


Effects of mineral fertilisation on soil organic carbon stocks in cocoa plantations of South-western Côte d'Ivoire
ABSTRACT
Agriculture is partly responsible for environmental degradation due to greenhouse gas emissions. Cocoa farming is no exception because of the fertilizers used, particularly mineral fertilizers, to maintain soil fertility. With the aim of producing cocoa sustainably while preserving the environment, a study is being conducted to identify mineral fertilizers that could have a positive impact on carbon stocks in cocoa farm soils. The study was conducted over three years in three cocoa farms in the Nawa region, in south-central Côte d'Ivoire. The experimental design consisted of four complete Fisher blocks with four treatments: T0 was the control without fertilizer, and T1, T2, and T3 were NPK 0-23-19+10CaO+5MgO, NPK 0-15-15+17CaO+5MgO+1B2O3+0.5Zn, and NPK 4-10-10+19CaO+4MgO+0.8B2O3+0.3Zn, respectively. Soil carbon stocks were measured in the top 30 centimeters using a synchronous approach three years after fertilizer. The results indicate that soil organic carbon stocks do not differ significantly between the various treatments. However, the emerging trend reveals that T1, T3, and T2, in that order, stored more organic carbon in the soil than T0. Their average values are, in that order: 5517.3; 4747.5; 4076.7; 3650.9 gC.m-2. This result is linked to the short duration of the experiment. Therefore, it demonstrates the possibility to make cocoa farming more sustainable by adopting mineral fertilization. However, it is necessary to conduct this study over the long term to see what changes may occur.
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1. INTRODUCTION
Maintaining soil fertility is essential for agricultural production. This requires efficient management of available resources, including soil organic carbon, which is the nutrient source for most soil fauna. These organisms ensure the biological fertility of soils, where they themselves become organic matter after death (Smith et al., 2022 ; Lehmann & Kleber, 2015). The production of soil organic carbon therefore depends on the available organic matter from animal and plant sources (Cotrufo et al., 2019). Declining agricultural yields due to soil fertility degradation and the effects of climate change have led farmers to adopt new methods of managing their farms in order to maintain and even improve agricultural yields (Bossio et al., 2020 ; Lal, 2021). This observation is also evident in Côte d'Ivoire, particularly in cocoa farming, where the country is the world's leading producer and where cocoa systems are facing aging plantations, soil depletion, and increased climate pressure (Koko et al., 2021 ; Jagoret et al., 2018). These new methods concern irrigation and fertilization, as well as the selection of new, more resistant and productive varieties. When it comes to fertilization, research and development organizations have always recommended the use of mineral inputs to increase soil fertility and ensure better agricultural yields. However, the excessive use of this type of fertilizer causes soil acidification and therefore soil infertility. This acidification leads to the destruction of wildlife and a reduction in plant residue production, reducing the amount of organic matter in the soil and compromising the resilience of the system (Huyan et al., 2021). This is why, as part of the project to research mineral fertilizers that can be used to produce cocoa sustainably, one component is devoted to their impact on soil carbon stocks.
2. [bookmark: _Hlk199808656]MATERIAL AND METHODS
2.1.  Study Area
The study was conducted in southwestern Côte d'Ivoire, at the Soubré, Méagui, and Mayo sites in the Nawa region. This region extends between 5°35'32'‘ and 5°58'44’' north latitude and 6°34'24'‘ and 6°36'00’' west longitude (Figure 1). This agroecological zone has a sub-equatorial climate characterized by two rainy seasons (April-June and September-November) and two dry seasons (July-August and December-March). The once dense and humid vegetation has given way to patches of forest and huge plantations of traditional or industrial perennial crops (Brou, 2005).
Annual rainfall ranges from 1,203 mm to 1,392 mm, with an average monthly temperature of 25.8°C (Evi et al., 2007). The soils found are mostly Ferrasols ICRAFT (2011), according to the WRB classification (2014).
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Figure 1 : Map of Côte d'Ivoire showing the study area
2.2. [bookmark: _Toc116359698] Study materials
NPK 0-23-19+ 10 CaO + 5 MgO, NPK 0-15-15 + 17 CaO + 5 MgO + 1 B2O3 + 0.5 Zn, and NPK 4-10-10 + 19 CaO + 4 MgO + 0.8 B2O3 + 0.3 Zn were used to fertilize the cocoa trees.
These fertilizers were formulated and proposed for the fertilization of cocoa trees in southwestern Côte d'Ivoire (Kassin et al., 2016 ; N'Guessan, 2017). They were developed as part of the cocoa tree soil mapping project (IDH project) led by the CNRA.
2.3.  Choice of fields
In the Nawa region, three locations were selected: Soubré, Méagui, and Mayo.
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
