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Soil study under low-yield cocoa trees in the Azaguié area (southern Côte d'Ivoire)
ABSTRACT
The need to improve cocoa yields in the locality of Azaguié (5° 37'29‘ N, 4° 09' 01’ W) prompted this study. In a cocoa plantation, a topographic sequence (oriented N45° - L: 200 m) comprising a summit, upper slope, middle slope and lower slope was selected for the study. On each topographical segment, pseudo soil pits were dug at the foot of the cocoa trees (1 metre from the trunk). Soil samples from depths of 0–30 cm were taken and sent to the laboratory for physical and chemical analysis. The pH levels range between 5.2 and 5.8. This indicates highly acidic soils at the top and acidic soils at the bottom of the slope. Good potassium levels (K+: 0.3–0.6 cmol.kg-1) and moderate calcium levels (Ca2+: 2.3–2.9 cmolkg-1) were noted, compared with very low magnesium concentrations. Except for the soils at the summit, which have unacceptable phosphorus levels (P: 29.7 ppm), the soils at the top, middle and bottom of the slope are depleted in P, organic matter (OM) and nitrogen (N). The attachment sites for exchangeable bases on the ground at the bottom of slopes are moderately occupied (V: 27%). The addition of lime and organic matter in the form of well-decomposed compost is recommended to improve cocoa tree yields.
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(For soil the soil sample values should be expressed as kg/ha.Abstract can be improved with discussion points not with numerals)
INTRODUCTION 
The cacao tree (Theobroma cacao L.) is cultivated for its fruit, known as cacao (Gbogbri, 2019). Cocoa is the essential raw material for chocolate production. Cocoa is nutritionally beneficial to health and regular consumption improves mood, prevents blood clots, premature cell ageing and the development of cancer in the human body [1].
Ghana and Côte d'Ivoire are the world's two largest cocoa producers, accounting for 60% of global supply [2]. During the 2023/2024 harvest season, cocoa bean production in Africa was estimated at around 3.2 million tonnes. Côte d'Ivoire accounts for more than half of this, or around 1.8 million tonnes. Cocoa contributes to approximately 15% of the country's GDP. It is one of the main sources of livelihood for nearly 6 million rural people [2]. 
However, in recent years, yields have stagnated or even declined. Furthermore, while potential yields under rainy conditions are modelled at 5,000 kg/ha [3], in certain production areas such as Azaguié, yields are estimated at around 400 kg/ha [4].
In addition to the effects of climate change, low cocoa productivity in the Azaguié area could be linked to soil characteristics. The soils in Azaguié originate from volcanic-sedimentary formations [5]. They are particularly gravelly and sandy-clayey in the surface layers [6]. They are therefore prone to deficiencies in essential nutrients: - nitrogen (N), - sulphur (S), - phosphorus (P), and exchangeable bases (Ca2+, Mg2+, potassium: K+) due to its location in a humid tropical zone. This study aims to identify the key soil characteristics that limit cocoa yields in Azaguié with a view to improving production.

MATERIALS AND METHODS:
Study site

The study was conducted in a field of Azaguié cocoa trees (5° 37’29" N, 4° 09’ 01" W) in southern Côte d'Ivoire. This is an area of dense forest that has been degraded in places [7]. The local climate is tropical humid with low to moderate temperature ranges (25°C - 30°C). Humidity is high (80 to 90%) [8]. Average annual rainfall is around 1,500 mm. Heavy rainfall is concentrated between April and mid-July [9]. The soils in the Azaguié area are mainly heavily leached ferralsols [10]. These soils originate from volcanic-sedimentary formations [5]. They are particularly gravelly and sandy-clayey in the surface layers [6].


Figure 1. Map of the Azaguié locality: location of the study site
Topographical survey, in situ soil sampling
In a 10-year-old cocoa plantation with low-yielding trees, a topographic sequence (oriented N45° - L: 200 m) comprising four topographic segments (summit - upper slope - middle slope and lower slope) was selected for the study. On each topographical segment, pseudo-soil pits were dug at the foot of the cocoa trees (1 metre from the trunk).  Soil samples from layers 0–30 cm deep were taken. These soil samples were sieved to 2 mm. The fine soil from the sieving was packed into plastic bags and sent to the laboratory for physical and chemical analysis.
Chemical analysis methods

