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Above- and Below-ground Carbon Stock Along a Cashew Chronosequence in the Central Côte d’Ivoire


ABSTRACT
The conversion of forests into agrosystems is characterised by changes in the biophysical parameters of vegetation. In recent years, we have noted a significant expansion of cashew plantations in Côte d'Ivoire, characterised by an increase in cultivated areas and mainly driven by strong global demand for cashew nuts. Cashew cultivation presents both opportunities and environmental challenges in the context of climate change.  For a better understanding of these changes, An investigation was conducted along the cashew chronosequence in central Côte d'Ivoire, where the principal aim was to assess the amount of carbon stock. The paper hypothesised that (i) the biophysical parameters of vegetation and soil chemical properties decline after the conversion of secondary forests into cashew plantations, and (ii) the same ones increase with the ageing of the cashew plantations. After data collection in the subplots 16 m × 16 m of secondary forests, young, mature and old cashew plantations, the results showed that the total carbon stock per soil-vegetation association declined significantly after the secondary forests’ conversion, and increased with the aging of the cashew plantations (young plantations: 71.60 ± 6.72 t C ha–1; old plantations: 82.84 ± 1.21 t C ha–1). The contribution of soil carbon to total carbon stocks was higher in cashew plantations. Additionally, the total carbon dioxide sequestered dropped significantly after the secondary forests’ transformation, and increased with the increasing age of the cashew plantations (young plantations: 262.59 ± 24.65 Teq CO2 ha–1; old plantations: 304.68 ± 4.46 Teq CO2 ha–1). Our findings suggest that the sustainable management of the cashew plantations in Côte d’Ivoire could generate benefits up to 46,583,882,200 euros in terms of carbon budget. In conclusion, the research conducted along the cashew chronosequence highlighted a decrease in the biophysical parameters of vegetation, such as tree density, plant biomass, and carbon stocks, after the conversion of secondary forests into agricultural land. Nonetheless, the total carbon stock increased with the ageing of the plantations, indicating the key role of these orchards in greenhouse gas reduction and climate change mitigation.
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1. INTRODUCTION
[bookmark: _Hlk140840644][bookmark: _Hlk140840711][bookmark: _Hlk140840747]Forest ecosystems cover approximately 30% of the planet and play an important role in the atmospheric carbon cycle, which influences global warming and climate change (Pragasan, 2016). As major components of terrestrial ecosystems, forests represent the largest carbon reservoirs and play a vital role in mitigating climate change by absorbing atmospheric carbon dioxide through photosynthesis (Chinasho et al., 2015; Tetteh, 2024). Thus, forests reduce the impact of carbon dioxide emissions (Eneji et al., 2014; Pujiasmanto et al., 2021). In addition, they contribute to soil structure formation by preventing erosion (Bazezew et al., 2015). Unfortunately, these forests are converted into agrosystems with negative consequences for biodiversity, terrestrial carbon sinks, and greenhouse gas balance (Gatti et al, 2014; Kossi et al., 2020; Ndiaye et al., 2020). Forest cover in Côte d'Ivoire is not exempt from deforestation. With over 16 million hectares at the beginning of the twentieth century, currently, the residual areas of forests in Côte d’Ivoire represent only about 2.97 million hectares (Pirard et al., 2021). The main cause remains the establishment of various agricultural practices dominated by cocoa, coffee, rubber and cashew nuts (Ahui, 2019).
In recent years, we have noted a significant expansion of cashew plantations in Côte d'Ivoire, characterised by an increase in cultivated areas (1.6 million hectares for almost 350,000 producers) and mainly driven by strong global demand for cashew nuts (FIRCA 2022; Mighty Earth, 2023).  Cote d’Ivoire’s economy is based on agriculture with cash crops such as coffee, cocoa, rubber and oil palm in forest areas; cotton and recently cashew nuts in savannah areas.  The total area planted with cashew trees, estimated at 500,000 ha in 2006, is about 1,350,000 ha in 2018. This spectacular development of cashew plantations has been to the detriment of open forests (Dieudonne et al., 2021). The expansion of cashew plantations in Côte d'Ivoire would be due to its economic benefits, such as generating income for farmers and supporting rural livelihoods (FIRCA, 2022). However, cashew cultivation presents both opportunities and environmental challenges in the context of climate change (Tetteh, 2024). Indeed, changes in land use and plant cover are responsible for the depletion of carbon stocks in vegetation and soil (Akpa et 2019). Thus, a slight alteration in the soil carbon reserve can lead to a substantial disruption of the carbon cycle on a global scale (Sundarapandian et al., 2015). Soil loses its ability to store carbon due to erosion, rapid decomposition of organic matter and soil depletion from farming (Mishra et al., 2021). This process is inconsistent with international mechanisms such as REDD+, which aims to reduce emissions from deforestation (Koffi et al., 2021). Forests store approximately 20 to 40 times more carbon per unit area than most crops, and most of this carbon is released into the atmosphere as carbon dioxide through deforestation (Amankwah, 2013; Chinasho et al., 2015). 
Carbon sequestration in agriculture plays a critical role in mitigating climate change by capturing and storing atmospheric carbon dioxide (CO2) in soil and biomass. This process involves various strategies and management practices aimed at enhancing soil organic carbon (SOC) levels while maintaining or improving agricultural productivity (Dasgupta & Mahanty, 2024; Kumar et al., 2024). Trees play a major role in carbon sequestration due to their potential for climate change mitigation (Ndiaye et al., 2020). Agroforestry systems are now seen as a land management option that can address several environmental challenges, particularly in tropical regions, which makes them eligible for REDD+ mechanisms (Noiha et al., 2017). Therefore, the establishment of cashew plantations (agroforestry system) could offer an opportunity to reduce greenhouse gas emissions and climate change mitigation (Awé et al., 2020; Ndiaye et al., 2020; Tetteh, 2024). Indeed, plants absorb atmospheric CO2 and then convert it into carbon to form their biomass (trunk, roots, leaves) and promote carbon accumulation in the soil (Awé et al., 2020; Pujiasmanto et al., 2021; Tetteh, 2024). In addition, cashew plantations contribute to land restoration and erosion prevention, thereby improving carbon storage and soil health (Sundarapandian et al., 2015; Akpa et al., 2019). For this reason, quantifying carbon stocks in cashew orchards is crucial for tropical countries such as Côte d'Ivoire. These data are essential for estimating carbon dioxide sequestration and, thereafter, to assess their long-term contribution to global climate agreements.
[bookmark: _Hlk140841528][bookmark: _Hlk141100612][bookmark: _Hlk140841539][bookmark: _Hlk141100655]Unlike developed countries, Côte d'Ivoire lacks carbon inventories and databases to monitor and improve the potential of carbon sequestration in the different systems. Most research on carbon sequestration across a chronosequence has been conducted in cocoa plantations in the centre-west (Tondoh et al., 2015), rubber tree in the south (N’Dri et al., 2018), and cashew trees in the north (Akpa et al., 2019; Koffi et al., 2021), thus omitting the cashew plantations in central Côte d'Ivoire. To address this need, the objective of this study was to assess the amount of carbon stock along a cashew chronosequence in central Côte d'Ivoire. We hypothesised that (i) the biophysical parameters of vegetation and soil chemical properties decline after the conversion of secondary forests into cashew plantations, and (ii) the same ones increase with the ageing of the cashew plantations.

