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Abstract. The role of trees in carbon sequestration is of major importance in this global context of global warming. In view of 

the extent of degradation of forest resources in Casamance, it is necessary to evaluate the carbon stock potential of the secondary 

forests and cashew tree plantation, which are the main forest formations in this part of Senegal. For this purpose, an allometric 

equation was used to estimate the dry biomass. This assessment was made based on a floristic inventory carried out using 150 

plots dimension 20 m x 20 m and the secondary forest 96 plots dimension 50 m x 50 m. The results show that the species richness 

in the secondary forest is 45 species with a density of 696 individuals / ha. In the cashew tree park, it is 8 species with a density 

of 205 individuals / ha. A comparison of carbon stock shows that the secondary forest has a potential of 58.274 t C/ha and 

109.398 t C/ha for cashew tree plantation with a significant difference (p = 3.09e-12). The CO2 equivalent varies respectively 

from 213.69 t/ha for the secondary forest and 401.14 t/ha for the cashew tree plantation (p = 1.14e -12). This study shows that 

cashew tree plantation have a higher carbon sequestration potential than secondary forest and contribute significantly to the 

reduction of CO2 emissions to the atmosphere. 
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1. INTRODUCTION 

 

The increase in carbon emissions is one of the main concerns in the context of climate change (Yenonfan et al., 

2020). According to several studies, it is shown that forests constitute a carbon reservoir to store CO2 located in the 

atmosphere (Alamgir et al., 2008).  

Currently, studies on agricultural production systems and climate change are mainly limited to the quantification 

of greenhouse gas emissions (CO2, CH4, N2O) due to nitrogen fertilization, decomposition of organic matter, animal 

excreta, etc. (Dixon et al., 1994). Carbon sequestration projects eligible for the eco-friendly development mechanism 

are currently tree plantations and natural forest regeneration. 

However, there is a growing interest in agroforestry activities (Valentini, 2007).  Indeed, forest vegetation and 

soils store about 60% of total terrestrial carbon (Winjum et al., 1998). 

The importance of the tree has received particular attention from several researchers due to its potential in climate 

change mitigation (Schroeder et al., 1993; Mitchell Aide et al., 2000; Oelbermann et al., 2004). It is reported that the 

carbon sequestration capacity is higher in agroforestry and forestry systems than in conventional agricultural systems, 

since the aboveground biomass present is more important (Dixon, 1994; Palm et al., 2000; Albrecht and Kandji, 

2003).  

However, natural forest ecosystems in West Africa, and more particularly in Senegal, are being subjected to a 

series of transformations to make way for agroforests (Yabi et al., 2013), classic cashew tree plantations (Anacardium 

occidentale L.) (Ndiaye et al., 2020), and crop fields with modified floristic composition (Yaméogo et al., 2005, 

Meunier et al., 2014). 

As in several countries, in Senegal and particularly in Casamance, natural forest ecosystems are increasingly 

giving way to cashew tree agrosystems (Ndiaye, 2020). Indeed, according to Samb et al. (2018), the surface area of 

cashew tree plantation in Senegal increased from 910.55 km2 to 1908.5 km2 between 1986 and 2017. 
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As a result, plateau areas are the most prone to the expansion of cashew tree plantation. Thus, more than 80% of the 

plateau lands are occupied by cashew trees (PADEC, 2016). In this context of climate change, these cashew 

agroforests could contribute to climate change mitigation through the absorption of CO2 emissions. The objective of 

this study is to evaluate the potential of carbon sequestration in cashew tree parks compared to a secondary forest in 

Casamance. 

 

2. MATERIALS AND METHODS 
 

2.1. Study area 

The inventories were carried out in six (07) sites including 05 in the department of Goudomp, 01 in the department 

of Ziguinchor and 01 in the department of Oussouye.  Casamance covers an area of 28,350 Km² or 1/7 of the area of 

Senegal. It is bordered from East to West by a 300 km long river that gives its name to the region (Sané et al, 2010). 

These are the regions of Ziguinchor, Sédhiou, and Kolda, respectively in Lower, Middle, and Upper Casamance 

(Figure 1). 

