


Contribution of NPK fertilizers enriched with basic cations to soil fertility under cocoa trees in southwestern Côte d’Ivoire.	Comment by Pavan P: Keep space

ABSTRACT
The search for mineral fertilizers capable of sustainably supporting cocoa production led to an experiment aimed at determining the fertility level of soils under cocoa cultivation in the presence of NPK fertilizers enriched with basic cations. This work was carried out over two years in three cocoa plantations in the Nawa region, in southwestern Ivory Coast. In each cocoa farm, the experimental setup consisted of three complete Fisher blocks with four treatments: T0 was the control without fertilizer, and T1, T2, and T3 were NPK 0-23-19+10 CaO+5 MgO, NPK 0-15-15+17 CaO+5 MgO+ 1 B2O3 + 0,5 Zn et NPK 4-10-10+19 CaO+4MgO + 0,8 B2O3 + 0,3 Zn, respectively. The results of the chemical parameters determined on 36 composites samples at a rate of 3 per treatment per plot revealed that fertilized soils are less acidic (6.8 ≤ pH ≤ 7.2) compared to T0 (6.1 ≤ pH ≤ 6.5) and more saturated with basic cations (22.6 to 72.4%) with soil organic matter levels peaking at 49.8% in fertilized treatments and 27% in T0. The availability of nutrients (N, P2O5, K+, Mg2+ et Ca2+) and micronutrients (B and Zn) in fertilized soils was found to be more significant than in the control. For the ionic balances (S+6.15)/N, K+- Ca2+- Mg2+ (% of S), only that of Ca2+ is achieved for all treatments. However, for the others, the emerging trend shows that the ratios calculated for fertilized soils are closer to nutritional balance. In conclusion, it appears that the fertility of soils under cocoa trees can be improved with the addition of mineral fertilizers enriched with basic cations. However, a long-term study would be needed to validate these results.
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1. INTRODUCTION
Ivory Coast, a country with an agricultural vocation, is not immune to climate change and soil degradation. This is characterized by an increase in pests and diseases, a decrease in rainfall (Brou, 2005), and a decline in soil fertility (Kassin et al., 2016). This has led to a drop in agricultural yields (Six et al., 2004). This trend can be observed in cocoa farming, with yields ranging between 450 and 560 kg/ha/year nationally (Assiri, 2009). However, Kébé et al. (2009) have shown that production can reach around 3,000 kg/ha/year with improved varieties. Given this yield deficit, cocoa production in Côte d'Ivoire is under threat. To remedy this, innovative and sustainable technical itineraries are being developed and offered to cocoa farmers, including fertilization and irrigation technique, as well as the selection of improved, more productive varieties. However, faced with the depletion of essential nutrients in the soil (82.57%, 81.55% poor in N, P, K and pH below 5.5 for 22.7% of soils) (Kassin et al., 2016; N'Guessan, 2017), the fertilizer industry and many research and development organizations favor the use of inputs, particularly mineral fertilizers, to fertilize soils in order to improve the productivity of cocoa trees. This recommendation is being followed by an increasing proportion of cocoa farmers (Ruf, 2014; IFC, 2015). According to these authors, the population using mineral fertilizers is constantly growing, having increased from 20. And yet, several authors, including Akanbi et al. (2014), Crusciol et al. (2016), and Barrios et al. (2015), to name but a few, suggest that mineral fertilization is also responsible for the degradation of soil fertility, meaning that its long-term sustainability is questionable. In order to remove any ambiguity about the use of mineral fertilizers in terms of their sustainability, this study was conducted with the aim of determining the level of soil fertility under cocoa cultivation through the application of NPK fertilizers enriched with basic cations.
2. [bookmark: _Hlk199808656]MATERIAL AND METHODS
2.1.  Study Area
The study was conducted in the Nawa region in the localities of Soubré, Méagui, and Mayo. This region, which covers an area of 9,643 km² (INS, 2015), is located in southwestern Ivory Coast between 5°35'32'‘ and 5°58'44’' north latitude and 6°34'24'‘ and 6°36'00’' west longitude (Figure 1). 	Comment by Pavan P: Convert 1 paragraph
The climate in this agroecological zone is sub-equatorial, characterized by two rainy seasons (April-June and September-November) and two dry seasons (July-August and December-March). Rainfall is relatively abundant, reaching 1,203 mm to 1,392 mm per year, and the average monthly temperature is 25.8°C (Evi et al., 2007). The dense, humid vegetation has now given way to patches of forest and huge plantations of traditional or industrial perennial crops (Brou, 2005).
Studies conducted by ICRAFT (2011) indicate that the soils observed at the Soubré, Méagui, and Mayo sites are all Ferralsols according to the WRB classification (2014).
[image: ]
Figure 1 : Map of Côte d'Ivoire showing the study area
2.2. [bookmark: _Toc116359698] Study materials
Three mineral fertilizers were used to fertilize the soil under the cacao trees. These are :
· NPK 0-23-19 + 10 CaO + 5 MgO ;	Comment by Pavan P: Write in table with treatment code
· NPK 0-15-15 + 17 CaO + 5 MgO + 1 B2O3 + 0,5 Zn ;
· NPK 4-10-10 + 19 CaO + 4 MgO + 0,8 B2O3 + 0,3 Zn.
These fertilizers are fertilizer formulas proposed by researchers for fertilizing cocoa trees in southwestern Côte d'Ivoire (Kassin et al., 2016 ; N'Guessan, 2017). Their formulation was developed following soil mapping in these two agroecological zones as part of the IDH project.
