bitondo [39].

2.4.5. Isolation, Quantification, and Identification of Mi-
croorganisms of Rhizosphere. Soil microbiological analyses

were carried out at the Plant Pathology Laboratory of the
FAAS at the University of Dschang. For this purpose, the
decimal dilution principle was applied. Ten grams of
composite sample from the rhizosphere of each cocoa-based
cropping system studied were introduced into an Erlen-
meyer flask containing 90 mL of sterile distilled water, then
mixed, and vortexed, and dilutions were made up to 1077,
Next, 100-uL aliquots from the 107*-1077 dilutions were
plated with replicates in Petri dishes containing nutrient
agar and PDA medium, respectively, for isolation and
quantification of bacteria and fungi.

Colonies were differentiated through visual inspection,
focusing on their morphology and pigmentation. Selected
individual colonies were then cultured separately to obtain
pure strains. Each pure fungal strain was identified based on
macroscopic and microscopic characteristics, utilizing the
identification keys provided by Barnett and Hunter [40]. A
similar identification process was followed for bacteria,
incorporating Gram staining as outlined by Vincent and
Humphrey [41], along with additional biochemical tests,
including catalase, Simmons citrate, urease, and motility
tests, conducted according to the protocols in Bergey’s
Manual of Systematic Bacteriology [42]. All incubations
were performed at 37°C for 24-48h for bacterial cultures,
while fungal cultures were incubated at a temperature of
25+ 2°C for a period of 5-7 days. This systematic approach
ensured the accurate identification of both fungal and
bacterial strains.

2.4.6. Enumeration of Colonies. Colonies were counted, and
the results were expressed as colony-forming units (CFU)
per gram of soil. The number N (estimate of the microbial
population) was calculated using the following formula [43]:

-1_ (AXBXC)

(DxE) 3

CFU.g
where A is the number of colonies, B is the volume of
sterilized water added (mL), C is the dilution factor, D is the
weight of the soil subsample (g), and E is the volume of soil
solution spread (mL).

2.5. Data Analysis. Statistical analyses were performed using
R software version 4.3.1 [44], using the packages Agricolae
[45], FactoMineR [46], and Stats [44]. Statistical comparison
between cropping systems was performed using the least
significant difference (LSD) test for p<0.05. Principal
component analysis (PCA) and heat mapping were
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performed on all collected data to systematically assess the
distinct mode of action of different cropping systems on all
measured variables.

3. Results

3.1. Climate of the Study Area During the Trial Period.
Climatic conditions at the study site are presented in Table 2.
During the year, two distinct wet periods (Prec. > ETP) were
observed. The first, from the beginning of March to June, co-
incides with the first peak in production, and therefore in
harvesting; and the second, from August to November, corre-
sponds to the second peak in production, the most important in
terms of harvesting during the year. As a result, the zero-water
reserve from January to February becomes strictly positive from
March to early December. Similarly, the average annual relative
humidity (RH) fluctuates around 87.3%, with peaks of more
than 90% observed during the two wet periods of the year.

3.2. Percentage of Viable and Wilted Cherelles and Mummified
Pods. Table 3 shows the proportions of viable, wilted, and
mummified pods according to the cropping system. In all
three cropping systems, wilting of cherelles due to mirid
attacks, internal cocoa tree factors, and environmental
factors was observed. The percentage of wilted cocoa
cherelles was significant (p <0.05). The unshaded mono-
cropping system (85.68%) had the highest percentage of
wilted cherelle cushions, while the cocoa + forest
trees + Persea americana system and the cocoa+Inga
edulis + Dacryodes edulis system had similar percentages of
wilted cherelle cushions (77.46% and 77.33%). Regarding the
number of viable cherelles, the unshaded monoculture
system, the cocoa + forest trees + Persea americana system,
and the cocoa+ Inga edulis+ Dacryodes edulis system had
14.31%, 22.54%, and 22.67%, respectively. However, the
proportion of viable cherelles capable of becoming pods was
not significantly different between the different cropping
systems (p > 0.05). There was no significant difference in the
proportions of mummified pods between the cropping
systems studied (p > 0.05). Therefore, the proportions of
mummified pods recorded were 42.18% in the monoculture
system without shade, 41.21% in the cocoa + forest
trees + Persea americana system, and 43.09% in the
cocoa + Inga edulis + Dacryodes edulis system.

