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Abstract
Agroforestry plays a pivotal role in mitigating greenhouse gas (GHG) emissions and addressing the challenges posed by 
climate change. While carbon sequestration efforts have primarily centred on forests, it is imperative to acknowledge the 
contribution that non-forest ecosystems, such as agroforestry, can offer. This study investigated the influence of agrofor-
estry systems on the variation of biomass carbon stocks in the Sahelo-Sudanian and Sudanian regions of the Senegalese 
Groundnut basin. Three primary agroforestry systems were studied: silvopastoral, agrisilvicultural, and agrosilvopastoral. 
Forty-six (46) 100 m × 100 m plots were sampled, within which 1 × 1 m2 subplots were used to sample understory biomass 
across three agroforestry systems in the two climatic zones. Analysis of variance was performed to assess the influence 
of agroforestry systems and climatic zones on biomass carbon stocks. The findings showed that in the Sahelo-Sudanian 
region, the agrisilvicultural system exhibited the highest AGC + BGC stocks, averaging 43.42 ± 21.61 tCha−1. In contrast, 
the silvopastoral system showed significantly higher AGC + BGC stocks, which amounted to 36.33 ± 12.27 tCha−1 in the 
Sudanian region. On the other hand, understory carbon stocks were significantly higher (p < 0.01) in the agrisilvicultural 
and agrosilvopastoral systems than in the silvopastoral system in both climatic zones. Agroforestry systems had a sig-
nificant effect on AGC + BGC stocks within climatic zones. Nevertheless, the effect was less pronounced when comparing 
across climatic regions. These results underscore the importance of specific land management practices interacting with 
local climatic conditions to influence AGC + BGC stocks. Therefore, policy makers should carefully consider the interaction 
of these factors when implementing carbon management practices and planning mitigation strategies in West Africa.
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1  Introduction

The expansion of agriculture has been recognised as a major driver of deforestation and forest degradation, lead-
ing to the conversion of forests to agricultural and pasture lands and resulting in significant losses of soil organic 
carbon stock [1]. The Agriculture, Forestry, and Other Land Use (AFOLU) sector accounted for an average of 11.9 ± 4.4 
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GtCO2-eq year−1, or approximately 21% of global greenhouse gas emissions, between 2010 and 2019 [2]. The primary 
contributors to global climate change are greenhouse gases (GHG) like carbon dioxide, nitrogen dioxide, and sulfur 
dioxide [3, 4], with carbon dioxide being the most prevalent GHG [4]. As a result, there is a growing emphasis on 
finding mitigation strategies to reduce carbon dioxide emissions [4, 5].

Agroforestry, a practice that involves integrating woody plants with crops and animals within a single land man-
agement unit, either in spatial or temporal sequence [6], can play a crucial role in addressing these challenges. 
It has emerged as a globally recognised approach to achieving sustainable land use objectives. This implies the 
simultaneous management of agriculture and natural resources to achieve a range of goals, including food and fibre 
production, biodiversity conservation, ecosystem service provision, and the enhancement of human well-being [7]. 
Agroforestry promotes carbon sequestration, thereby significantly influencing carbon dynamics and mitigating GHG 
emissions [8–11]. Its ability to enhance resilience to climate change and mitigate its impacts by capturing carbon from 
the atmosphere and storing it in biomass or soil reservoirs [12] positions agroforestry as a promising land use strategy 
for the future. Carbon storage in agroforestry systems occurs in both aboveground and belowground pools [13]. The 
aboveground pool includes living organisms such as trees, shrubs, grasses and herbs, while the belowground pool 
comprises soil, roots, and rhizomes [14]. Although estimating belowground biomass introduces greater uncertainty 
than aboveground biomass, it is an important reservoir of carbon in various vegetation types [15]. Agroforestry sys-
tems store more carbon in their aboveground and belowground biomass than conventional cropping and pasture 
systems [1]. Since the adoption of the Kyoto Protocol in 2005, agroforestry has been recognised as an afforestation 
activity contributing to biodiversity conservation and carbon dioxide (CO2) storage [1].