2.3.  Choice of fields
In the Nawa region, three locations were selected: Soubré, Méagui, and Mayo.	Comment by Pavan P: Convert one paragraph
Next, a cocoa plantation per location was selected according to the following criteria :
- The plot was selected as part of the cocoa tree soil mapping project (IDH project) led by the CNRA, which resulted in the development of six fertilizer formula hypotheses, four of which are applied here ;
- Cocoa plantations are between 12 and 15 years old, which is the preferred age range for fertilizer application due to the general depletion of the soil after a long period of cultivation (Ruf, 2014) ;
- The soil in the cocoa plantation was not fertilized during the three years prior to the trial in order to eliminate the after-effects of the previous fertilizer, which could influence and even interact with the effect of the formulated fertilizers.
2.4.  Experimental Design and Treatments
At each site, the trial was conducted using a Fisher block experimental design, with four treatments and three replicates. The different treatments were a control without fertilizer (T0), fertilization with NPK 0-23-19 + 10 CaO + 5 MgO (T1), fertilization with NPK 0-15-15 + 3 MgO + 0,8 B2O2 (T2), and fertilization with NPK 4-10-10 + 2,5 MgO + 0,8 B2O2 (T3). The elementary plot had an area of 255 m² (25.5 m x 10 m). The blocks were 6 m apart and the treatments within the blocks were 5 m apart. The phosphorus in treatments T1 and T3 came from triple superphosphate, while that in treatment T2 came from reactive phosphate. The fertilizer for T1 and T2 was applied at a rate of 400 g/plant/year and that for T3 at a rate of 800 g/plant/year. These quantities of minerals were divided into two doses. The first application was made in April-May and the second in September-October. The fertilizers were spread on the ground in a circle within a radius of 1 m from the base of the cocoa trees and covered with litter produced by the cocoa leaves to limit losses due to erosion. These fertilizers were applied for two consecutive years from 2017 to 2018.
2.5. Data collection
The data collected concerned the chemical parameters of the soil. To this end, samples were taken from the top 0-20 cm of soil in the second year of the trial. This was done using an auger within a radius of 1 meter from the base of the cocoa tree. For each treatment, a composite sample was taken per elementary plot, i.e., three composite samples per treatment per plot. The composite sample consisted of 30 elementary samples.  These were then sent to the laboratory to determine their acidity (pH), soil organic carbon (SOC) content, total nitrogen (N) content, available phosphorus (P2O5) content, exchangeable bases (K+, Mg2+, Ca2+, Na+), cation exchange capacity (CEC), and content of certain micronutrients, notably boron and total zinc. The mineralization rate, characterized by the C/N ratio, was measured. In addition, the soil organic matter (SOM) content and the exchangeable base saturation (V) were calculated using the following equations :
MOS = 1,72*COS et V=(S/CEC)100, with S= sum of exchangeable bases.
Finally, the ionic balances (S+6,15)/N, K+- Ca2+- Mg2+ (% de S) were calculated.
2.6. Statistical Analysis
A normality test was performed on all data. Data found to be abnormal were transformed using the square root function (√x+0.5) before being subjected to analysis of variance using the GLM procedure in SAS 9.4 software. The mean values were separated using the Student-Newman-Keul (SNK) method at a 5% threshold.
3. RESULTS AND DISCUSSION
3.1. Acidity and cationic base saturation of the soil adsorbent complex
Table 1 shows the average values for acidity and saturation in the soils studied. This table reveals significant differences between treatments for these two soil fertility parameters. In terms of soil acidity, the least acidic soils were always found in the fertilized treatments, regardless of location. In Soubré, this was treatment T1, in Méagui treatment T3, and in Mayo treatments T1, T2, and T3 simultaneously.
Regarding the saturation of the soil adsorption complex, the highest percentages were determined in the soil of treatment T1 in Soubré, in the soil of T2 in Méagui, and in the soil of T3 in Mayo. 
Fertilizing cocoa soil with mineral fertilizers enriched with basic cations shows that these soils are less acidic than unfertilized soil. This decrease in acidity can be explained by the saturation of the adsorbing complex by basic cations. In particular, calcium plays an important role in fixing anions at exchange sites. It forms a bridge between the anions and the soil colloids by occupying the fixation sites to the detriment of Al and Fe ions, which acidify the soil. As soil acidity is influenced by the saturation rate, high saturation leads to an increase in pH, which moves towards neutrality (pH=7). These high saturation values are the result of the application of fertilizers enriched with basic cations. For most fertilized soils, these saturation rates are around 60%, which is the minimum threshold for optimal cocoa tree development. According to Appiah et al. (2006), cocoa trees grow best in slightly alkaline soils (pH 6.7-7.5), so the soil acidity resulting from fertilization is conducive to good cocoa tree development. 
Table 1. Soil acidity and exchangeable base saturation
	