3.3. Effect of Cropping System on Yield and Losses due to Pests
and Diseases. The results presented in Figure 2 are based on
analyses carried out on the pods brought back to the
laboratory. The analysis of variance shows that there is
a significant difference (p < 0.05) between cropping systems
for the average NbPods per cocoa tree (Figure 2(a)), the
average weight of pods (Figure 2(b)), fresh and dry beans
weight (Figures 2(d) and 2(e)), and the NBePods
(Figure 2(c)). The fresh weight of the pod was significantly
greater (p<0.05) in the cocoa+forest trees+ Persea
americana/cropping system 2 (492.42g), compared with
the unshaded monocropping system (342.94¢), and the
cocoa +Inga edulis + Dacryodes edulis system (348¢g).

TABLE 2: Precipitation, evapotranspiration, and relative humidity
throughout the study period.

Month Prec. (mm) ETP (mm) SWR (mm) HR (%)
January 32.1 152.5 0 79.6
February 55.1 130.5 0 821
March 140.8 131.9 9 87.2
April 185.1 118.4 75.7 90.5
May 172.4 119 100 91.1
June 123.6 111.1 100 88.9
July 86.6 119.1 67.5 87.1
August 129.4 124 72.8 87.7
September 205.1 117 100 90.2
October 273 119.8 100 91.6
November 175.9 126.5 100 89.4
December 51.7 145.6 6.1 82.5
Mean 1630.9" 126.3 60.9 87.3

Note: Prec. = precipitation, ETP = evapotranspiration.
Abbreviations: RH = relative humidity, SWR = soil water reserve.
“Sum of monthly precipitation.

Similarly, the NBePods in the cocoa + forest trees + Persea
americana system (47) is higher than in the other systems.
The same observations were made about the fresh weight
and dry weight of the beans (DWBeans). The pod index was
significantly different between all the systems studied. The
unshaded monocropping and cocoa+Inga edul-
is + Dacryodes edulis systems have a higher pod index than
the cocoa + forest trees+ Persea americana system. To
produce 1kg of marketable cocoa, 27 pods are needed in
the unshaded monocropping system, 22 pods in the
cocoa + forest trees+ Persea americana system, and 26
cocoa pods for cocoa+Inga edulis+ Dacryodes edulis
(Figure 2(f)). Analysis of variance shows that the cropping
system has a significant effect (p <0.05) on yield. Over the
whole trial system, potential merchantable cocoa yield
(Figure 3(a)) was significantly (p<0.05) higher in the
cocoa + forest trees + Persea americana system, with a mean
value of 1041.76 kg.ha™". The unshaded monocropping and
cocoa + Inga edulis + Dacryodes edulis systems had poten-
tial merchantable cocoa yield of 748.99kgha™" and
682.75 kg.ha™’, respectively. The same trend was observed
between the three cropping systems for yield losses due to
pests and black pod disease (Figure 3(b)). However, there
was no significant effect (p > 0.05) of the cropping system
on the percentage of yield lost to pests and black pod
disease. The unshaded monoculture, cocoa + forest
trees + Persea americana and cocoa + Inga edulis + Dacry-
odes edulis systems, respectively, showed percentage losses
in merchantable cocoa of 42.18%, 41.21%, and 43.09%
(Figure 3(c)). As a result of these losses due to pests and
black pod disease, the actual merchantable cocoa yields
were, respectively, 425.18 kg.hef1 in System 1,
607.27 kg.ha™! in System 2, and 388.04kg.ha™" in System 3
(Figure 3(d)).

3.4. Soil Chemical Properties as a Function of Cropping
Systems. Significant variations (p<0.05) in soil fertility
were observed across different cocoa-based cropping sys-
tems. The pH levels indicate that soils under unshaded
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TaBLE 3: Percentage of viable and wilted cherelles and mummified pods by cropping system.