Agroforestry systems in Africa, especially in Senegal, come in various forms, such as fallow, parkland, rangeland, 
multi-storied home garden and woodlots [16, 17]. These different systems can be broadly classified into three main 
land use types based on their major components and interactions: silvopastoral, agrisilvicultural and agrosilvopasto-
ral systems [18]. An agrisilvicultural system combines crops and trees, while the agrosilvopastoral system integrates 
crops, animals, and trees. On the other hand, the silvopastoral system includes pastures, animals, and trees [18]. The 
Senegalese Groundnut basin encompasses the three primary agroforestry systems. These systems rely on different 
land management techniques that affect their diversity, structure, and carbon storage potential. However, despite 
significant advances in agroforestry research, our understanding of how both agroforestry systems and climate affect 
carbon stocks is limited. Furthermore, these systems are yet to be thoroughly investigated to evaluate the effects of 
their management practices on carbon storage.

This study provides valuable insights from semi-arid regions, which have often witnessed underestimations of 
carbon stocks, as shown by recent research [19, 20]. It sheds light on the understudied effect of agroforestry systems 
and climate on carbon stocks variation within the Senegalese Groundnut basin. The study aimed to assess the biomass 
carbon stocks in both aboveground and belowground components within the agrisilvicultural, agrosilvopastoral, and 
silvopastoral systems, while investigating their relationships with species diversity and dendrometric parameters. 
Furthermore, the research highlights the contribution of understory biomass to the overall carbon stock potential and 
underscores the pivotal role of dominant species in driving variation in biomass carbon stocks across systems. These 
findings have implications for understanding carbon dynamics in agroforestry systems and contribute to the growing 
importance of these systems in mitigating climate change and promoting sustainable land management practices.

2 � Material and methods

2.1 � Presentation of the study area

The research was carried out in the Senegalese Groundnut basin. It focused on the sites of Keur Macodou, Newrane 
and Ndangalma in the Sahelo-Sudanian region and Lamarame, Missira, Mbotil-Done and Tobene representing the 
Sudanian zone (Supplementary Information, Table 1). The Senegalese Groundnut basin is the largest agricultural 
landscape in the country [21]. It accounted for 65% of the country’s rural population and covered a significant part 
of Senegal’s land mass (33% of the surface area) in the early 1980s [22]. Between 2009 and 2018, the agricultural area 
increased by 14.53%, with a dynamic index of 1.45 [23]. The Groundnut basin plays an important role in the agricul-
tural sector, contributing to 80% of the country’s exportable groundnut production and 70% of cereal production 
[23]. Throughout the Groundnut basin, the dominant cropping systems revolve around cereals- leguminous rotations 
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[24], focusing on millet and groundnut production [25]. The Sahelo-Sudanian region of the Groundnut basin receives 
an annual mean rainfall of 400 to 500 mm, while the Sudanian region receives an average rainfall of 800 to 900 mm. 
Average temperatures range from 20 to 33 °C in the Sahelo-Sudanian region and from 22 to 36 °C in the Sudanian 
region. The Sahelo-Sudanian region is characterised by shrub savanna, where typical Sahelian species, such as Guiera 
senegalensis J.F.Gmel., Combretum glutinosum Perr. ex DC., Balanites aegyptiaca (L.) Delile, Bauhinia rufescens Lam., 
and Faidherbia albida (Delile) A.Chev are found. On the other hand, the vegetation of the Sudanian region is domi-
nated by Sudanian species such as Cordyla pinnata (A.Rich.) Milne-Redh., Pterocarpus erinaceus Poir., Daniellia oliveri 
Hutch. & Dalziel, and Parkia biglobosa (Jacq.) R.Br. ex G.Don. Both areas have a unimodal rainfall regime with a rainy 
season from June to September, the main growing season (Fig. 1). The area experienced a prolonged severe drought 
between 1968 and 1974 [21], which led to a reduction in plant cover and soil erosion [26, 27].