2. MATERIALS AND METHODS
2.1 Study Site 
[bookmark: _Hlk166506987][bookmark: _Hlk166507014][bookmark: _Hlk166507184]The study was conducted in 2021 in the department of M’Bahiakro (Fig. 1). This property is located between 7°27’ and 7°29’ N, and 4°19’ and 4°21’ W (Kouakou et al., 2014). The climate is a subtropical type. The monthly average temperature is 26°C, with August (24°C) and February (28°C) the lowest and highest warmest months, respectively. Total annual rainfall is 1,031 mm, and January and December (21 mm) and September (149 mm) are the driest and wettest months, respectively. The study site is dominated by the semi-deciduous forests and savannahs. The primary forests no longer exist due to the anthropogenic pressures linked to agricultural and agroforestry activities since the end of the 1980s (Ahui, 2019). The recent vegetation cover is characterised by a mosaic of herbaceous and shrub savannahs in the western and northern regions, interrupted by the islets of cleared forests in the eastern and southern regions (Ahui, 2019). The introduction of perennial crops such as cocoa, coffee, rubber and cashew has led to a decline in forest cover in the department (Ahui, 2019). Soils are ferrallitic and hydromorphic soils characterise the low altitude (128–132 m asl), whilst clay-sandy soils dominate areas with altitudes above 132 m asl (Dibi et al., 2013).

2.2 Sampling Design
Nine cashew plantations of different ages were selected in the study zone and grouped in age classes (4–6, 14–16 and 35–40 years old), respectively, as the main ecological stages of young (YC), mature (MC) and old (OC) cashew plantations (Table 1). These orchards resulted from the direct conversion of forests, or indirect conversion after a cultural rotation of coffee, cocoa, cola, yams, cassava, maize and groundnut. Three islets of secondary forest (SF) were selected and considered as the baseline. Three replicate sampling stands were established in each of the selected land uses and age classes, for a total of 12 sampling stands. The weeds, namely Andropogon gayanus Kunth, Panicum maximum Jacq., Imperata cylindrical L. and Chromoleana odorata L., dominated the understory vegetation of the cashew plantations. Some individuals of these plant species (Ananas comosus L., Colocasia esculenta L., Musa sp, Carica papaya L., Elaeis guineensis Jacq.) and tree species (Azadirachta indica A. Juss., Mangifera indica L., Citrus sinensis L., Psidium guajava L.) were recorded in some places. The tree species of Antiarus toxicaria  JFGmel., Spondias mombin L., Newbouldias laevis P. Beauv., Khaya ivorensis A. Chev., Albizia zygia DC., Ceiba pentandra L., Bombax buonopozense P.Beauv., Malancantha heudelotiana Pierre, Blighia unijgata  Baker., Swartzia fistulaïdes Harms, Blighia welwitchü Hiern, Ficus exasperate Vahl, Lonchocarpus sericeus Poir., Lecaniodicus cupanioïdes Planch., Vitex cuneate Thonn. & Schumach., Albizia globerrima Schumach. & Thonn., Sterculia tragacantha Lindl., Daniellia oliveri Rolfe, Lannea nigritana Scott Elliot, Cassia siamea Lam., Fagara macrophylla  Engl. and Terminalia glaucescens Planch. ex Benth. were recorded in the secondary forests. The clearing of the cashew plantations is done by tillage and sometimes using herbicides. On each of the 12 sampling stands, a 100 m transect was established, and three sampling points were defined with a 50 m interval between two consecutive points. At each sampling point, a subplot of 16 m × 16 m was defined, either a total of three subplots per stand (Ahui, 2018). Considering the 12 sampling stands, a total of 36 subplots was delimited. On each subplot, the above- and belowground biomass, litter and soil considered as distinct compartments were studied.