 

 
Figure 1: Location of inventoried sites 

 

2.2. Sampling 

2.2.1. Cashew tree plantations Inventory 

Cashew tree sampling is carried out at 05 sites, 4 of which are in the Goudomp department and 01 in the 

Ziguinchor department. The intensity of cashew nut production in the different localities guided the choice 

of sites. A total of 16 plantations were inventoried. Over an area of 50 ha, divided into 96 plots of 50 m x 

50 m with 6 plots/planting. 
 

2.2.2. Secondary forest inventory 

The opening of the layons was adopted to facilitate the inventory given that the forest is very dense and 

almost impenetrable. For this purpose, 6 layons equidistant of 100 m were cleared and on each layon, square 

plots of 20m x 20m side, equidistant of 10 m were installed. A total of 150 plots were created to cover the 

entire area to be inventoried, which corresponds to an area of 6 ha. The sampling rate is 18.75%. 

Each survey area is pre-defined (by method 3-4-5) with a 50m long tape measure, delimited by 8 stakes 

and located using a GPS (Global Positioning System) device. In each vegetation survey, an inventory of 

woody species with a diameter at chest height higher than 10 cm was carried out. Measurements of 
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dendrometric parameters included the height of the individuals and the diameter of the trunk at 0.3 m from 

the ground. 
 

2.3. Carbon estimation methods 

To measure the amount of carbon sequestered in an ecosystem, scientists generally assess the biomass present in the 

plots, since plants accumulate atmospheric CO2 in their cellular components (Tufekcioglu et al., 2003; Sharrow and 

Ismail, 2004). GIEC (2001) defines biomass as the "total mass of living organisms within a perimeter or volume". 

Therefore, it is expressed in kilograms (on a dry weight basis). To obtain the quantity of total carbon sequestered in 

a plot, the biomass is multiplied by the carbon content of the plants. It has been reported that the carbon contained in 

the dry biomass of a tree is 50% (Malhi et al., 2004). In this study, the dry biomass present in the aboveground and 

below-ground components is evaluated (Table 1). 

 
Table 1: Biomass estimation models 

Allometric model Formulas 

Cairns et al. (1997)  Aerial biomass (AB) = (-0.463*D) + (0.356*D2) + (0.008*D3) 

 Root biomass (RB) = Exp (-1.0587+ (0.8836*ln (RB)) 

 With D: diameter chest height and total biomass = AB +RB 

 

The atomic molar mass of carbon is 12 and the atomic weight of oxygen is 16. So the atomic weight of the CO2 

molecule is C+2xO: 12+ 2x16= 44. The ratio of the atomic weight of CO2 to that of carbon is 3.667. To determine 

the quantity of atmospheric CO2 sequestered by the tree, the carbon stock in the tree is multiplied by 3.667 (Cienciala 

et al., 2005). 

 

2.4. Data processing 

Diversity indices were used to study the diversity of the woody tree. The Shannon index (H0) is used to 

calculate the level of species diversity in a given environment. It takes into account not only the number of 

species, but also the distribution of individuals within these species. It is often between 0 and 4.5, rarely 

higher. It is calculated using the following equation: 

H’= -∑ 𝐹𝑖𝑠
𝑖=1 log(2)𝐹𝑖  avec Fi = Frequency of species i (Legendre et Legendre, 1984). 

The value of the index varies according to the number of species present and their relative proportions. 

This makes its use less exhaustive for the comparison of two environments with very different specific 

richness. Thus, Evenness index (E) becomes more interesting for comparing different environments 

(Devineau et al., 1984). The value of the index varies from 0 to 1; a high value of this index (i.e. close to 

1) indicates that the stand is homogeneous, or that individuals are equitably distributed among the different 

species. On the other hand, when the index value is low (i.e. close to 0), the stand is dominated by one or a 

few species. 

Evenness expresses the distribution of species within the association. It varies between 0 and 1, is 

without units, and corresponds to the ratio of Shannon index (H0) and maximum value of Shannon index 

(H’ max): 

Evenness is represented as follows: 

E= 
H′

H′max
 with H’ = Shannon index; H’ max = log2S, S is the total specific richness. 