Cropping system 1 Cropping system 2 Cropping system 3
Wilted cherelles 85.68 a 77.46 b 7733 b
Healthy cherelles 1431 b 2254 a 22,67 a
Mummified pods 4218 a 4121 a 43.09 a

Note: On the same line, the values followed by the same letter are not significantly different (p < 0.05, Kruskal-Wallis test).
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F1Gure 2: Components of merchantable cocoa yield as a function of cropping systems. Different letters indicate significant differences
between cropping systems (p < 0.05, LSD test). Error bars indicate + SD. (a) Number of pods/cocoa tree, (b) average weight of a beans/pod,
(c) number of beans/pods, (d) fresh weight of beans/pod, (e) dry weight of beans/pod, (f) pod index. System 1: monoculture cocoa without
shade, system 2: cocoa + forest trees (> 30 m) + Persea americana, system 3: cocoa + Inga edulis + Dacryodes edulis.

monoculture (cropping system 1) are very acidic at 4.9, while ~ 5.15. In contrast, cropping system 3, featuring cocoa
those in cropping system 2, which combines cocoa with  alongside Inga edulis and Dacryodes edulis, exhibits slightly
forest trees and Persea americana, are moderately acidic at acidic conditions with a pH of 6.55 (Figure 4(a)). In terms of
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F1GURE 3: Marketable cocoa yields and losses as a function of cropping systems. Different letters indicate significant differences between
cropping systems (p < 0.05, LSD test). Error bars indicate + standard deviation (SD). (a) Potential merchantable cocoa yield, (b) yield loss
due to pests and black pod disease, (c) percent yield lost, (d) actual merchantable cocoa yield. System 1: monoculture cocoa without shade,
system 2: cocoa + forest trees (> 30 m) + Persea americana, system 3: cocoa + Inga edulis + Dacryodes edulis.

organic matter and available nitrogen, cropping system 2
shows the highest levels, with organic matter at 6.55% and
nitrogen at 0.04%. Cropping system 3 follows with organic
matter at 4.22% and nitrogen at 0.089%, while cropping
system 1 has significantly lower values, with organic matter
at only 0.42% and nitrogen at 0.07% (Figures 4(b) and 4(c)).
Assimilable phosphorus is notably low in Systems 1
(5.27 ppm) and 2 (13.12 ppm), but markedly high in System 3
at 50.25 ppm (Figure 4(d)). The exchangeable bases also vary
significantly among the cropping systems (Figures 4(e), 4(f),
4(g), 4(h)). System 2 has higher levels of sodium (0.04 megq/
100g) and potassium (0.88meq/100g), while calcium
(6.57 meq/100 g) and magnesium (5.62 meq/100 g) are more
abundant in the unshaded monoculture system. Further-
more, the soil cation exchange capacity (CEC) is very high in
cropping system 3 at 24.18 meq/100 g, average in System 2 at
13.39meq/100g, and very low in System 1 at just
6.22meq/100g (Figure 4(i)). These data illustrate the
complex interplay between cropping systems and soil fer-
tility dynamics within cocoa cultivation.

3.5. Soil Microbial Population as a Function of Cropping
Systems. Figure 5(a) shows the fungal load per gram of soil
as a function of the cropping system. After counting colonies
on culture medium, the fungal load in soil samples from
System 1: unshaded monocropping was 2.09 x 10° CFU.g™;
1.91 x 10° CFU.g ™" in System 2: cocoa + forest trees + Persea
americana; and 9x10° CFU.g™" in System 3: cocoa + Inga
edulis + Dacryodes edulis. On the other hand, a variable
bacterial load was observed according to the different
cropping systems (Figure 5(b)). Cocoa+Inga edul-
is + Dacryodes edulis (1.89x10°CFU.g™") had the highest
bacterial population, followed by unshaded monocropping
(4.7 x10° CFU.g_l) and cocoa + forest trees + Persea ameri-
cana (4.9x10° CFU.g*I). However, microbial diversity was
greater in the latter system, with at least 9 different microbial
genera observed.