2.3 Measurement of the Tree Trunks' Diameter
On each subplot from the secondary forests, the measurement of the diameter at breast height was made using a tape measure. Thus, the circumferences of the ligneous plants were measured using a tape measure at 1.30 m from the ground (Awé et al., 2021). The values of the circumference were then converted into diameter (dbh) according to the formula: dbh = C/ π, with C = circumference, dbh = diameter at breast height, and π = 3.14. Specifically, the tree trunks with a diameter of≥ to 10 cm were considered in the subplots from the secondary forests. However, in the cashew plantations, the diameter of trees was measured at 50 cm aboveground level (Awé et al., 2020). 
 
2.4 Collection of the Litter Samples
The ground litter has been collected using a quadrat (50 cm × 50 cm × 10 cm) placed in the centre of the subplot, either three quadrats per stand. The litter contained in the quadrat was collected manually and stored in a plastic bag. Thus, a total of 36 samples were taken through the 12 sampling stands. Well labelled, the litter samples are brought back to the laboratory and dried in an oven at 65°C for 72 h to constant weight, then reweighed and ground for the determination of organic carbon by the calcination method.

2.5 Soil Samples Collection
Soil samples devoted to organic carbon analysis were taken following the Tropical Soil Biology and Fertility method recommended by Anderson and Ingram (1993). Composite soil samples were obtained by mixing three adjacent cores taken at 0–20 cm depth. Three composite soil samples were realised per stand (one per subplot), either a total of 36 composite soil samples across the 12 sampling stands. In the laboratory, soil composite samples were air-dried for 2 weeks to steady weight and passed through a 2-mm sieve to remove plant parts and other debris. The aliquots of 50 g were used to analyse the organic carbon. Considering the same approach, three soil cores (non-composite samples) were taken per stand, either a total of 36 non-composite soil samples across the 12 sampling stands. The non-composite soil samples were used for the bulk density measurement. 

2.6 Data Analysis 
Litter mass from the quadrat was expressed in g m–2 and thereafter converted in t ha–1. Tree density was expressed in the number of trees per subplot and afterwards converted to the number of trees per hectare. The distribution of woody individuals in diameter class was conducted (Awé et al., 2021). Six diameter classes with an amplitude equal to 25 cm were established. Based on the results of their abundance, the individuals were grouped into four-centimetre amplitude classes. All 6 classes were then simplified into large classes: regeneration, future stems, medium and large trees.
[bookmark: _Hlk140845157][bookmark: _Hlk140845200][bookmark: _Hlk140845215]Organic carbon analysis was made using the Walkley and Black (1934) method, that is, a wet oxidation of organic carbon in an acid dichromate solution, followed by back-titration of the remaining dichromate with ferrous ammonium sulfate. The method of « loss on ignition » was used to measure the organic carbon content in litter (Gallardo et al., 1987). The allometric equation developed by Brown et al. (1989) was used to determine the aboveground biomass of forest trees.
AGB = 38.4908 – 11.7883 × dbh + 1.1926 × dbh²
[bookmark: _Hlk138455461]with AGB: aboveground biomass of forest trees, expressed in kg; dbh: diameter at breast height, expressed in cm. 
The belowground biomass of forest trees was estimated using the regression equation developed by Saatchi et al. (2011).
BGB = 0.489 × AGB0.89
[bookmark: _Hlk138455486]with BGB: belowground biomass of forest trees, expressed in kg 
Considering the cashew plantations, the allometric equations recommended by Awé et al. (2020) were used to determine the above- and belowground biomass of trees, expressed in kg.
AGB = Exp (4.6631 + 0.2835 × LN(D)) ; with D diameter (cm) of tree
BGB = Exp (–1.0587 + 0.8836 × LN(AGB))
The tree biomass was estimated for each subplot and thereafter converted in t ha–1. 
[bookmark: _Hlk140845239]Carbon stock (Awé et al., 2019, 2020) in the above- and belowground biomass was determined using the formula below: 
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C stock 
Biomass



where C stock is expressed in t C ha–1; biomass is expressed in t ha–1   
For the estimation of the carbon stock in the litter, the formula proposed by Pearson et al. (2005) and applied by Chinasho et al. (2015) was used:
Litter mass
 
Litter C stock 
[C] litter ×



Where the Litter C stock is expressed in t C ha–1; [C] fraction or concentration of carbon in litter determined in the laboratory and expressed in kg C t–1 litter; Litter mass is expressed in t ha–1
Soil carbon stock was determined using the formula recommended by Razakamanarivo et al. (2010).
 
Soil C stock 
C × BD × (1– CF) × E



where Soil C stock is expressed in t C ha–1; C organic carbon expressed in g C kg–1 soil; BD bulk density expressed in g cm–3; CF coarse fraction; E soil depth in dm.
The total carbon stock (Pearson et al., 2005; Chinasho et al., 2015; Awé et al., 2020) was calculated by summing the carbon stock densities of the individual carbon pools or compartments using the formula below: 
 
   Total C stock
St CAGB + St CBGB + St CLitter + St CSoil         



with Total C stock expressed in t C ha–1; St CAGB carbon stock in AGB and expressed in t C ha–1; St CBGB carbon stock in BGB and expressed in t C ha–1; St CLitter carbon stock in litter and expressed in t C ha–1; St CSoil carbon stock in soil and expressed in t C ha–1
[bookmark: _Hlk140845285]Carbon sequestration potential of different pools (AGB, BGB, Litter and Soil) was estimated using the formula proposed by Pearson et al. (2007) and applied by Bazezew et al. (2015).
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C Seq
C stock ×