2.2 � Sampling design and data collection

2.2.1 � Field inventory

Data collection was based on stratification [28] within the Sahelo-Sudanian and Sudanian areas. The main strata cor-
responded to the agroforestry systems: agrosilvopastoral, agrisilvicultural and silvopastoral (Table 1). Within each cli-
matic zone, sites were selected on the basis of biophysical aspects, particularly the type of agroforestry practiced. Key 
informants were involved in the inventory process to facilitate data collection from farmers. Forty-six (46) 100 × 100m2 
plots were established in the Sahelo-Sudanian (23) and Sudanian (23) zones. We sampled 10 plots in the agrisilvicultural 
system and 10 in the agrosilvopastoral system within each zone. However, six plots were sampled in the silvopastoral 
systems due to their conversion to cropland. In the agrisilvicultural and agrosilvopastoral systems, the plots were ran-
domly distributed within the main crops, such as millet and groundnut. Conversely, due to the absence of crops, no 
distinct strata were considered in the silvopastoral systems. A tape measure and Blume-Leiss were used to measure both 
the diameter at breast height (DBH) and height. The inventory included individuals  ≥ 5 cm in diameter, contributing 
significantly to overall biomass in a typical savanna environment [29]. For multi-stemmed individuals with n main stems 
(i = 1…, n), the quadratic sum of the diameters (dsi) was applied to ensure that values were neither overestimated nor 
underestimated [29–32].

Fig. 1   Location of the study area and ombrothermic diagram of the Sahelo-Sudanian A and Sudanian B regions The monthly average for 
the years 1980–2020 was obtained from the Senegalese Meteorological Agency Months are abbreviated using the first three letters, e.g. 
January = JAN
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2.2.2 � Understory biomass measurement

The composition of the understory biomass differs between agroforestry systems. In the agrisilvicultural and agrosilvopas-
toral systems, the understory biomass consists mainly of crops and weeds, while in the silvopastoral system, it consists 
mainly of herbaceous species. Depending on the system, herbs or crops were sampled within the 100 m × 100 m sampling 
unit used for the woody vegetation inventory. Within each sampling unit, five 1 × 1m2 subplots [33] were established 
at the centroid and the four corners of each plot between October and November (Supplementary Information, Figs. 1, 
2). All aboveground herbaceous and crop biomass within these subplots was harvested [33]. In the agrisilvicultural and 
agrosilvopastoral systems, the biomass sampling was stratified by crop type, such as millet and groundnut. The harvested 
samples from each 1 × 1 m2 subplot were mixed and weighed in situ to determine their fresh weight [34]. These fresh 
samples were then transported to the laboratory, where they underwent oven-drying at 70 °C for 24 h to determine their 
dry weight and estimate their biomass.

2.3 � Data treatment and analysis

2.3.1 � Diversity and dendrometric parameters measurement

Various ecological indices and parameters were considered to calculate species diversity and dendrometric parameters 
within agroforestry systems, as outlined in Table 2.

2.3.2 � Estimation of biomass

A non-destructive approach was carried out to estimate biomass within each agroforestry system using allometric equa-
tions [8, 39–41]. Different allometric equations were used to estimate aboveground and belowground biomass, as shown 
in Table 3. Palm tree biomass was estimated using the equation of [42], while other woody perennials were estimated 
using the generic model [43] and the Sudanian-based model [29]. Belowground biomass was estimated using the equa-
tion proposed by [44]. The biomass of herbs, crops, shrubs, and trees was summed to determine the total biomass. First, 
the biomass of each component was converted to the same unit (tha−1). Then, the biomass was estimated for each plot 
and averaged over each agroforestry system.

(1)The following formulawas applied ∶ d =

√

∑w

i=1
ds

2

i

Fig. 2   Variation of diversity parameters within agroforestry systems in the Sahelo-Sudanian A and Sudanian B zones. Different letters reveal 
significant differences and the same letters show non-significant differences
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2.3.3 � Estimation of carbon stocks

Carbon stocks were determined by multiplying the biomass of plants such as trees, shrubs, herbs, or crops by a commonly 
used conversion factor of 0.50, representing the biomass’s average carbon content [45–48].