The experiment was conducted using a Fisher block design, with four treatments and four replicates. The four treatments consisted of a control without fertilizer (T0), fertilization with NPK 0-23-19+ 10 CaO + 5 MgO (T1), fertilization with NPK 0-15-15 + 17 CaO + 5 MgO + 1 B2O3 + 0.5 Zn (T2), and fertilization with NPK 4-10-10 + 19 CaO + 4 MgO + 0.8 B2O3 + 0.3 Zn (T3). The area of the elementary plot is estimated at 255 m² (25.5 m x 10 m). The distance between two blocks is 6 m and the distance between two treatments within the blocks is 5 m. The phosphorus in treatments T1 and T3 is triple superphosphate, while that in treatment T2 is reactive phosphate. The fertilizer dose for T1 and T2 was 400 g/plant/year and that for T3 was 800 g/plant/year. These doses were applied in two applications, the first in April-May and the second in September-October. Half the dose was applied at each application. 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 cocoa leaf litter to limit losses due to erosion. These fertilizers were applied for three consecutive years from 2017 to 2019.
2.5. Data collection
Soil carbon stocks are measured using a synchronous approach based on the work of Bernoux et al. (2006) and Olson et al. (2014). This approach involves comparing, at a given moment, the carbon stock of a plot that has been treated for several years with that of a reference plot (conventional management) that has not undergone any major changes.
In the field, this approach involved taking composite soil samples at different depths (0-10, 10-20, and 20-30 cm) in each of the elementary plots under the cocoa canopy to determine the organic carbon content in the laboratory. In each plot, sixteen composite samples were taken, four per treatment, using the diagonal sampling method. To determine the soil carbon stock, which requires knowledge of the apparent soil density, samples were taken from the 0-10, 10-20, and 20-30 cm soil strata using a cylinder with a radius of 4.5 cm and a height of 10 cm, open at both ends. The cylinder is mechanically pushed into the soil. To do this, a soil profile 60 cm long, 50 cm wide, and 35 cm deep is opened in the center of each elementary plot. In each profile, a soil sample was taken from the 0-10, 10-20, and 20-30 cm strata and sent to the laboratory to determine the bulk density. Soil sampling was carried out in the third year of the trial. 
The measurement of organic carbon stocks in the soil was obtained for a given surface unit (0-10, 10-20, and 20-30 cm) by multiplying the C content by the bulk density of the soil and by the depth of the sampled soil horizon. The carbon stock in the 0-30 cm layer was obtained by adding together the carbon stocks in the 0-10, 10-20, and 20-30 cm horizons. In soil containing coarse elements (particles that are part of the soil texture and are larger than 2 mm in diameter), the coarse element content is taken into account in the estimation of soil carbon stock (Marco et al., 2010). The results were expressed in gC.m-2. Carbon was calculated using the equation of De Rouw et al., 2010.
 (1- gr) / 10 
Where C stock : soil organic carbon stock in g m-2 ; SOC : carbon concentration in g.g-1 soil; p : bulk density in g.cm-3 ; d : soil layer thickness in cm ; and gr : soil fraction > 2 mm.
In addition to soil carbon stocks, cocoa tree leaf litter was collected during the experiment. This was done using 1m x 1m x 0.5m wire mesh frames, into which a removable frame lined with fine wire mesh was fitted 0.25 m above the ground (Boyer, 1972). The method consists of installing a wire mesh frame under the canopy of the cocoa trees in each plot. Leaf fall is determined by weighing the cocoa leaves that have fallen every six months on the removable frame installed in the wire mesh cage. The amount of litter obtained at the end of the experiment is the sum of the litter collected every six months. Litter collection lasted 30 months, or five six-month periods.
2.6. Statistical Analysis
The data were 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. Effect of mineral fertilization on cocoa tree leaf litter production
Analysis of Figure 2 showing the quantities of cocoa tree leaf litter produced over five semesters reveals significant differences at the Soubré (p = 0.0481), Méagui (p = 0.0121), and Mayo (p = 0.0424) sites. The cocoa trees in the fertilized plots produced large quantities of litter that were significantly higher than those in the T0 treatments at all sites. Thus, in Soubré and Méagui, the amounts of litter produced by treatments T1 and T2 were significantly higher, while in Mayo, litter was significantly higher in treatments T1, T2, and T3. 
This result is thought to be the consequence of NPK fertilizer inputs, which have led to fertile soils. Thus, cocoa trees with the nutrients necessary for their development will produce significant biomass, which will form litter. This result confirms that improved mineral nutrition increases leaf production and, consequently, the amount of biomass returned to the soil. The observations corroborate the conclusions of the FAO (2004), according to which phosphate inputs strongly stimulate plant biomass production.
Furthermore, several recent studies show that NPK fertilization leads to an increase in annual leaf fall in tropical orchards, due to the regulation of phenological cycles by nitrogen and potassium (Dappa et al., 2023 ; Koko et al., 2021). The high levels of litter observed in fertilized treatments thus reflect improved vegetative vigor, already observed by Snoeck et al. (2015, 2016) and confirmed by Barrios et al. (2015). The results obtained show that the rational intensification of mineral nutrition promotes litter formation and is an important support in the restoration of soil organic matter.
This observation is supported by the work of the FAO (2004). According to the FAO (2004), phosphate fertilizer inputs have a greater effect on plant litter production.