44


with C Seq carbon sequestration by net CO2 absorption and expressed in Teq CO2 ha–1; C stock carbon stock and expressed in t ha–1; 44/12 molecular weight ratio of CO2 to O2.
The total carbon dioxide sequestration by each land use type and age class was determined by summing the carbon sequestered by the four studied compartments (AGB, BGB, Litter and Soil). Plant biomass, carbon stock and the carbon dioxide sequestration were estimated per tree and afterwards per plot. Total carbon storage by soil-vegetation association in cashew plantations in Côte d'Ivoire was calculated by multiplying the median carbon stock value by the total area of cashew plantations (Grinand et al., 2009). The same method was used to estimate the total amount of carbon dioxide sequestered by the soil-vegetation association. Economic value of carbon dioxide sequestration was also calculated using three market prices as recommended by Awé et al. (2019): prices of the markets of CDM (3 euro/Teq CO2), of voluntary markets (4.7 euro/Teq CO2) and of the REDD+ (100 euro/Teq CO2).
  
2.7 Statistical Analysis
After veriﬁcation of the homogeneity (Bartlett test), data were, if necessary normalised using the formula ln(x+1). A one-way analysis of variance (ANOVA) followed by Tukey’s HSD test was used to compare all the studied variables along the cashew chronosequence. All tests were realised using R software version 3.1.3.

3. RESULTS
3.1 Tree Density and Litter Mass 
[bookmark: _Hlk208226667]In the cashew landscape, mean values of tree density decreased significantly (F = 9.73; p = 0.0001) after the transformation of secondary forests into young, mature and old cashew plantations. However, in the cashew plantations, the decrease in trees density with the increasing age of plantations (young cashew plantations: 322.24 ± 24.35 trees ha–1; mature cashew plantations: 292.95 ± 5.63 trees ha–1; old cashew plantations: 253.89 ± 12.60 trees ha–1) did not change significantly (Fig. 2). The litter mas differed significantly (F = 4.71; p = 0.0077) along the cashew chronosequence, and was greater in mature (6.59 ± 0.62 t ha–1) and old (5.41 ± 0.04 t ha–1) cashew plantations compared to secondary forests (5.07 ± 0.52 t ha–1) and young cashew plantations (4.19 ± 0.39 t ha–1).

3.2 Distribution by Diameter Class
The analysis of the diameter classes showed that the distributions had a bell shape and fit better to a polynomial function of degree three along the cashew chronosequence (Fig. 3). This distribution pointed out a determination coefficient (R²) of 0.99. The distribution was then asymmetric positive, characteristic of the chronosequence dominated by the monospecific stands with a predominance of young or small-diameter individuals, centred on the class] 25–50 cm]. We did not detect a significant difference (F = 3.39; p = 0.0536) in the diameter class through the cashew landscape. Indeed, most populations were composed of individuals between 25 and 50 cm in diameter (50%). The classes 10 to 25 cm and 50 to 75 cm represented 41% and 6% of the population, respectively, while individuals larger than 75 cm in diameter are poorly represented (3%).

3.3 Plant Biomass 
[bookmark: _Hlk164629764]Mean values of plant biomass varied depending of the study scale. From tree (AGB: F = 16.96, p = 0.0001; BGB: F = 22.2, p = 0.0001) to the plot (AGB: F = 65.2, p = 0.0001; BGB: F = 69.01, p = 0.0001) the above- and belowground plant biomass decreased significantly after the transformation of secondary forests into cashew plantations of different age class (Table 2). From tree to plot, mean values of the above- and belowground biomass did not vary statistically within the cashew plantations of different age classes. At the tree scale, plant biomass increased with the aging of the cashew plantations (young plantations: AGB 0.23 t tree–1, BGB 0.09 t tree–1; old plantations: AGB 0.30 t tree–1, BGB 0.12 t tree–1) while at the plot scale, they remained slightly higher in mature plantations (AGB 79.01 t ha–1; BGB 16.48 t ha–1).
 
3.4 Organic Carbon in Litter and Soil
Soil organic carbon (0–20 cm) measured in secondary forests (17.04 ± 1.46 g C kg–1 soil) was higher than those determined in the cashew plantations of different age class (Fig. 4). In the cashew orchards, soil under the young (13.44 ± 1.72 g C kg–1 soil) and old (13.96 ± 1.19 g C kg–1 soil) plantations contained early similar amount of organic carbon, which were relatively higher than those from the mature plantations (9.90 ± 1.01 g C kg–1 soil). The organic carbon amount differed significantly (F = 4.52; p = 0.0094) along the cashew chronosequence. The litter carbon determined in the cashew plantations was identical (539.90–541.70 g C kg–1 litter) and remained significantly (F = 117.60; p = 0.0001) higher than that from the secondary forests (less than 483.10 g C kg–1 litter).