Bacteria of the genus Actinomycetes were found in
greater abundance in the system including Inga edulis,
whereas in the system including the association of cocoa
with forest species, the genera Azotobacter, Bacillus,
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Clostridium, and Streptomyces were found in addition to
Actinomycetes. However, no Pseudomonas bacteria were
found in the samples from the latter system. As far as soil
fungi are concerned, the genus Aspergillus remains by far the
most abundant, in particular the species Aspergillus niger
and Aspergillus carbonarius, whatever the cultivation system
used. The abundance of the Penicillium genus is equally
balanced in all cropping systems, while the genus Tricho-
derma, particularly Trichoderma harzianum, is more
abundant in the system combining cocoa with forest species
and Persea americana. The Cercospora genus is only found in
System 3 (Figure 6).

3.6. Relationship Between Cropping System, Yield Compo-
nents, Fertility Status, and Soil Microbial Population.
Detailed and visual evaluations of the relationships among
various cropping systems, yield, yield loss, soil fertility, and
microbial populations are presented through PCA and a heat
map correlation. The PCA results, depicted in Figure 7(a),
indicate that the first two dimensions account for 100% of
the variability captured, with Dimension 1 explaining

61.27% and Dimension 2 38.72%. The most significant
variables represented in these dimensions are summarized in
Table 4. In the heat map shown in Figure 7(b), the ex-
planatory variables are plotted along the y-axis, while the
response variables are positioned on the x-axis. A color
gradient ranging from red to blue illustrates the strength of
correlations between these variables. Darker shades of red
signify stronger positive correlations, whereas darker shades
of blue indicate stronger negative correlations. This visual
representation facilitates an intuitive understanding of how
different factors interact within the studied cropping
systems.

Analysis of Figures 7(a) and 7(b) reveals that all pro-
duction variables, including NbPods, mean weight of pods
(MWPods), NBePods, fresh weight of beans (FWBeans),
DWBeans, cocoa pod index (CPodsl), PYield, and loss yield
(LYield), exhibit strong correlations with cropping system 2,
which integrates cocoa trees with forest trees and Persea
americana. In contrast, the CPodsl and the percentage of
losses attributed to pest and disease (LYieldP) show a sig-
nificant correlation with cropping system 3, characterized by
the combination of cocoa trees, Inga edulis, and Dacryodes
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TaBLE 4: Eigenvectors and eigenvalues of the first two principal
components (PCs) with yield variables, soil fertility status, and
microbial population variables.

Variables Dim 1 Dim 2
NbPods 0.88 -0.46
MWPods 0.96 0.26
NBePods 0.68 0.72
FWBeans 0.87 0.48
DWBeans 0.97 0.21
CPodsI -0.99 -0.08
PYield 0.99 0.06
LYield 0.99 0.08
LYieldP -0.95 0.28
pH -0.64 0.76
OrgMatter 0.78 0.61
Nitrogen 0.50 0.86
Phosphorus -0.57 0.81
Calcium 0.42 -0.90
Potassium 0.95 0.29
Magnesium -0.12 -0.99
Sodium 0.99 —0.005
CEC -0.46 0.88
C/N 0.55 0.82
Fungi-pop 0.58 -0.81
Bact-pop -0.68 0.73
Eigenvalue 12.86 8.13
Percentage change 61.27 38.72
Cumulative percentage change 61.27 100

Note: Variables with values in bold are those that contribute most to the
construction of PCA axes.
Abbreviation: Dim: dimension.

edulis. Regarding soil fertility and microbial populations in
cocoa cultivation across different cropping systems, crop-
ping system 2 is distinguished by higher levels of organic
matter, available nitrogen, a favorable carbon-to-nitrogen
(C/N) ratio, and exchangeable bases. Conversely, cropping
system 3, which includes the leguminous tree Inga edulis, is
noted for its nearly neutral pH, elevated CEC, a more
substantial bacterial population, and greater availability of
phosphorus. In terms of monoculture systems, these are
linked to increased fungal populations alongside higher
levels of magnesium and calcium in the soil. Overall, var-
iations in bacterial and fungal populations are influenced by
soil pH levels. In cropping system 3, where moderately to
slightly acidic pH values are prevalent, bacterial populations
are notably high while fungal populations remain low.
Conversely, in environments with lower pH levels, there is
an observable increase in fungal populations accompanied
by a decrease in bacterial counts. This dynamic underscores
the complex interplay between soil chemistry and microbial
ecology within these agroecosystems.