3 � Statistical analysis

Statistical analysis was conducted using R software, version 4.2.2 (R Core Team, 2022). The Shapiro–Wilk test was per-
formed to ensure normality of the data. For normally distributed data, analysis of variance (ANOVA) was applied, and 
significant mean differences were determined using Tukey’s test (α ≤ 0.05). In cases where normality assumptions were 
not met, the Kruskal-Walli’s test was utilized. Principal component analysis (PCA) was used to determine the relation-
ship between carbon stocks, species diversity and relative abundance. Data accuracy was assessed through the Kai-
ser–Meyer–Olkin (KMO) test (threshold > 0.5), and correlation between variables was evaluated with Bartlett’s test (signifi-
cant p < 0.001) prior to PCA [49]. In addition, pairwise product-moment correlation (r) was performed between AGC + BGC 
stocks, species diversity, and abundance. The ’BiodiversityR’ package in R was used to compute diversity indices [28], while 
PCA was performed using the ’FactoMineR’ package in R [50]. A Generalised Linear Model (GLM) and two-way ANOVA 

Table 2   Ecological indices 
and parameters used to 
characterise woody species 
diversity and structure

Pi = proportion of the total sample belonging to the ith species; s = total number of species in a commu-
nity; n = overall number of trees in the plot; S the unit area of the plot; di = the diameter (at 1.30 cm) of the 
ith tree in a plot; gi = basal area and hi = total height of the tree i; TA = Total area of the plot; A = Area cov-
ered by individual of a given species

Ecological indices Equations References

Shannon (H’) H� = −
∑s

i=1
pilnpi [35] (2)

Evenness (J) J =
∑s

i=1
Pilnpi

lns
=

H�

lns

[35] (3)

N0 Total number of species [36]
N1 N1 = exp (H’) [36] (4)
N2 N2 = 1/D (Simpson) [36] (5)
Density (N) N = n∕S [30] (6)
Basal area (G)

G =
�

4S

∑n

i=1
0.0001d

2

i
[30] (7)

Mean diameter (D)
D =

�

1

n

∑n

i=1
d
2

i
[30] (8)

Mean Height (H) H =
∑

i=ngihi
∑n

i=1
gi

,
 with gi =

�

4
d
2

i
[37] (9)

Canopy cover (C) C = 100%Σ
A

TA
[38] (10)

Relative dominance Totalbasalareaof thespecies

Basalareaofallspecies
× 100 (11)

Table 3   The allometric equations used to estimate biomass

AGB = Aboveground Biomass; DBH = diameter at breast height (1,30 cm); BR = Rooth Biomass; ln (BA) = Neperian logarithm of tree biomass i; 
Tree density was obtained from the ICRAF database

Allometric models Regression formula R2 Domain Sources

Polynomial Generic model AGB (kg) = 1.929 × DBH + (0.116 ×  DBH2) + (0.013 × DBH3) 0.93 Sudanian and Sudano-
Guinean Savanna of 
Senegal

[28] (12)

Exponential Generic model AGB (kg) = [wood density × Exp (− 0.730 + 1.784 × ln 
(DBH) + 0.207 × ln (DBH)2–0.0281 × ln (DBH)3]

0.99 Tropical dry forest [43] (13)

Exponential Specific model (for palm trees) AGB (kg) = Exp [− 2.134 + 2.530xln (DBH)] − Dry forest [43] (14)
Exponential Generic model

BRi (kg) = Exp [− 1.0587 + 0.8836xln (BAi)]
0.84 Pantropical [44] (15)
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were used to evaluate the effects of agroforestry systems and climate on AGC + BGC stocks and their interactions. Fur-
thermore, a linear regression model assessed the correlation between AGC + BGC stocks and dendrometric parameters.

4 � Results

4.1 � Species diversity and abundance

The study revealed differences in species richness across climatic zones. Specifically, the Sahelo-Sudanian region exhibited 
27 species, while the Sudanian region had a higher species number (36). Within both climatic zones, the agrosilvopastoral 
systems included 33 species, the agrisilvicultural systems comprised 36 species and the silvopastoral systems recorded 
16 species (Supplementary Information, Table 2). In the Sahelo-Sudanian zone, both agrisilvicultural and agrosilvopas-
toral systems exhibited significantly higher species richness and diversity compared to the silvopastoral systems, with 
statistical significance at P ≤ 0.05, as depicted in Fig. 2A. However, no significant contrasts (P > 0.05) were observed in 
terms of species richness, diversity and evenness among the systems in the Sudanian zone (Fig. 2B).