3.5 Carbon Stock 
At the tree scale, carbon stock in the above- (young cashew plantations: 0.11 ± 0.001 t C tree–1; mature cashew plantations: 0.13 ± 0.001 t C tree–1; old cashew plantations: 0.15 ± 0.001 t C tree–1) and belowground biomass (young cashew plantations: 0.04 ± 0.001 t C tree–1; mature cashew plantations: 0.05 ± 0.001 t C tree–1; old cashew plantations: 0.06 ± 0.001 t C tree–1) increased with the increasing age of the cashew plantations, but did not differ significantly. The carbon stock in the above (F = 16.96; p = 0.0001) and below-ground biomass (F = 22.2; p = 0.0001) of tree decreased significantly after the conversion of secondary forests (AGB: 1.41 ± 0.31 t C tree–1; BGB: 0.6 ± 0.11 t C tree–1) into cashew plantations of different age class. 
Considering the plot scale, mean values of carbon stock in the above- and belowground biomass and soil decreased after the conversion of secondary forests into cashew plantations, except for the litter (Table 3). Soil carbon stock increased with the ageing of the cashew plantations (young plantations: 23.35 ± 2.17 t C ha–1; old plantations: 33.82 ± 1.62 t C ha–1). The carbon stock in the above- (39.5 ± 0.71 t C ha–1) and belowground (8.24 ± 0.13 t C ha–1) biomass and litter (3.57 ± 0.34 t C ha–1) was maximum in the mature plantations. Whatever the studied compartments or pools, the carbon stock varied significantly (AGB: F = 65.20, p = 0.0001; BGB: F = 69.01, p = 0.0001; litter: F = 5.62, p = 0.0032; and soil: F = 12.40, p = 0.0001) across the cashew chronosequence. Finally, the total carbon stock per soil-vegetation association declined significantly (F = 30.34; p = 0.0001) after the secondary forests’ conversion, and increased with the ageing of the cashew plantations (young plantations: 71.60 ± 6.72 t C ha–1; old plantations: 82.84 ± 1.21 t C ha–1). 

3.6 Vertical Distribution of Carbon Stock
The vertical distribution of carbon stock was estimated in three compartments, such as plant biomass, litter and the soil (Fig. 5). Plant biomass (55,65–94,33%) followed by the soil (5,33–40,82%) were the compartments that stock the highest carbon along the cashew chronosequence. By using the median of total carbon stock (79 t C ha–1) and total area of cashew plantations (1,600,000 hectares) in Côte d’Ivoire, the total carbon storage by this perennial crop was estimated at 127,046,951 t C.
 
3.7 Carbon Dioxide Sequestration 
At the tree scale, carbon dioxide sequestered in the above- (young cashew plantations: 0.43 ± 0.004 Teq CO2 tree–1; mature cashew plantations: 0.49 ± 0.001 Teq CO2 tree–1; old cashew plantations: 0.55 ± 0.006 Teq CO2 tree–1) and belowground biomass (young cashew plantations: 0.17 ± 0.001 Teq CO2 tree–1; mature cashew plantations: 0.19 ± 0.001 Teq CO2 tree–1; old cashew plantations: 0.22 ± 0.002 Teq CO2 tree–1) increased with the aging of the cashew plantations, but did not differ significantly. The carbon dioxide sequestered in the above (F = 16.96; p = 0.0001) and below-ground biomass (F = 22.2; p = 0.0001) of tree decreased significantly after the conversion of secondary forests (AGB: 5.19 ± 1.14 Teq CO2 tree–1; BGB: 2.22 ± 0.43 Teq CO2 tree–1) into cashew plantations.
Considering the plot scale, mean values of carbon dioxide sequestered in the above- and belowground biomass and soil decreased after the conversion of secondary forests into cashew plantations, except for the litter (Table 4). Carbon dioxide sequestered in soil increased with the ageing of the cashew plantations (young plantations: 85.63 ± 7.96 Teq CO2 ha–1; old plantations: 124.91 ± 5.97 Teq CO2 ha–1). The carbon dioxide sequestered in the above- (144.85 ± 2.62 Teq CO2 ha–1) and belowground (30.21 ± 0.48 Teq CO2 ha–1) biomass and litter (13.10 ± 1.25 Teq CO2 ha–1) was higher in the mature plantations. Whatever the studied compartments or pools, the carbon dioxide sequestered differed significantly (AGB: F = 65.20, p = 0.0001; BGB: F = 69.01, p = 0.0001; litter: F = 5.51, p = 0.0032; and soil: F = 12.40, p = 0.0001) through the cashew chronosequence. Finally, the total carbon dioxide sequestered per soil-vegetation association dropped significantly (F = 30.34; p = 0.0001) after the secondary forests’ conversion, and increased with the ageing of the cashew plantations (young plantations: 262,59 ± 24.65 Teq CO2 ha–1; old plantations: 304.68 ± 4.46 Teq CO2 ha–1). By using the median of total carbon dioxide sequestered (291 Teq CO2 ha–1) and total area of cashew plantations (1,600,000 hectares) in Côte d’Ivoire, the total sequestration of carbon dioxide by the cashew plantations was estimated at 465,838,822 Teq CO2.

3.8 Economic Value of Carbon Dioxide Sequestration 
Whatever the market prices, the carbon budget decreased significantly (F = 30.34; p = 0.0001) after the conversion of secondary forests into cashew plantations. However, in the cashew plantations, the increase in carbon budget with the increasing age of plantations did not change statistically (Table 5). Considering the total sequestration of carbon dioxide by the cashew plantations in Côte d’Ivoire (465,838,822 Teq CO2), the carbon budget represented, respectively, 1,397,516,466 euros (CDM Price), 2,189,442,463 euros (Voluntary market Price), and 46,583,882,200 euros (REDD+ Price).