	Soubré
	
	
	Méagui
	
	
	Mayo

	Treatments
	pH
	V (%)
	
	
	pH
	V (%)
	
	
	pH
	V (%)

	T0
	6,4c 
	38,3c (4,4)
	
	
	6,5c
	25,1c
	
	
	6,1b
	26,4c

	T1
	7,2a 
	72,4a 
	
	
	6,8c
	22,6c
	
	
	6,9a
	44,1b

	T2
	6,5c 
	58,4b
	
	
	7,3b
	61,2a
	
	
	6,8a
	43,6b

	T3
	6,9b
	54,9b
	
	
	7,6a
	51,4b
	
	
	6,8a
	46,8

	CV(%)
	2,96
	8,23
	
	
	3,03
	6,7
	
	
	1,22
	3,04

	P-Value
	<,0001
	<,0001
	
	
	0,0016
	<,0001
	
	
	<,0001
	<,0001


* The means marked with the same letters in a column are not significantly different at the 5% level.
3.2. Soil organic matter and its mineralization
Table 2 illustrates soil organic matter and its mineralization rate.
In all three locations, organic matter and organic carbon in the soil were significantly higher in the fertilized treatments. Specifically, this was the case in T1 in Soubré, T2 in Méagui, and T2 and T3 in Mayo. The lowest levels, on the other hand, were found in the control treatment (T0). 
This difference between fertilized and unfertilized soils could be linked to ideal soil conditions for the proper development of cocoa trees, which would develop denser vegetation. The soils had low acidity levels in all treatments; the pH (water) was around 7.0, indicating better nutrient absorption by the plant and therefore better plant production. In addition, the pH level of the soil determines mineral nutrition, which in turn determines good plant production. When the pH is close to neutral, as is the case with these fertilized soils, the result is abundant plant production characterized by a large amount of litter in the environment, thus contributing to COS storage. Indeed, the application of moderately or highly reactive natural phosphates in heavily leached acidic tropical soils has a potential triggering effect on plant growth and crop yield (FAO, 2004). The MOS values obtained in fertilized soils are close to the indicative threshold value (30 g/kg) for cocoa-growing soils. Cocoa trees require soils rich in organic matter, with a minimum content of 30 g/kg (Somarriba et al., 2013).
In terms of total nitrogen, the highest values were recorded in treatments T1 and T2 in Soubré, and T2 and T3 in Méagui and Mayo. The lowest values were identified in T0. In terms of mineralization rate, no significant differences were observed between treatments in any of the locations. However, the emerging trend shows that organic matter tends to mineralize faster in T1, T2, and T3 in Soubré, Méagui, and Mayo, respectively. Total nitrogen levels in fertilized soils reach 2.6 g/kg, which is significantly higher than the threshold level set for cocoa cultivation, which is 1.26 g/kg (Snoeck, 2016), are linked to the good vegetative development of cocoa trees due to the low acidity of the soil, which produces abundant amounts of soil organic matter. Furthermore, in certain unfertilized soils, the nitrogen threshold is respected. This observation is confirmed by the work of Kouadio et al. (2023), who showed that nitrogen was available in the soils of southwestern Côte d'Ivoire through the (S+6.15)/N ratio, whose values determined in the various cocoa production systems are higher than 8.9, the threshold value. The