Regarding relative abundance, Table 4 shows that the silvopastoral systems are more favourable in supporting a higher 
species relative abundance in the studied areas. In both climatic zones, these systems displayed a significantly higher 
species relative abundance (530 ± 232.42; 654.67 ± 96, respectively) than the agrisilvicultural (146.8 ± 106; 229.1 ± 191, 
respectively) and agrosilvopastoral (192 ± 89.17; 127.1 ± 114, respectively) systems.

4.2 � Variation of dendrometric parameters within agroforestry systems and climatic zones

Table 5 shows significant variations in dendrometric parameters between the agroforestry systems. In the Sahelo-Suda-
nian area, the agrisilvicultural system had the highest mean diameter (73.38 ± 1.27 cm), followed by the agrosilvopastoral 
system (49.48 ± 5.79 cm) and the silvopastoral system (30.46 ± 1.17 cm). The basal area also showed significant differences, 
ranging from 6.26 ± 3.27 m2ha−1 in the agrisilvicultural system to 2.7 ± 1 m2ha−1 in the silvopastoral system. The mean 
height varied significantly among the systems, with the agrisilvicultural system having the highest value (18.68 ± 1.28 m) 
and the silvopastoral system the lowest (11.19 ± 0.24 m). However, the tree density was much higher in the silvopastoral 
system (32.33 ± 8.32 trees. ha−1) than in the agrisilvicultural (14.9 ± 4.77 trees. ha−1) and agrosilvopastoral (17.9 ± 3.72 
trees. ha−1) systems. On the other hand, the agrisilvicultural system exhibited the highest canopy cover (24.64 ± 7.31%) 
than the silvopastoral (17.15 ± 7.39%) and agrosilvopastoral (15.75 ± 3.7%) systems. In the Sudanian area, the canopy 
cover was much higher in the silvopastoral system (32.63 ± 2.37%) than in the agrosilvopastoral system (13.18 ± 4.8%) 
and the agrisilvicultural system (8.6 ± 3.19%). The highest tree density was also observed in the silvopastoral system 
(40.66 ± 14.15 trees. ha−1), while the lowest was found in the agrisilvicultural system (4.7 ± 1.49 trees. ha−1). In contrast, 
the mean height and diameter were significantly higher in the agrosilvopastoral (22.75 ± 3.5 m and 70.69 ± 14.51 cm, 
respectively) and agrisilvicultural (18.79 ± 2.39 m and 70.58 ± 10.19 cm, respectively) systems than in the silvopastoral 
system (15.23 ± 2.99 m and 37.63 ± 6.55 cm, respectively). Furthermore, the basal area ranged from 4.03 ± 0.65 m2 ha−1 
in the silvopastoral system to 2 ± 0.69 m2ha−1 in the agrisilvicultural system, with a significant difference (p < 0.01).

4.3 � Aboveground and belowground carbon stocks within agroforestry systems and climatic zones

The study found significant variation in mean aboveground and belowground biomass carbon (AGC + BGC) stocks 
among the agroforestry systems, with different patterns observed in both climatic zones, as illustrated in Fig. 3A, B. 

Table 4   Variation in 
relative abundance within 
agroforestry systems and 
climatic areas

Different letters indicate significant differences and the same letters show non-significant differences, with 
the level of significance indicated by asterisks

* α ≤ 0.05

Climatic areas Agroforestry systems

Variables Agrisilvicultural Agrosilvopastoral Silvopastoral P-value

Sahelo-Sudanian Abundance 146.8 ± 106b 192 ± 89.17b 530 ± 232.42a 0.0115*
Sudanian Abundance 229.1 ± 191b 127.1 ± 114b 654.67 ± 96a 0.0172*
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In the Sahelo-Sudanian area (Fig. 3A), the agrisilvicultural system exhibited significantly higher AGC + BGC stocks 
(43.42 ± 21.61 tCha−1) than the agrosilvopastoral (21.4 ± 7.22 tCha−1) and the silvopastoral (10.24 ± 3.85 tCha−1) sys-
tems. Conversely, in the Sudanian area (Fig. 3B), the mean AGC + BGC stocks were significantly higher in the sil-
vopastoral system (36.33 ± 12.27 tCha−1), with the agrisilvicultural system recording the lowest amount of 14.69 ± 6.4 
tCha−1. In the Sahelo-Sudanian region, the three agroforestry systems stored an average of 29.52 ± 19 tCha−1, while 
in the Sudanian region, they stored 21.43 ± 11.86 tCha−1.