4. DISCUSSION
Several studies have highlighted changes in the biophysical parameters of vegetation, such as tree density, plant biomass, and carbon stocks, after the conversion of forests into agrosystems. (Sundarapandian et al., 2015 ; Noiha et al., 2017 ; Akpa et al., 2019 ; Ndiaye et al. 2020 ; Koffi et al., 2021 ; Tetteh, 2024). These observations are in line with our results. Indeed, the tree densities decreased significantly after the transformation of secondary forests (449.19 ± 46.37 trees ha–1) into cashew plantations (young plantations: 322.24 ± 24.35 trees ha–1; mature plantations: 292.95 ± 5.63 trees ha–1; old plantations: 253.89 ± 12.60 trees ha–1). The work conducted by Ndiaye et al. (2020) on the carbon stock in the cashew landscape in Sénégal pointed out the same trend (secondary forests: 696 trees ha–1; cashew plantations: 205 trees ha–1). This decrease in tree density in converted plots could be explained by the impact of human activities such as tree cutting during the establishment of cashew plantations. The investigation made by Noiha et al., (2017) in cashew chronosequence in Cameroon showed a decrease in tree density with the ageing of the plantations (0–10 years: 88.29 ± 57.51 trees ha–1; 10–20 years: 53.35 ± 48.40 trees ha–1; over 20 years: 38.64 ± 47.42 trees ha–1). These observations are consistent with our results, as the cashew chronosequence showed a decline in tree density with the increasing age of the cashew plantations and could be explained by the cutting of infected plants, thinning of the field and natural phenomena such as plant death or strong winds causing uprooting of trees (Pandey et al., 2014; Pujiasmanto et al., 2021).
From tree to plot, the above and belowground biomass of young, mature and old cashew plantations were lower compared to those of the secondary forests, and might be due to the drop in aboveground and root carbon stocks in the cashew tree plantations. These findings are consistent with several works (Akpa et al., 2019; Olorunfemi et al., 2019; Koffi et al., 2021). According to Drescher et al. (2016), the conversion of tropical forests leads to substantial losses in biodiversity and ecosystem functions, such as a decrease in above- and below-ground carbon stocks. The study performed by Akpa et al., (2019) indicated a decline in the above- and belowground biomass following the conversion of the secondary forests into cashew plantations of 0–4, 5–8 and over 9 years old. The investigation of Ahui (2018) in Côte d’Ivoire showed a decrease in above- and belowground biomass in 13-, 20- and 39-year-old cashew plantations derived from forests. Additionally, Olorunfemi et al. (2019) investigated the influence of forest conversion into agrosystems on the carbon stocks from plant biomass in Nigeria showing a reduction of 75.24 t C ha–¹ in carbon stock after the forest conversion. The tree biomass depends on the Diameter at Breast Height and the wood density (Otuoma et al., 2016). The impact of human activities, particularly the conversion of forests into agricultural land, poses an imminent threat to biodiversity. This suggests that the decline in above- and belowground biomass and carbon stocks in the agrosystems derived from forests may be related to the level of human disturbance but also to tree density, the age of woody species, forest structure and height-diameter allometry (Tamene et al., 2016; Ouedraogo et al., 2019; Ita et al., 2020; Kossi et al., 2020). These explanations are consistent with the findings of Komolafe et al. (2020), which concluded that the stable sites (forests) have a higher biomass compared to sites (agrosystems) subject to human interference and disturbance. The diversity of tree species, higher in forests than in agrosystems, can improve the carbon storage in the aboveground biomass in tropical forests (Henry et al., 2009; Agbelade and Onyekwelu, 2020). These results are inconsistent with the findings of Noiha et al., (2017), which noted an increase in carbon stock after the conversion of savannah (48.28 t C ha–1) into cashew plantations (146.88 t C ha–1). This reverse trend might be due to the type of vegetation transformed into an agrosystem.
Considering the cashew plantations of different ages and the tree scale, the above- and belowground biomass and carbon stock increased with the ageing of the plantations, while at the plot scale, they remained relatively higher in mature plantations. Perennial and woody crops derived from forests can become carbon sinks in the long term (Mishra et al., 2021). In fact, a tree's carbon stock is determined by its biomass (Pragasan, 2016). The ageing of cashew orchards leads to an increase in their basal area, which in turn increases the carbon stocks in cashew trees in the older plantations. At the plot scale, mature plantations have optimal growth and development, while in the old plantations, trees present an ageing phase marked by bark formation and the death of some trees (Pujiasmanto et al., 2021). Tree mortality along the successional stage (young, mature and old plantations) and the gradual decline in tree growth could explain the higher carbon stock in mature plantations. However, the previous studies pointed out an increase in plant biomass and their carbon storage with the increasing age of the plantations (Noumi et al., 2017; Akpa et al., 2019; Awé et al., 2020; Koffi et al., 2021). During their works on plant structure and carbon dioxide sequestration in Cameroon, Noumi et al. (2017) showed an increase in plant biomass with the aging of the cashew plantations (less than 10 years: 14.51 ± 0.11 t ha–1; 10–20 years: 34.78 ± 0.87 t ha–1; over 20 years: 40.02 ± 0.09 t ha–1). As reported by Koffi et al. (2021) in the north of Côte d'Ivoire, plant biomass (4 years: 17.32 ± 11.36 t ha–1; 10 years: 132.61 ± 63.79 t ha–1; over 10 years: 386.64 ± 359.06 t ha–1) and their carbon stock (4 years: 8.66 ± 5.68 t C ha–1; 10 years: 66.3 ± 31.89 t C ha–1; over 10 years: 193.32 ± 179.53 t C ha–1) increased with the increasing age of the cashew plantations.
The litter carbon stock was higher in the mature plantations (3.57 ± 0.34 t C ha–1) compared to other land use types and age classes, and might be related to the low decomposition rate of litter on this plot due to intense human activities causing the soil compaction and biodiversity loss. These results are in contrast to those obtained by Awé et al. (2019), who showed an increase in carbon stocks in litter with the aging of teak plantations, and could be linked to the litter quality. Our results indicated a decline in soil carbon stock after the establishment of cashew plantations in the forest landscape. This assertion was supported by several works (Tetteh, 2024; Fujisaki et al. 2015; Sundarapandian et al. 2015) which suggest that the drop in soil carbon stock following the forest conversion may be due to the fact that natural forests are undisturbed ecosystems with high litter inputs, high microbial activity, and decomposition leading to the accumulation of more humus in the soil, which is in contrast to monoculture plantations. Nonetheless, our data indicated an increase in soil carbon stock with the ageing of the cashew plantations. This trend is consistent with recent investigations conducted by Awé et al. (2020) in the cashew chronosequence (0–10 years, 10–20 years and over 20 years) in Cameroon. Conversely, the work performed by Tetteh (2024) in the cashew plantations of different ages (1–10 years, 10–20 years and 20–30 years) in Ghana showed a decrease in soil carbon stock with the ageing of the plantations. 
The contribution of soil carbon to total carbon stocks was higher in cashew plantations during our investigation. In the forest, soil carbon represented 5.33% of total carbon stocks, while in cashew plantations it ranged from 32.61% to 40.82%. These results were supported by the findings of Akpa et al. (2019), which indicated that in natural vegetation, soil carbon constituted 37–50% of total carbon stocks, while in cashew plantations, it varied between 61% and 93.75%. According to these authors, in the absence of high biomass, total carbon stocks are largely controlled by the amount of carbon stored in the soil. The total carbon stocks obtained in cashew plantations ranged from 71.60 to 82.84 t C ha–1 and were slightly similar to the results registered (55.15–91.90 t C ha–1; 59.00–96.67 t C ha–1), respectively, by Bello et al. (2017) in Benin and Awé et al. (2020) in Cameroon. The decline in total carbon stock from forests to cashew plantations may be due to defaunation, which alters the trophic interactions between plants and vertebrates, thus disturbing trophic niches and favouring a lower-diversified subset of plant species (Kurten et al. 2015). The high total carbon stock in older cashew plantations would be due to the larger diameter at breast height and larger basal area at this stage of development (Awé et al., 2020).