mineralization of organic matter, characterized by the C/N ratio, is generally greater than 9 and less than 15. These values confirm very good mineralization of organic matter. This ratio indicates a balance between the mineralization and humification processes of organic matter (litter). Indeed, Snoeck et al. (2015) establish the limit values for the “normal” supply of nitrogen to plants; thus, for a C/N ratio below 9, mineralization is too rapid (nitrogen loss), and when this ratio is above 15, mineralization is slow (nitrogen deficit).
Table 2. Soil organic matter and mineralization rate

	Localities
	Treatments
	MOS (g.kg−1)
	COS (g.kg−1)
	N (g.kg−1)
	C/N

	Soubré
	T0
	24c 
	14c 
	1,3c
	10,6a

	
	T1
	49,8a 
	29a 
	2,6a
	11a 

	
	T2
	37,8b
	22b
	2,4
	9,2a

	
	T3
	32,7bc
	19bc
	1,8b
	10,6a

	
	CV(%)
	18,44
	18,44
	14,39
	12,92

	
	P-Value
	0,001
	0,001
	<,0002
	0,259

	Méagui
	T0
	12c
	7c
	0,6b
	11,9a

	
	T1
	13,7c
	8c
	0,8b
	10a

	
	T2
	27,5a
	16a
	1,5a
	11a

	
	T3
	20,6b
	12b
	1,2a
	10a

	
	CV(%)
	21,91
	21,81
	19,51
	19,79

	
	P-Value
	0,0058
	0,0056
	<,0001
	0,7486

	Mayo
	T0
	27b
	16b
	0,1b
	12,3a

	
	T1
	29b
	17b
	0,1b
	10,6 a

	
	T2
	34a
	20a
	0,2a
	10,8a

	
	T3
	36a
	21a
	0,2a
	10,5a

	
	CV(%)
	8,8
	8,82
	10,18
	15,57

	
	P-Value
	0,0026
	0,0027
	0,0007
	0,4492


* The means marked with the same letters in a column are not significantly different at the 5% level.
3.3. Nutritional elements of the cacao tree
The nutrient content of cocoa trees in the soils studied is shown in Table 3. For the soils in Soubré, the highest nutrient content (P2O5, K+, Ca²⁺ and Mg²⁺) was found in treatment T1. As for the soils in Méagui, the most statistically significant values for P2O5, K+, Ca²⁺ and Mg²⁺ were obtained respectively by treatments T1, T2, T2 and T3. For the soils in Mayo, treatments T0 and T1 had the highest P2O5 content, while treatments T1, T2, and T3 had the most statistically significant values for K+, Ca²⁺ and Mg²⁺ in that order. The availability of nutrients necessary for cocoa tree nutrition is more significant in fertilized soils. In some soils, the values reached the thresholds established for cocoa cultivation. This is the case for T1 in Soubré and Méagui and for T1 and T3 in Mayo for P2O5, for which the threshold is set at 11.5 g.kg-1 (Snoeck, 2016). These results are the consequence of P2O5 inputs via fertilization.  K+ is found in low concentrations in both fertilized and unfertilized soils. In fact, the levels measured are below the minimum threshold for cocoa cultivation, which is 0.7 g/kg (Snoeck, 2016). These low K+ levels can be explained by the high mobility of these ions in the soil (Öborn et al., 2005). Finally, the significantly higher Ca²⁺ and Mg²⁺ levels in the fertilized plots compared to the unfertilized plot are due to the application of fertilizers enriched with basic cations, which restore nutrients that have been exported from the soil.  However, these levels are mostly below the thresholds for good cocoa tree development, which are set at 11 for Ca²⁺ and 2.45 g.kg⁻¹ for Mg²⁺ (Aikpokpodion, 2010; Koko, 2014; Akanbi et al., 2014; Snoeck et al., 2016).
Table 3. Nutritional elements of cocoa