The fine soil obtained from sieving was placed in plastic bags and dried in the open air under cover. The pH was determined using a glass electrode in a ratio of 1:2.5, as described by Thomas [11]. The organic carbon content of the soil was determined using the Walkley and Black method [12]. Assimilable phosphorus (Bray I) was determined using the method described by Olsen and Sommers [13]. Exchangeable bases (Ca, Mg and K) were determined by extraction with ammonium acetate buffered at pH 7.0 before reading with an atomic absorption spectrometer (Ca, Mg) and flame spectrometer (K). Total nitrogen (total N) was determined using the Kjeldahl method [14].
Statistical analysis methods

The average values of the soil parameters for the topographical segments were compared using analysis of variance (ANOVA). These parameters were compared with threshold values or reference standards for cocoa cultivation

RESULTS 

I. Soil reaction (ph) and average content of exchangeable bases
Table I shows the average pH and exchangeable base values in the top 30 centimetres of soil across the toposequence studied. Overall, from the top to the bottom of the slope, regardless of the parameters, there is variability in the data (p < 0.05).

The pH ranges from 5.2 to 5.8, indicating highly acidic soils at the top and acidic soils at the bottom of the slope. In general, there are good levels of potassium (K+: 0.3–0.6 cmol.kg-1) and  moderate levels of calcium (Ca2+: 2.3–2.9 cmolkg-1). However,  magnesium is present in very low quantities. Compared to soils located at higher altitudes,  K+  and Ca2+ appear to be well marked in the soils of the middle and lower slopes.
Table I. pH, average Ca²⁺ (cmol.kg⁻¹), Mg²⁺ (cmol.kg⁻¹) and K⁺ (cmol.kg⁻¹) contents according to topographical segments of the study site at a depth of 30 centimetres below ground level.
	TOPO segments
	pH
	Ca2+
	mg2+
	K+

	SO
	5.2a
	2.3a
	0.11a
	0.3a

	HV
	5.5ab
	2.21a
	0.18b
	0.4ab

	MV
	5.4ab
	2.5ab
	0.18b
	0.4ab

	BV
	5 ?8b
	2.9b
	0.22b
	0.6b

	Overall average
	5.5
	2.43
	0.17
	0.39

	Pr > F
	0.0006
	0.051
	0.002
	0.015

	Standard deviation
	0.2149
	0.32
	0.04
	0.11


SO : summit ; HV : upper slope; MV: middle slope; BV: lower slope
II. Characteristics of the adsorbent complex of soils
Table II shows the characteristics of the soil adsorbent complex at the study site in each topographical segment. The average saturation rate of the complex in bases (V: 10–12%) and the sum of exchangeable bases (S: 2.7 cmolkg-1) appear to be quite low in the soils located at the summit, upper and middle slopes. On the other hand, the sites of base fixation in the soils at the bottom of the slopes are moderately occupied (CEC: 27 cmolkg-1).

Table II. Characteristics of the soil adsorbent complex according to the topographical segments of the study site at a depth of 30 centimetres below ground level.

	TOPO segments
	V (%)
	CEC (cmolkg-1)
	S (cmolkg-1)

	SO
	10.6a
	25.3bc
	2.7a

	HV
	12.3a
	22.67b
	2.8a

	MV
	10.8a
	28.3c
	3.1a

	BV
	27.1b
	13.5a
	3.7b

	Overall average
	14.13
	23.27
	2.99

	Pr > F
	< 0.0001
	0.0001
	0.0069

	Standard deviation
	6.51
	5.47
	0.40


SO: summit; HV: upper slope; MV: middle slope; BV: lower slope
III. Characteristics of organic matter
Table III shows the organic matter (OM), nitrogen (N) and assimilable phosphorus (P) contents, as well as the C/N ratio, according to the topographical segments of the slope of the site studied. Overall, with the exception of the soils at the summit, which have unacceptable P levels (29.7 ppm), the soils at the top, middle and bottom of the slope are depleted in this element. The low levels of organic matter (OM) and nitrogen (N) remain unchanged from the top to the bottom of the slope. On the contrary, the richness of the soils at the top of the slope in assimilable phosphorus (P) is noticeable, with levels 2 to 3 times higher than those at the top, middle and bottom of the slope. The C/N ratio is between 12 and 17.

Table III. Average values of available phosphorus (P (ppm)), organic matter (OM) and C/N ratio of soils in the toposequence of the study site at a depth of 30 centimetres.