5. CONCLUSION
The research conducted along the cashew chronosequence highlighted a decrease in the biophysical parameters of vegetation, such as tree density, plant biomass, and carbon stocks, after the conversion of secondary forests into agricultural land. Nonetheless, the total carbon stock increased with the ageing of the plantations, indicating the key role of these orchards in greenhouse gas reduction and climate change mitigation. Considering the total area of cashew plantations in Côte d’Ivoire, approximately 127,046,951 t C was stored, and 465,838,822 Teq CO2 might be sequestered. Additionally, sustainable management of these plantations could generate benefits ranging from 1,397,516,466 euros to 46,583,882,200 euros in terms of carbon budget.
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Table 1. Characteristics of the selected stands during the fieldworks
	 
	 
	 
	 
	 
	 
	 

	Land use types
	Age (years)
	Soil type
	Soil textures
	Fertilizer input
	Clearing
	Previous cropping

	cashew1
	4
	ferrallitic
	clay sandy
	no input
	tillage +herbicide4
	primary forest-coffee-yam-groundnut

	cashew1
	5
	ferrallitic
	clay sandy
	no input
	tillage +herbicide4
	primary forest-coffee-cocoa-cola-yam

	cashew1
	6
	ferrallitic
	clay sandy
	no input
	tillage +herbicide4
	primary forest-coffee-cocoa-cola-yam

	
	
	
	
	
	
	

	cashew2
	14
	ferrallitic
	clay sandy
	no input
	tillage +herbicide4
	primary forest-coffee-cocoa-cola-yam

	cashew2
	15
	ferrallitic
	clay sandy
	no input
	tillage +herbicide4
	primary forest-coffee-cocoa-cola-yam

	cashew2
	16
	ferrallitic
	sandy clay
	no input
	tillage +herbicide4
	primary forest-coffee-cassava-maize

	
	
	
	
	
	
	

	cashew3
	35
	ferrallitic
	sandy clay
	no input
	tillage +herbicide4
	primary forest-coffee-potatoes

	cashew3
	37
	ferrallitic
	clay sandy
	no input
	tillage +herbicide4
	primary forest-coffee-cocoa-yam

	cashew3
	40
	ferrallitic
	clay sandy
	no input
	tillage +herbicide4
	primary forest-coffee-cocoa-yam

	
	
	
	
	
	
	

	secondary forest
	62
	ferrallitic
	clay sandy
	
	
	primary forest

	secondary forest
	62
	ferrallitic
	clay sandy
	
	
	primary forest

	secondary forest
	62
	ferrallitic
	sandy clay
	 
	 
	primary forest

	
	
	
	
	
	
	


1young cashew plantations, 2mature cashew plantations, 3old cashew plantations, 4Héros 360 SL 




















Table 2. Above- and belowground biomass (mean ± standard error) measured along the cashew chronosequence
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 
	AGB
	 
	BGB

	 
	Tree (t tree–1)
	 
	Plot (t ha–1)
	 
	Tree (t tree–1)
	 
	Plot (t ha–1)

	SF
	2.83
	±
	0.62b
	
	1112.89
	±
	139.24b
	
	1.21
	±
	0.23b
	
	249.95
	±
	28.12b

	YC
	0.23
	±
	0.002a
	
	76.09
	±
	5.57a
	
	0.09
	±
	0.0008a
	
	15.90
	±
	1.03a

	MC
	0.26
	±
	0.0009a
	
	79.01
	±
	1.43a
	
	0.11
	±
	0.0003a
	
	16.48
	±
	0.26a

	OC
	0.30
	±
	0.003a
	
	76.25
	±
	3.26a
	
	0.12
	±
	0.001a
	
	15.96
	±
	0.60a

	P value
	0.0001***
	 
	0.0001***
	 
	0.0001***
	 
	0.0001***

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


SF secondary forests, YC young cashew plantations, MC mature cashew plantations, OC old cashew plantations
n = 9, One-way ANOVA test
*** P < 0.001; different superscript lowercase letters within columns indicate significant variations between the land use types (Tukey’s HSD test)