	
	
	Nutritional elements

	Localities
	Treatments
	P2O5 (g.kg−1)
	K+ (g.kg−1)
	Ca2+ (g.kg−1)
	Mg2+ (g.kg−1)

	Soubré
	T0
	0b
	0,3b
	3,8c 
	1,1d 

	
	T1
	11,8a 
	0,5a 
	17,7a 
	2,9a 

	
	T2
	0b
	0,4b
	9,3b
	2,3b

	
	T3
	0b
	0,4b
	8,5b
	2,2c

	
	CV (%)
	33,58
	13,88
	8,34
	4,56

	
	P-Value
	<,0001
	<,0001
	<,0001
	<,0001

	Méagui
	T0
	0,6d
	0,2b
	2,8b
	0,5b

	
	T1
	13,3a
	0,3b
	2,4b
	0,6b

	
	T2
	5,2c
	0,5a
	7,8a
	1a

	
	T3
	10,5b
	0,4ab
	7,4a
	1,1a

	
	CV (%)
	20,68
	20,82
	7,82
	15,22

	
	P-Value
	<,0001
	0,0007
	<,0001
	0,06

	Mayo
	T0
	0b
	0,1c
	3,5c
	0,8c

	
	T1
	36a
	0,6a
	5,9b
	1,4b

	
	T2
	0b
	0,2b
	6,7a
	1,6b

	
	T3
	27a
	0,2b
	6,2b
	2a

	
	CV (%)
	43,31
	10,78
	3,1
	11,82

	
	P-Value
	<,0001
	<,0001
	<,0001
	<,0001 


* The means marked with the same letters in a column are not significantly different at the 5% level.
3.4. Micronutrients
The micronutrients content of the soils is shown in Table 4. This table shows that the boron content did not vary significantly between treatments at the Méagui and Mayo sites, with the exception of that measured at Soubré, where the soil in treatment T3 contained a higher dose. In contrast to boron, the total zinc content was significantly higher in the fertilized soils of Soubré, Méagui, and Mayo.
The results show that the levels of these two micronutrients are acceptable in fertilized soils. In fact, concentrations of assimilable boron (B) and total zinc (Zn) are considered normal when they are between 0.16 and 0.90 mg/kg and between 2.5 and 4.0 mg/kg, respectively (N'guessan, 2017).
Micronutrients are used in very small quantities in the mineral nutrition of cocoa trees, but they play a vital role in the fruiting of cocoa trees.
Table 4. Some important micronutrients in cocoa tree nutrition
	
	Soubré
	
	
	Méagui
	
	Mayo

	Treatments
	Bore (mgkg-1)
	Zinc total (mgkg-1)
	
	
	Bore (mgkg-1)
	Zinc total (mgkg-1)
	
	Bore (mgkg-1)
	Zinc total (mgkg-1)