The Jaccard similarity index allows a comparison between two sites, as it assesses the similarity between 

two surveys by relating the species common to both surveys to those specific to each survey. Jaccard’s 

similarity index is represented as follows:  

J = 
a

a+b+c
 where a is the number of species present in both samples (joint occurrences), b is the number 

of species present in sample one, and c is the number of species present in sample two. 

The density of a species is the number of feet belonging to the species per unit area. It is expressed in 

number of individuals per hectare (n.ha-1.). 

Diameter classes and amplitudes and were defined using the formula of Sturges (1926): 

Number of classes = 1+ 3,3log2 N where N is the sample size 
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The amplitude (P) is obtained by: P = 
iMax−iMin

C
 where i represents the sample values. 

 

3. RESULTS  

 

3.1. Specific richness and density 
The inventory carried out in the natural forest allowed to identify 45 species with different proportions in terms 

of density. The average density is 694 individuals/ha. The dominant species are: Detarium guineensis Gmel. (122 

individuals/ha) followed by Trichilia prieureana A. Juss. (84 individuals/ha), Eleais guineensis Jacq. (72 

individuals/ha) and Fagara zantoxyloïdes Lam. (55 individuals/ha). In the cashew tree plantation, 8 species were 

inventored with an average density of 8 species/ha. Cashew tree plantation density is 180 individuals/ha (Table 2). 

 
Table 2: Characteristics of the two types of ecosystems 

Secondary forest Cashew tree plantation from 18 to 25 

years old 

Floristic composition Abundance 

(Number of 

individuals) 

Floristic composition Abundance 

(Number of 

individuals) 

Adansonia digitata L. 22 Anacardium occidentale 

L. 

180 

Albizzia zygia (DC.) J.F. Macbr. 6 Eleais guineensis Jacq. 3 

Afzelia africana Smith. 13 Tectona grandis 14 

Allophyllus africanus P. Beauv. 53 Mangifera indica L. 2 

Alchornea cordifolia (Schumach. & Thonn.) Müll. 

Arg. 

20 Parkia biglobosa (Jacq.) 

R. Br. 

3 

Anacardium occiditentale L. 12 Ficus copensis 1 

Anthocleista procera Lepr. 12 Adansonia digitata L. 1 

Annona senegalensis Pers. 57 Ceiba pentandra (L.) 

Gaertn 

1 

Anthostema senegalensis Juss., W. 103   

Antiaris africana Engl. 4   

Borassus akeassii Bayton, Ouédraogo & Guinko 26   

Ceiba pentandra (L.) Gaertn 17   

Carapa procera Dc 2   

Citrus medica L. 1   

Combretum micrantum G. Don 2   

Dalbergia melanoxylon Guill. & Perr. 3   

Dialium guineesis Willd. 26   

Detarium guineensis Gmel. 734   

Dichrostachys glomerata (Forssk.) Chiov 179   

Eleais guineensis Jacq. 434   

Fagara rubescens (Planch. ex Hook.f.) 5   

Fagara zantoxyloïdes Lam. 331   

Faidherbia albida (Del.) Chev. 29   

Ficus sycomorus ssp. gnaphalocarpa (Miq.) C.C. 

Berg 

73   

Ficus thonningii Blume. 12   

Ficus vogelii (Miq.) Miq. 3   

Chlorophora regia A. Chev. 1   

Khaya senegalensis (Desr.) A. Juss. 4   
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Kigelia africana (Lam.) Benth. 95   

Landolphia heudelotii A. DC. 201   

Lannea acida A. Rich. 35   

Malacantha alnifolia (Bak.) Pierre 168   

Mangifera indica L. 293   

Nauclea latifolia Sm. 11   

Parinari excelsa Sabine. 8   

Parinari macrophylla Sabine 175   

Parkia biglobosa (Jacq.) R. Br. 92   

Piliostigma thonningii (Schumach.) Milne-Redh. 27   

Sabicea venosa Benth. 273   

Saba senegalensis (A. DC.) Pichon 19   

Spondias monbin L. 2   

Trichilia prieureana A. Juss. 509   

Terminalia macroptera Guill. & Perr. 21   

Uvaria chamae P. Beauv. 28   

Vitex doniana Sweet 1   

Total 45 species 696 

individuals / 

ha 

08 species 205 

individuals / 

ha 

 
3.2. Relationship between density and basal area in the two types of ecosystems 

The carbon sequestration potential depends on the density and diameter of the trees. It is important to know the 

structural parameters of both types of formations. Thus, in cashew tree plantation, since the individuals consist of 

large trees with high density (205 individuals / ha), the density is highly correlated to the basal area (R2 = 0.8859). 