Table 3. Carbon stock (mean ± standard error) in the different studied compartments through the cashew chronosequence
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 
	Land use types
	 

	Parameters
	SF
	YC
	MC
	OC
	P value

	AGB C stock1
	556.44
	±
	69.62b
	38.04
	±
	2.78a
	39.50
	±
	0.715a
	38.12
	±
	1.63a
	0.0001***

	BGB C stock1
	124.97
	±
	14.06b
	7.95
	±
	0.51a
	8.24
	±
	0.13a
	7.98
	±
	0.30a
	0.0001***

	Litter C stock1
	2.45
	±
	0.25a
	2.26
	±
	0.21a
	3.57
	±
	0.34b
	2.92
	±
	0.03ab
	0.0032**

	Soil C stock1
	38.52
	±
	2.95b
	23.35
	±
	2.17a
	24.01
	±
	1.38a
	33.82
	±
	1.62b
	0.0001***

	Total C stock1
	722.38
	±
	117.02b
	71.60
	±
	6.72a
	75.32
	±
	2.52a
	82.84
	±
	1.21a
	0.0001***

	
	
	
	
	
	
	
	
	
	
	
	
	
	


1 t C ha–1, SF secondary forests, YC young cashew plantations, MC mature cashew plantations, OC old cashew plantations, n = 9, One-way ANOVA test
** P < 0.01, *** P < 0.001; different superscript lowercase letters within rows indicate significant variations between the land use types (Tukey’s HSD test)


















Table 4. Carbon sequestered (mean ± standard error) in the different compartments across the cashew chronosequence
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 
	Land use types
	 

	Parameters
	SF
	YC
	MC
	OC
	P value

	AGB CO2 Seq1
	2040.29
	±
	255.29b
	139.49
	±
	10.22a
	144.85
	±
	2.62a
	139.80
	±
	5.98a
	0.0001***

	BGB CO2 Seq1
	458.24
	±
	51.55b
	29.16
	±
	1.90a
	30.21
	±
	0.48a
	29.26
	±
	1.10a
	0.0001***

	Litter CO2 Seq1
	8.99
	±
	0.95a
	8.31
	±
	0.79a
	13.10
	±
	1.25b
	10.71
	±
	0.11ab
	0.0036**

	Soil CO2 Seq1
	141.27
	±
	10.82b
	85.63
	±
	7.96a
	88.02
	±
	5.08a
	124.91
	±
	5.97b
	0.0001***

	Total CO2 Seq1
	2648.79
	±
	429.08b
	262.59
	±
	24.65a
	276.18
	±
	9.25a
	304.68
	±
	4.46a
	0.0001***

	
	
	
	
	
	
	
	
	
	
	
	
	
	


1 Teq CO2 ha–1, SF secondary forests, YC young cashew plantations, MC mature cashew plantations, OC old cashew plantations, n = 9, One-way ANOVA test
** P < 0.01, *** P < 0.001; different superscript lowercase letters within rows indicate significant variations between the land use types (Tukey’s HSD test)


















Table 5. Carbon stocks, rate of CO2 and different prices of carbon along the land use types
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 
	Land use types
	 

	Parameters
	SF
	YC
	MC
	OC
	P value

	Total C stock1
	722.38
	±
	117.02b
	71.60
	±
	6.72a
	75.32
	±
	2.52a
	82.84
	±
	1.21a
	0.0001***

	Total CO2 sequestered2
	2648.79
	±
	429.08b
	262.59
	±
	24.65a
	276.18
	±
	9.25a
	304.68
	±
	4.46a
	0.0001***

	CDM price of carbon3 
	7946.46
	±
	1287.24b
	787.84
	±
	73.95a
	828.58
	±
	27.77a
	911.42
	±
	13.39a
	0.0001***

	Voluntary market price of carbon3 
	12449.50
	±
	2016.68b
	1234.29
	±
	115.85a
	1298.11
	±
	43.51a
	1427.89
	±
	20.97a
	0.0001***

	REDD+ price of carbon3
	264882.00
	±
	42908.09b
	26261.50
	±
	2465.04a
	27619.40
	±
	925.87a
	30380.80
	±
	446.34a
	0.0001***

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 


1 t C ha–1, 2 Teq CO2 ha–1,3 euro, SF secondary forests, YC young cashew plantations, MC mature cashew plantations, OC old cashew plantations, n = 9, One-way ANOVA test
*** P < 0.001; different superscript lowercase letters within rows indicate significant variations between the land use types (Tukey’s HSD test)
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Fig. 1. Geographical location of the study site and details of the selected stands in the cashew landscape
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Fig. 2. Trees density and litter mass determined through the land use types
n = 9, One-way ANOVA test. Histograms with different lowercase letters indicate significant variations between the land use types at the 0.05 level (Tukey’s HSD test)
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Fig. 3. Distribution by diameter class according to the frequency of cashew trees’ feet.
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Fig. 4. Organic carbon determined in soil and litter along the land use types
n = 9, One-way ANOVA test. Histograms with different lowercase letters indicate significant variations between the land use types at the 0.05 level (Tukey’s HSD test)
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Fig. 5. Vertical distribution of carbon stock by compartments throughout the land use types.
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