[bookmark: _Toc116303960]Figure 2 : Cocoa tree leaf litter (g.m-2) produced according to treatments 
T0 : absolute reference ; T1 : NPK 0-23-19 + 10 CaO + 5 MgO ; T2 : NPK 0-15-15 + 17 CaO + 5 MgO + 1 B2O3 + 0,5 Zn ; T3 : NPK 4-10-10 + 19 CaO + 4 MgO + 0,8 B2O3 + 0,3 Zn.
3.2. Effect of mineral fertilization on soil carbon stocks
The carbon stock results recorded in Table 1 reveal that there is no significant difference between treatments, regardless of the site. This observation could be linked to several factors, including the approach used and the duration of the experiment. The approach used in this study to determine soil carbon stocks is the synchronous approach. This approach consists of comparing, at a given moment, the C stock of a plot corresponding to the stocking practice carried out over several years with that of a reference plot (Bernoux et al., 2006, Olson et al., 2014). Time (duration) is a very important factor in the accumulation of organic carbon in the soil; in this study, ours is 3 years. These observations are consistent with the recent conclusions of Smith et al. (2022), according to which the assessment of stocks in heterogeneous tropical systems requires longer time steps to reveal significant trends. The duration of this study would not be sufficient to detect significant increases in soil carbon storage, as according to Shi et al. (2013), soil organic carbon storage is a very slow process. This result has been recently confirmed by Lal (2018) and Bossio et al. (2020), who argue that measurable carbon sequestration in tropical soils generally requires 5 to 10 years of improved practices.
The three-year duration of this study is therefore insufficient to detect significant variations, as already noted in numerous studies reviewed by Poeplau and Don (2015). 
In addition to these factors, the dose and formulation of mineral fertilizers can stimulate carbon sequestration or accelerate mineralization over time, according to recent work by Kujur et al. (2020). The fertilizers used here are NPK formulations and were applied six times in three years, i.e., every six months. They could stimulate the mineralization of organic matter and reduce the soil organic carbon content. These conclusions are consistent with those of Jones & Donnelly (2004), who report that high N and P inputs sometimes promote rapid mineralization of soil organic matter, thereby releasing significant amounts of mineral nitrogen that can be lost through leaching, leading to the release of CO2 into the atmosphere and possibly causing a decrease in soil organic matter content.
Admittedly, the carbon stocks determined in fertilized and unfertilized plots did not reveal any significant differences, but the values determined in the soils of fertilized plots were relatively higher than those of unfertilized soils, with maxima in T1. Since soil organic carbon in cropping systems derives mainly from plant and animal biomass (Bernoux, 2006), the resulting soil carbon stocks from the various fertilized treatments characterized by significant cocoa leaf litter production will be relatively higher and suggest the beginning of carbon accumulation, especially under cocoa plots. These results are consistent with the conclusions of Jagoret et al. (2018).
The carbon stocks measured in the 0-30 cm layer for fertilized treatments range from 3622.8±430 gC.m-2 in T2 at the Soubré site to 6181.2±442.3 gC.m-2 in T1 at the same site. The soils studied are thus rich in carbon, as are many soils under cocoa trees in agroforestry conditions, where stocks were in the order of 4200 gC.m-2 and 5000 gC.m-2 (Montagnini & Nair, 2004). This result is thought to be the consequence of increased and continuous production of plant biomass in this type of cropping system. Indeed, phosphate fertilizer inputs have a greater effect on plant litter production (FAO, 2004). Returning this biomass to the soil increased organic carbon stocks in fertilized plots. In addition, continuous soil cover by litter prevents soil temperature from rising, thereby reducing the rate of organic matter mineralization and also leading to carbon storage in the soil (Fissore et al., 2008 ; FAO, 2012). Similarly, by limiting erosion, continuous soil cover reduces soil carbon losses (Scopel et al., 2005). 
However, among the fertilized treatments, T1 and T3 stored the largest amounts of carbon in the soil. These results corroborate the work of Poepleau et al. (2018). These authors showed that mineral fertilization stimulates C storage, but with nuances depending on the fertilizer formulation (N, NP, PK, NPK) and without any real consensus among studies on the most effective formulation for C storage.