This reflects a good distribution of the aerial cover of the trees (Figure 2A). As for secondary forests, despite the high 

density noted (694 trees/ha), the density is not highly correlated (R2 = 0.325) with the basal area because of the 

predominance of young trees (Figure 2B). 

 

 
Figure 2: Density regression models as a function of basal area: A = cashew tree plantation and B = secondary 

forest. 
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3.3. Shannon index and Evenness  

L’indice de Shannon qui permet d’apprécier la distribution des individus suivant les espèces montre que les 

individus sont équitables répartis par espèces dans les forêts secondaires (H’ = 4,13 bits). Dans les parcs à anacardier, 

c’est plutôt le contraire qui a été noté où l’anacardier est l’espèce dominante (H’ = 0,8 bit). Le test de Student Newman 

Keuls montre une différence significative de la distribution des individus par espèces entre les ces types de formations 

végétales (p = 5,86e-15). L’indice d’équitabilité de Piellou plus exhaustif pour la comparaison de deux milieux montre 

également que les forêts secondaires de la Casamance sont homogènes et que les parcs à anacardier sont dominés par 

une seule espèce (Tableau 3).   

Shannon's index, which allows to appreciate the distribution of individuals according to species, shows that 

individuals are equitably distributed by species in secondary forests (H' = 4.13 bits). In the cashew tree plantation, it 

is rather the opposite which was noted where the cashew tree is the dominant species (H' = 0.8 bit). The Student 

Newman Keuls test shows a significant difference in the distribution of individuals by species between these types 

of formations (p = 5.86e-15). The more exhaustive Evenness index for the comparison of two environments also shows 

that the secondary forests of Casamance are homogenous and that cashew tree plantation are dominated by a single 

species (Table 3).   

 
Table 3: Diversity index 

Variables Shannon index 

(H’) 

Evenness (E) 

Secondary forest 4.13 bits   (a) 0.75     (a) 

Cashew tree plantation 0.8 bit       (b) 0.27     (b) 

Pr (>F) 5.86e-15 *** 2e-16 *** 

Signif. codes : 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

The letter (a-b) represents the significant differences between the indices of the two types of vegetation 

formations. 

 
3.4. Jaccard similarity index 

This index measures the proportion of common species between the two environments. It shows that the similarity 

of the environments in terms of species is very low (13%). The diversity is very different in the two plant formations 

(Table 4). 

 
Table 4: Jaccard similarity index 

 Secondary forest Cashew tree plantation 

Secondary forest 1  

Cashew tree plantation 0.13 1 

 
3.5. Carbon stock and economic equivalent to the REDD+ market 

The carbon stock estimate shows that it is 58.274 t C/ha in secondary forests compared to 109.398 t C/ha in 

cashew tree plantation. However, the Newman Keuls test at the 5% threshold shows a significant difference in carbon 

stock between these two ecosystems formations (p = 3.09e-12). The CO2 equivalent is 213.69 t /ha for secondary 

forests and 401.14 t/ha for cashew tree plantation with a significant difference (p = 1.14e-12). This gives an economic 

value of 1,946,224.4 FCFA for secondary forests and 3,653,667.3 FCFA for cashew tree plantation (Table 5). 
 