4. Discussion

The notion of the cropping system is essential in the man-
agement of a plant stand. In the case of cocoa farming, it has
an influence on the crop of interest (cocoa tree) due to in-
teractions between environmental modifications related to
the absence or presence of associated species in the cropping
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system [32, 47]. Moreover, the predominant methods of
cocoa cultivation vary considerably, from monoculture sys-
tems that expose crops to sunlight to more diversified ag-
roforestry systems that integrate other plant species [48, 49].
In this study, significant differences were observed between
the cropping systems implemented with regard to mer-
chantable cocoa yields and associated yield variables. Cocoa
production across different cropping systems reveals that the
cocoa association with forest trees and Persea americana
system significantly outperforms both the unshaded mono-
cropping (425.18kgha™') and the cocoa+Inga edul-
is+ Dacryodes edulis (388.04kgha™") systems. Specifically,
cocoa trees in association with forest trees and Persea
americana produced heavier beans (492.42 g) and achieved
superior yields (607.27 kg.ha™") compared to those grown in
full-sun conditions. Results concerning the influence of
cropping systems established on cocoa tree performance have
been reported in numerous studies. Indeed, Andres et al. [50]
report that cocoa yields were 12%-46% higher in agroforestry
systems than in monocultures in the Ivory Coast and Bolivia
after a trial. Moreover, the yield performance in favor of the
cultivation system that maintained forest species in associa-
tion with Persea americana to the detriment of the full-sun
system was a major result and contradictory to other studies.
Niether et al. [51] noted that cocoa trees cultivated under
shade exhibited yields that were 25% lower than their
counterparts grown without shade. Yet, while it is generally
accepted that unshaded cocoa farms generally produce the
highest yields. In unshaded systems, enhanced photosynthesis
and floral induction lead to increased pod production as
reported by Koko et al. [52] and Trazié et al. [53]. Lachenaud
[34] attributes these variations to several critical nutritional
factors in the plant’s environment, including climatology,
planting density, shade, and soil fertility. Yet, these essential
factors are closely linked to the cropping system, which in-
volves modifications to the associated species interacting with
the cocoa trees. Nevertheless, it should not be forgotten that,
while monoculture systems may give better results in the short
term, they often lead to an increase in pest pressure and
a decline in soil quality over time [54, 55]. Conversely, ag-
roforestry systems, which combine cocoa with other crops or
trees, can enhance biodiversity, improve soil health, and
provide additional sources of income for farmers.