Further analysis using GLM and the two-way ANOVA confirmed the significant effect of agroforestry systems on 
AGC + BGC stocks within climatic zones (Tables 6, 7). However, when considering both climatic zones, no significant 
variation in AGC + BGC stocks was observed between agroforestry systems (Table 7). The findings emphasise that 
AGC + BGC stocks in agroforestry systems depend on climatic zones. Therefore, it is important to account for the inter-
action between agroforestry systems and climatic zones (P < 0.001) while devising carbon management strategies.

Table 5   Variation of dendrometric parameters within agroforestry systems and climatic zones

Different letters indicate significant differences and the same letters show non-significant differences, with the level of significance indi-
cated by asterisks

** α <0.01; *** α <0.001

Climatic areas Agroforestry systems

Variables Agrisilvicultural Agrosilvopastoral Silvopastoral P-value

Sahelo-Sudanian Mean diameter (cm) 73.38 ± 1.27a 49.48 ± 5.79b 30.46 ± 1.17c 0.000236***
Basal area (m2ha−1) 6.26 ± 3.27a 3.42 ± 0.87b 2.7 ± 1b 0.005829**
Mean height (m) 18.68 ± 1.28a 17.26 ± 1.41b 11.19 ± 0.24c 0.006044**
Density (trees. ha−1) 14.9 ± 4.77b 17.9 ± 3.72b 32.33 ± 8.32a 0.000101***
Canopy cover (%) 24.64 ± 7.31a 15.75 ± 3.7b 17.15 ± 7.39b 0.00997**

Sudanian Mean diameter (cm) 70.58 ± 10.19a 70.69 ± 14.51a 37.63 ± 6.55b 0.00111**
Basal area (m2 ha−1) 2 ± 0.69c 3.05 ± 1.21b 4.03 ± 0.65a 0.00175**
Mean height (m) 18.79 ± 2.39b 22.75 ± 3.5a 15.23 ± 2.99b 0.00182**
Density (trees. ha−1) 4.7 ± 1.49b 7.7 ± 2.71b 40.66 ± 14.15a 1.88e−09***
Canopy cover (%) 8.6 ± 3.19b 13.18 ± 4.8b 32.63 ± 2.37a 5.82e−08***

Fig. 3   Variation in AGC + BGC stocks within agroforestry systems in the Sahelo-Sudanian A and Sudanian B areas. Different letters reveal sig-
nificant differences and the same letters show non-significant differences
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4.4 � Variation in AGC + BGC stocks of dominant species within agroforestry systems and climatic zones

Figure 4 shows that in the Sahelo-Sudanian zone, the AGC + BGC  stocks of the dominant tree species were significantly 
influenced by agroforestry systems. Faidherbia albida stored significantly more carbon in the agrisilvicultural system 
(39.18 ± 19.75 tCha−1) than in the agrosilvopastoral system (19.04 ± 6.97 tCha−1). In contrast, Balanites aegyptiaca stored 
significantly more carbon in the silvopastoral system (9.89 ± 3.58 tCha−1) than in the agrisilvicultural (1.73 ± 1.01 tCha−1) 
and agrosilvopastoral (2.26 ± 2.46 tCha−1) systems. A similar pattern was observed in the Sudanian area, where Balanites 
aegyptiaca stored significantly more carbon in the silvopastoral system (7.76 ± 4.95 tCha−1) than in the agrosilvopasto-
ral system (0.05 ± 0.07 tCha−1). On the other hand, Faidherbia albida showed significantly higher carbon stocks in the 
agrosilvopastoral (19.46 ± 10.64 tCha−1) and silvopastoral (16.04 ± 5.89 tCha−1) systems than in the agrisilvicultural system 

Table 6   Effects of agroforestry 
systems on AGC + BGC stocks 
within climatic zones

Different letters indicate significant differences and the same letters show non-significant differences, with 
the level of significance indicated by asterisks

* α ≤ 0.05; ** α <0.01; *** α <0.001

Statistical outputs

Climatic Areas Agroforestry systems Estimate T value Pr( >|t|)