Table 5: Estimation of biomass, carbon stock and equivalent economic value / ha 

Variables Secondary forest Cashew tree 

plantation 

Student Newman Keuls 

Test at the 5% threshold 

Aerial Biomass (BA) 99.275 t/ha 198.343 t/ha Pr (>F) = 0.0019 ** 

Root Biomass (BR) 17.273 t/ha 20.453 t/ha Pr (>F) = 0.000568 *** 

Total Biomass (BT) 116.548 t/ha 218.796 t/ha Pr (>F) = 2e-16 *** 

Sequestered carbon stock 58.274 t C/ha 109.398 t C/ha Pr (>F) = 3.09e-12 *** 

CO2 equivalent 213.69 t/ha 401.14 t/ha Pr (>F) = 1.14e-12 *** 

REDD+ carbon price (14 Euro/T) 2991.66 5616.27 --- 
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REDD+ carbon price (FCFA) 1 946 224.4 3 653 667.3 --- 

Signif. codes : 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

 
3.1.  Distribution of CO2 stock and basal area according to diameter classes 

The CO2 stock and the basal area evolve proportionally for each of the two types of formations according to the 

different diameter classes. The highest values of sequestered CO2 correspond to the highest values of the basal area. 

For cashew tree plantation (Figure 3), the high value of the CO2 stock starts from the diameter (≥ 95 cm). 

 

 
 

Figure 3: Distribution of CO2 equivalent and basal area by diameter classes in cashew tree plantation 

 

In the secondary forest (Figure 4), this value starts from 12 cm. In general, the high density has a negative impact 

on the CO2 stock. For this implies a decrease in the size of tree diameters. 

 

 
 

Figure 4: Distribution of CO2 equivalent and basal area by diameter classes in a secondary forest 

 

4. DISCUSSION  

The diversity within the two types of ecosystems shows that the establishment of cashew tree plantation leads to 

selective cutting of more than 37 species in secondary forests in Casamance. This low diversity noted in cashew tree 

plantation was reported by Ndiaye et al. (2017) who reported a diversity of 5 species/plantation at the level of the 
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former rural community of Djibanar in Senegal. Other authors showed that agroforestry systems offer higher 

diversity, which varies according to silvicultural techniques and localities (Sonwa et al., 2001; 2007; Zapfack et al., 

2002). According to Manfo et al. (2015) a cocoa-based agroforest can conserve up to 47 species depending on the 

use systems in the plots. The absence of regeneration in the cashew tree plantation is explained by the intensity of 

the work during plantation maintenance prior to nut collection operations. Indeed, just before the nut harvest, the 

producers clean the cashew nut plantations to facilitate the collection.  This does not encourage the development of 

young plants (Ndiaye, 2020). The morphological variability of the different individuals shows that in the secondary 

forests of Casamance, individuals of medium diameters are very present contrary to cashew tree plantation which are 

mostly composed of large diameters.  

However, given the morphological and physiological variability of woody species, Montagnini and Nair (2004) 

reports that the amount of carbon sequestered is dependent on tree species, geographical regions (climate, soil), 

planting densities and management of the system. Thus, the highest densities were noted at the level of secondary 

forests (696 individuals / ha) and 205 individuals / ha for cashew tree plantation. 

The carbon stock in the secondary forests and cashew tree plantation of Casamance are estimated at 58.274 t C/ha 

and 109.398 t C/ha respectively. For the secondary forests, this value is almost equal to that of France (59 t C/ha), 

the Netherlands and Belgium (60.8 t C/ha) (Pignard et al., 2000; Lebègue et al., 2004). Compared to cashew tree 

plantation, they have a higher carbon stock potential than forests in Germany, which is 100 t C/ha (Baritz, Strich, 

2000). 

Even if the soil component was not taken into account in this study, the values obtained in cashew tree plantation 

are much higher than those obtained in Néré and Karité plantation in Benin. The carbon stock in these parks varies 

32.62 ± 5.91 t C/ha. In Côte d'Ivoire, Gueulou et al. (2020) obtained a mean carbon stock value of 22.21 t C/ha at the 

Lamto Scientific Reserve. 

According to Albrecht and Kandji (2003), the carbon stock capacity of an agroforestry system varies between 12 

and 228 t C/ha with an average value of 95 t C/ha.  This defined interval confirms the results obtained in this study 

with regard to cashew tree plantation. 
 

5. CONCLUSION 
 

This study showed that cashew tree plantation, beyond their economic and social contribution to the health of rural 

populations, can play a major role in carbon stock thanks to the high potential of cashew tree plantation in terms of 

atmospheric carbon storage. Thus, it is necessary to apply rigorous management in these agro-systems so that they 

can fully play their role in mitigating CO2 emissions into the atmosphere. 
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