Table 1. Carbon stock in gC.m-2 according to treatments by study site
	Sites
	T0
	T1
	T2
	T3
	Mean
	CV (%)
	p-value

	Soubré
	3640.1±310.1 a
	6181.2±44.3 a
	3622.8±430 a
	6051.9±61.4 a
	4874
	 33.55
	0.3343

	Méagui
	3221.8±422.4 a
	5068.7±375.1 a
	4421±189.5 a
	4606.7±564.2 a
	4329.5
	 22.34
	0.2922

	Mayo
	4090.9±573 a
	5302±262 a
	4186.2±201.7 a
	3584±870.2 a
	4290.8
	 13.30
	0.1443

	Mean / treatment
	3650.9±522 a
	5517.3±374 a
	4076.7±289 a
	4747.5±532 a
	4498.1
	 17.26
	0.2156


* The means marked with the same letters in a column are not significantly different at the 5% level.
T0 : absolute reference ; T1 : NPK 0-23-19 + 10 CaO + 5 MgO ; T2 : NPK 0-15-15 + 17 CaO + 5 MgO + 1 B2O3 + 0,5 Zn ; T3 : NPK 4-10-10 + 19 CaO + 4 MgO + 0,8 B2O3 + 0,3 Zn.
4. CONCLUSION
The results show that mineral fertilization significantly improves cocoa tree litter production, thereby enhancing the dynamics of organic matter return to the soil. However, no significant variation in carbon stocks was observed over three years, confirming the slow rate of accumulation in tropical environments. Nevertheless, a gradual increase in carbon is noticeable in fertilized plots. All of these observations underscore the need for rational and integrated soil fertility management. An approach combining mineral inputs, organic biomass, and conservation practices remains essential for the sustainability of cocoa farms.
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