Sahelo-Sudanian Agrisilvicultural 43.426 9.435 8.33e−09***
Agrosilvopastoral − 22.023 − 3.384 0.00295**
Silvopastoral − 33.183 − 3.463 0.00245**
Agrisilvicultural 14.697 4.733 0.000127***

Sudanian Agrosilvopastoral 9.007 2.051 0.053583*
Silvopastoral 21.636 3.347 0.003208**

Table 7   Effects of agroforestry 
systems on AGC + BGC stocks 
between climatic zones

* α ≤ 0.05; *** α <0.001

Factors Df Sum sq mean sq F value Pr(> F)

Systems 2 457 228.3 1.482 0.2395
Climatic zones 1 752 752.2 4.881 0.0329*
Climatic zones*systems 2 4422 2211.1 14.348 2.01e−05***
Residuals 40 6164 154.1

Fig. 4   Variation in AGC + BGC stocks of dominant species within agroforestry systems in the Sahelo-Sudanian A and Sudanian B areas. Dif-
ferent letters reveal significant differences and the same letters show non-significant differences
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(2.65 ± 2.16 tCha−1). Cordyla pinnata showed a higher carbon storage in the agrisilvicultural system (12.06 ± 5.13 tCha−1) 
than in the agrosilvopastoral system (5.5 ± 4.89 tCha−1). Individual species size and population density are important 
factors in the variation of carbon stocks. The mean diameter of Faidherbia albida was 64.09 ± 9.19 cm, while Cordyla 
pinnata and Balanites aegyptica had a mean diameter of 66.12 ± 8.17 and 28.51 ± 11.54 cm, respectively. Thus, the three 
species have distinct carbon storage potentials. Furthermore, the density of Balanites aegyptiaca varied considerably, 
with mean values ranging from 3.47 ± 1.87 trees. ha−1 in the farm-based systems (agrisilvicultural and agrosilvopastoral) 
to 31.66 ± 7.76 trees. ha−1 in the forest-based system (silvopastoral) within the Sahelo-Sudanian zone. In the Sudanian 
zone, the density ranged from 1.2 ± 0.44 (agrosilvopastoral system) to 28.66 ± 18.44 (silvopastoral system)  trees. ha−1. The 
density of Faidherbia albida in the Sahelo-Sudanian zone ranged from 12.8 ± 5.11 (agrisilvicultural system) to 13 ± 3.01 
(agrosilvopastoral system) trees. ha−1.  In the Sudanian zone, it varied from 1 ± 1.02 (agrisilvicultural), 5.4 ± 3.2 (agrosil-
vopastoral) to 6 ± 1 (silvopastoral system) trees. ha−1. The density of Cordyla pinnata ranged from 3.55 ± 1.54 trees. ha−1 in 
the agrisilvicultural system to 2.17 ± 1.47 trees. ha−1 in the agrosilvopastoral system in the Sudanian zone. Across climatic 
zones, Faidherbia albida had significantly higher AGC + BGC stocks in the Sahelo-Sudanian zone (29.12 ± 17.74 tCha−1) 
than in the Sudanian zone (14.22 ± 11.02 tCha−1). For Balanites aegyptiaca, there was no significant variation, with mean 
AGC + BGC stocks of 3.27 ± 3.63 tCha−1 in the Sahelo-Sudanian zone and 2.94 ± 4.79 tCha−1 in the Sudanian zone. Cordyla 
pinnata stored an average of 9.88 ± 5.85 tCha−1 in the Sudanian area where it occurs.

4.5 � Understory biomass carbon stocks within agroforestry systems and climatic zones

Understory biomass also contributes to the overall carbon storage potential of agroforestry systems. In the Sahelo-
Sudanian area (Fig. 5A), the agrisilvicultural and agrosilvopastoral systems displayed a significantly higher understory 
carbon stocks (4.54 ± 3.5 tCha−1and 3.81 ± 2.2 tCha−1, respectively) compared to the silvopastoral system (2 ± 1.45 tCha−1). 
Conversely, in the Sudanian area (Fig. 5B), the agrosilvopastoral system stood out with a significantly higher understory 
carbon stock (5.52 ± 2.50 tCha−1) than the agrisilvicultural (3.44 ± 1.43 tCha−1) and silvopastoral (2.38 ± 1.35 tCha−1) sys-
tems. Furthermore, millet contributed substantially to the total carbon stock of the understory biomass, accounting for 
up to 82.96% and 75.11% in the agrisilvicultural and agrosilvopastoral systems, respectively, in the Sahelo-Sudanian area. 
In the Sudanian area, the contribution of millet ranged from 73.55% (agrosilvopastoral system) to 51% (agrisilvicultural 
system).