	T0
	0,1b 
	1,7b 
	
	
	0,2a
	1,2b
	
	0,1a
	1,9c

	T1
	0,2ab 
	1,9b 
	
	
	0,2a
	1,9b
	
	0,2a
	2,2b

	T2
	0,2ab
	2,6a
	
	
	0,2a
	2,9a
	
	0,3a
	2,7b

	T3
	0,5a
	2,5a
	
	
	0,3a
	2,7a
	
	0,2a
	3,9a

	CV (%)
	4,07
	9,47
	
	
	7,12
	12,69
	
	5,67
	12,18

	P-Value
	0,0213
	0,1058
	
	
	0,5182
	0,0086
	
	0,2415
	<,0001


*The means marked with the same letters in a column are not significantly different at the 5% level.
3.5. Nutritional balance
Table 5 highlights the nutritional balances between exchangeable bases in the sampled soils. 
At Soubré, significant variations were observed between all the balances established. However, the highest ratio was found in one of the fertilized soils. For K and Ca, this was in treatment T1, for Mg in treatments T2 and T3, and for (S+6.15)/N in treatments T1 and T2. 
In Méagui, with the exception of the ratio calculated from K, which remained statistically similar between treatments, the others varied. Thus, the ratio calculated from Ca was higher in treatments T2 and T3, while that of Mg was found in treatment T1 and that of S and N was in treatments T0 and T3.
At Mayo, the ratios calculated from exchangeable bases revealed significant differences between treatments except for the one calculated from Ca. For (K+x100)/S and (S+6.15)/N, the highest ratios were calculated in treatment T1, while for (Mg2+x100)/S, it was calculated in treatment T3.
The results show that with the application of mineral fertilizers enriched with basic cations, the nutritional balance for cocoa tree nutrition is only satisfied for calcium. For the other balances, the ratios are close to the threshold values. These ratios are established as follows: for calcium (Ca) at 68%, for magnesium (Mg) at 24%, for potassium (K) at 8% and for S+6.15)/total N greater than 8.9 (Hornus & Snoeck, 2010). This observation suggests that, in the case of fertilization with fertilizers enriched with basic cations, calcium, potassium, and magnesium are not limiting factors in the mineral nutrition of cacao trees. 

Table 5. Chemical balances between the nutritional elements of the cacao tree

	
	
	Nutritional balance

	Localities
	Treatments
	(K+ x100)/S
	(Ca2+ x100)/S
	(Mg2+x100)/S
	(S+6,15)/N

	Soubré
	T0
	2,5b
	73,3b (0,5)
	13,9b (0,4)
	5,6b 

	
	T1
	6,6a 
	83,3a 
	13,9b 
	8,6a 

	
	T2
	3,1b
	76,7b
	19,7a
	6,4b

	
	T3
	2,9b
	77b
	20a
	8,5a

	
	CV(%)
	10,98
	3,33
	5,71
	9,31

	
	P-Value
	<,0001
	0,0038
	0,0103
	0,0229

	Méagui
	T0
	4,9a
	72c
	13,6b
	7,3a

	
	T1
	9,4a
	78,7b
	17,8a
	4,8b

	
	T2
	5,1a
	83,6a
	10,9b
	6,7ab

	
	T3
	6,6a
	82,6a
	11,8b
	8,1a

	
	CV(%)
	12,78
	2,65
	13,92
	8,24

	
	P-Value
	0,0529
	0,0008
	0,0087
	0,0432

	Mayo
	T0
	3b
	76,6a
	18,8b
	3,7c

	
	T1
	7,7a
	74,9a
	17,3b
	5,7a

	
	T2
	2,8b
	78,4a
	18,2b
	4,9ab

	
	T3
	2,8b
	73,2a
	23,6a
	4,5ab

	
	CV (%)
	14,42
	1,27
	11,72
	11,5

	
	P-Value
	<,0001
	0,0554
	0,0388
	0,013


 *The means marked with the same letters in a column are not significantly different at the 5% level.
4. CONCLUSION
The objective of this study was to determine the fertility level of soils under cocoa trees with the addition of fertilizers enriched with basic cations. The results reveal that these fertilizers act as mineral amendments by raising the pH of acidic soils towards neutrality. The application of these fertilizers produces sufficient soil organic matter and nutrients, making these soils suitable for cocoa cultivation. Despite these mineral inputs, some ionic imbalances appear in the soil under cocoa trees. Finally, these results show that the fertility of soils under cocoa trees can be improved with the addition of mineral fertilizers enriched with basic cations, thereby correcting the phosphorus and basic cation deficiencies in the soils of this study area.
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