	TOPO segments
	P (ppm) Kg/ha
	N (%)
	MO (%)
	C/N

	SO
	29.7b
	0.08a
	1.67a
	12.3a

	HV
	12.7a
	0.06a
	1.81a
	17.8b

	MV
	13a
	0.08a
	1.78a
	13.8ab

	BV
	12a
	0.07a
	1.84a
	16.5ab

	Overall average
	17.27
	0.07
	1.77
	14.98

	Pr > F
	0.0371
	0.2070
	0.4459
	0.0158

	Standard deviation
	10.1596
	0.0130
	0.1252
	2.9181


SO: summit; HV: upper slope; MV: middle slope; BV: lower slope
Available nitrogen resul is not expressed, Oranic matter content can be crossed checked for its values 
DISCUSSION
Cocoa is grown almost exclusively between 10°N and 10°S of the equator. The climate there is hot and humid tropical, with the highest annual rainfall and temperatures in the world [15]. This natural phenomenon exposes the soils in these areas to a high risk of degradation. The soils found in these regions, generally under forest cover, are mainly acidic ferralsols. They are highly desaturated in exchangeable bases [10]. To this end, the pH values recorded at the study site, ranging between 5.3 and 5.8, are not surprising and confirm those of Perraud [10].
Appiah et al. (2006)  and Tossah et al. (2006) [16 ; 17] have indicated that cocoa trees grow well in slightly acidic soils with a pH close to 7.  Conversely, the physiological development of cocoa trees is impeded and yield declines are observed in cocoa plantations. Based on the pH values recorded at the study site, it is suspected that the soils at this site have undergone intense leaching. These soils therefore currently have insignificant Mg²⁺ content (0.11–0.21 cmol/kg) and moderate Ca²⁺ content (0.4–2.9 cmol/kg). This is probably caused by heavy rainfall [15]. The CEC (13–25 cmolkg-1) is low to medium [18]. It limits the binding capacity of the site's soils to basic cations and the response of these soils to mineral fertilisers. On the other hand, this situation promotes high concentrations of aluminium (Al3+) and iron (Fe3+) ions, which occupy the exchangeable base binding sites on soil adsorbent complexes [19], resulting in high acidity in the environment.
The intolerance of calcicolous plants such as cocoa trees to soluble aluminium (Al3+) results in reduced growth and yield [20], as observed at the study site. The occupation of soil adsorbent complex sites by exchangeable aluminium (Al3+) in particular, in the absence of nutrients (K+, Mg2+, Ca2+) is also the cause of the low level of available phosphorus [21], which, instead of being around 80 to 100 ppm [18], is between 12 and 29 ppm for the soils studied.

In fact, in typical acidic soils (pH < 5.5) in cocoa-growing areas such as Azaguié, soluble phosphorus binds strongly with aluminium (Al3+) and iron (Fe3+) ions to form insoluble compounds, making it unavailable to the plant. 

However, assimilable phosphorus is one of the major elements in cocoa tree nutrition. A sufficient supply of phosphorus in the soil (> 100 ppm) stimulates the development of a strong and deep root system, which is essential for anchoring and absorbing water and other nutrients from the soil solution in most plants [18 ;22].

Nitrogen (N: 0.06–0.08%) and organic matter (1.8%) are present in very small quantities [23 ;18] in a layer rich in gravel (23–70%) occupying the top 30 centimetres of soil depth. The absence of nitrogen and organic matter in soils is considered a limiting factor in crop yields [23] and can compromise cocoa production. Furthermore, at least 45 kg of nitrogen per hectare per year and a minimum content of 3 g of organic matter per 100 g of soil are required to produce one tonne of cocoa beans [24 ; 25] 
Nutrient interaction can be discussed in minimum for good quality of the article
CONCLUSION
The study was conducted in Azaguié, in southern Côte d'Ivoire. It consisted of identifying some key soil characteristics that limit cocoa yields in this area. The soils there are strongly to weakly acidic with moderate calcium content and low levels of organic nitrogen and phosphorus. Magnesium is present in very low quantities. The cation exchange capacity is average, limiting the exchangeable cation load and the response to mineral chemical fertilisers. 

As a result of these observations, adding lime and organic matter in the form of well-decomposed compost is suggested to improve cocoa tree yields. The study appeared necessary as it showed, in part, some chemical parameters of the soil linked to the unsatisfactory yields of the cocoa trees. However, the physical characteristics of the soil at the study site remain to be evaluated.
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