To further explain the differences in effective yields
observed between the cropping systems studied, it remains
important to highlight the losses linked to diseases and pests.
Indeed, the action of diseases and pests in cocoa-based
agroecosystems contributes to reducing their performance
in terms of yields. Despite the higher yield losses in the
system associating cocoa trees with forest trees+ Persea
americana, the results of this study indicate that the pest
pressure and the percentage/ratio of pest/disease-related
cocoa losses do not vary significantly regardless of the
cropping system implemented. This observation corrobo-
rates the results obtained by Armengot et al. [2], who were
able to demonstrate that cocoa-based agroforestry systems
do not increase the incidence of pests and diseases compared
with monoculture systems when the same management
methods are applied, which is the case in this study. While
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shading in general does not have a direct effect on pest and
disease incidence and cocoa productivity, other factors may
explain pathogen dynamics in different cropping systems.
Gidoin et al. [19] explain the dynamics of the disease in the
field on the basis of the abundance or availability of sus-
ceptible tissues. Since there is high production in unshaded
cocoa farms, the probability of contamination of other pods
is high, particularly through the secondary inoculum already
present on the tree, which can increase the rate of black pod
disease. Disease emergence is due to inoculum stored on the
field, either in the soil, in apparently healthy organ tissues, or
on dead organ tissues such as leaves, dead branches, or
infected mummified pod [19, 56, 57]. In this sense, whatever
cropping system is implemented for cocoa cultivation, the
presence of a secondary source of inoculum in the field can,
to a lesser extent, induce the same disease rate despite the
absence or presence of shade and the type of associated
species. On the other hand, Monteith & Butler [58] explain
the high level of black pod disease on the basis of the speed of
dew formation in the pods. According to the same author,
dew formation is defined by the rate of change of tem-
perature and RH. The fact that temperature is lost rapidly
between different systems, with or without shading, results
in a sudden drop in temperature. Rapid changes in tem-
perature, as in the less shaded systems, favor the formation
of dew on the pods, whereas in the shadier systems, shading
reduces the formation of dew, and in turn the chances of
infection of the pods by Phytophthora spp. In shadier
cropping systems, the rate of black pod disease rot is gen-
erally high due to shading, which can favor the living
conditions of the pathogen through high RH [19].

The observed differences in soil fertility and microbial
populations underscore the influence of cropping systems on
these critical indicators of agroecosystem effectiveness and
viability. This assertion is supported by recent findings from
Augarten et al. [59] which highlight the significant role that
plant stands play in shaping soil health within perennial
cropping systems in Wisconsin. In terms of soil fertility, the
elevated levels of organic matter found in cropping systems
that integrate cocoa with forest cover and Persea americana
can be attributed to the substantial litter accumulation over
years of cultivation. Indeed, Matos et al. [60] report results in
favor of agroforestry, showing that the establishment of ag-
roforestry systems on areas previously occupied by extensive
pasture improves soil fertility and soil physical indicators.
This result is at odds with those of Morales-Belpaire [61] in
Bolivia, who showed that soil organic matter and enzyme
activity were higher in fallow plots than in monocultures and
that agroforestry showed intermediate values, not signifi-
cantly higher than monocultures. The capacity of soils to
sequester carbon and supply essential nutrients for crop
productivity is largely determined by the dynamics of organic
matter within the soil [62]. On this basis, Condron et al. [63]
further emphasize that to enhance the sustainability of ag-
ricultural production systems, it is crucial to continuously
renew soil organic matter, as it drives essential ecosystem
processes such as primary productivity and decomposition.
Similarly, phosphorus, which is a major component of several
biomolecules [64], and the main element most deficient or
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unavailable in ferrallitic tropical soils [28, 65], was found
strongly in the cultivation system associating cocoa with
a shrub legume such as Inga edulis. The presence of plant
cover alongside cocoa trees significantly influences the
availability of both macro- and micronutrients, thereby en-
hancing overall soil fertility. More than ever, the availability of
these elements necessary for the growth, development, and
good yield of the plant is also influenced by life in the soil, in
particular the microbial population (quantity and diversity),
which in turn is influenced by the technical model for
exploiting agricultural land through the cropping system.

Moreover, soil microbial communities are integral to
nutrient cycling and ecosystem functioning. As highlighted by
Trivedi et al. [66], microorganisms are sensitive indicators of
soil health due to their rapid response to environmental
changes. A diverse microbial community contributes to
multiple ecosystem functions, including nutrient retention and
plant productivity [67]. The loss of microbial biodiversity can
severely impair these functions, leading to decreased soil fer-
tility and agricultural productivity [68]. The interplay between
cropping systems, soil fertility, and microbial populations is
critical for maintaining healthy agroecosystems. As Doran and
Zeiss [69] suggest, understanding these relationships can in-
form better management practices that enhance soil health and
agricultural sustainability. Therefore, adopting integrated
cropping systems that promote biodiversity and organic matter
accumulation is essential for improving soil fertility and en-
suring long-term productivity in cocoa production. In this, the
desired result for sustainable cocoa production was observed in
the following in the cropping system integrating cocoa, forest
species, and avocado.

Soil microorganisms, including bacteria and fungi, play
a crucial role in ecosystem functioning by facilitating de-
composition and nutrient cycling. They also serve as in-
dicators of land-use change and the overall health of
agroecosystems [54, 59, 69]. In fact, land use through the
cropping system modifies the structure of the soil microbial
community through changes in the availability and quality of
carbon and pH [70]. In this study, it was interesting to note
that the fungal population was higher in the unshaded
monocropping and cocoa + forest trees + Persea americana
systems, and the bacterial population was higher in the system
combining cocoa with the shrub/perennial legume Inga
edulis. However, focusing solely on the quantitative aspects of
these populations limits our understanding of how cropping
systems influence soil microbial communities. Microbial
diversity is another critical indicator that provides insights
into soil fertility and productivity. For instance, the presence
of diverse bacterial genera such as Actinomycetes, Azotobacter,
Bacillus, and Streptomyces, along with fungal genera like
Aspergillus, Penicillium, and Trichoderma, suggests a robust
ecosystem capable of promoting plant growth while sup-
pressing soil pathogens [71, 72]. As for the unshaded mon-
ocropping system, its low organic matter content in the soil
naturally results in a very low microbial population and di-
versity compared with systems that have maintained the
characteristics of a forest as much as possible. These results are
fully in line with those of Koné and Yao [73], who concluded
that cocoa monocropping was not conducive to efficient
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ecological functioning of the soil. One strategy for solving the
problem of organic matter, density, and microbial diversity in
cocoa monocropping systems is to introduce cover crops into
the system. Indeed, Gentsch et al. [74] show that the use of
cover crops in rotation or in conventional farming practices
can stimulate the population of beneficial organisms in the
rhizosphere through increased carbon input and greater root
exudation. Recent research by Baldwin-Kordick et al. [75]
turther supports this notion by indicating that diverse cover
crops can enhance soil microbial diversity and activity,
thereby improving soil health and resilience against envi-
ronmental stresses. They assert that the integration of diverse
plant species can lead to synergistic effects on soil microbial
communities, which ultimately benefits nutrient cycling and
plant productivity. Understanding the dynamics of soil mi-
croorganisms within different cropping systems is essential
for promoting sustainable agricultural practices. By recog-
nizing the importance of both microbial abundance and
diversity as indicators of soil health, we can develop man-
agement strategies that enhance ecosystem functioning while
ensuring long-term productivity in cocoa cultivation. As
noted by Trivedi et al. [66], a healthy soil microbiome is
fundamental for maintaining ecosystem stability and resil-
ience, highlighting the need for integrated approaches that
foster biodiversity within agricultural landscapes.

5. Conclusion

The establishment of a cocoa orchard requires careful
consideration of cropping systems, which significantly in-
fluence yields, pest and disease losses, and the physico-
chemical properties and microbial populations of the soil.
Our results indicate that cropping systems incorporating
forest species and Persea americana alongside cocoa trees
markedly outperform unshaded monoculture systems and
those combining cocoa with shrub legumes like Inga edulis
and Dacryodes edulis. Specifically, the agroforestry system
that minimizes forest destruction not only leads to higher
cocoa yields but also fosters greater microbial diversity and
enhances soil health. In our study, we observed clear ag-
ronomic advantages in terms of pod production, bean
weight, and overall yield in systems that integrated cocoa
with forest species and Persea americana. These systems
exhibited superior soil fertility characteristics, as evidenced
by improved physicochemical properties and a more diverse
microbial community. Moreover, the findings suggest that
agroforestry practices, especially cropping systems that in-
tegrated cocoa with forest species and Persea americana, not
only enhance cocoa productivity but also contribute to
ecological sustainability by maintaining healthy cocoa
agroecosystems. This cropping system aligns with the
growing demand for sustainable and multifunctional agri-
cultural systems that support both economic viability and
environmental stewardship in cocoa cultivation.
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