Adding up the AGC + BGC and understory carbon stocks (Fig. 5A, B), the mean biomass carbon stock potential of the 
agroforestry systems in the Sahelo-Sudanian area was 28.47 tCha−1, distributed as 47.96 tCha−1 in the agrisilvicultural 
system, 25.21 tCha−1 in the agrosilvopastoral system, and 12.24 tCha−1 in the silvopastoral system. In the Sudanian 
area, the agroforestry systems studied had an average biomass carbon stock of 28.96 tCha−1, with 18.96 tCha−1 in the 
agrisilvicultural system, 29.23 tCha−1 in the agrosilvopastoral system, and 38.71 tCha−1 in the silvopastoral system.

Fig. 5   Variation of understory, AGC + BGC and total biomass carbon stocks within agroforestry systems in the Sahelo-Sudanian A and Suda-
nian B areas. Different letters reveal significant differences and the same letters show non-significant differences
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4.6 � Relationship between AGC + BGC stocks and diversity parameters

Figure 6 depicts the relationship between species richness, diversity, relative abundance and AGC + BGC stocks within 
systems. In the Sahelo-Sudanian area (Fig. 6A), the two axes (PC#1 and PC#2) together explained 85.3% of the total 
variance in the dataset. The results revealed that species richness, diversity indices (Shannon, N1, N2 and evenness) 
and AGC + BGC stocks were positively correlated with PC#1. Conversely, these variables showed a negative relation-
ship with relative abundance.

In the Sudanian area (Fig. 6B), PC#1 and PC#2 accounted for 82.5% of the total variance between systems. The 
findings revealed that AGC + BGC stocks and relative abundance were positively correlated. However, these variables 
were negatively correlated with the diversity indices.

Furthermore, the Pearson correlation coefficient (r) revealed a significant and positive correlation between species 
richness and AGC + BGC stocks (r = 0.47; p < 0.01) in the Sahelo-Sudanian area (Table 8). A positive relationship was 
also observed between N1 and AGC + BGC stocks (r = 0.41; p ≤0.05). However, there was no significant correlation 
between AGC + BGC stocks and Shannon, evenness and N2. Surprisingly, AGC + BGC stocks and relative abundance 
were strongly and negatively correlated (r = −0.48; p < 0.01).

In contrast, in the Sudanian area (Table 8), no significant correlation was observed between AGC + BGC stocks 
and species richness or between Shannon and AGC + BGC stocks. Similarly, there was a weak relationship between 
AGC + BGC stocks and species evenness, N1 and N2. However, the findings showed a strong and positive correlation 
between relative abundance and AGC + BGC stocks (r = 0.52 ; p < 0.01). These results shed light on the AGC + BGC 
stocks, which may depend on woody species richness in the Sahelo-Sudanian area. In contrast, relative abundance 
may be more influential in controlling AGC + BGC stocks in the Sudanian area.

Fig. 6   Principal component analysis showing the plot-level relationships between diversity and AGC + BGC stocks within agroforestry sys-
tems in the Sahelo-Sudanian A and Sudanian B areas. AS = agrisilvicultural ASP = agrosilvopastoral, P = silvopastoral, N_a = N1 and N_b = N2

Table 8   Pairwise product-moment correlations (r) between AGC + BGC stocks and species diversity, richness and abundance

*α ≤0.05; ** α <0.01

Climatic areas Variables Richness Shannon Evenness Abundance N1 N2

Sahelo-Sudanian AGC + BGC 0.47** 0.37 0.14 − 0.48** 0.41* 0.30
Sudanian AGC + BGC 0.08 − 0.16 − 0.19 0.52** − 0.20 − 0.16
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4.7 � Relationship between AGC + BGC stocks and dendrometric parameters

Figures 7 and 8 show a strong linear correlation between dendrometric parameters and AGC + BGC stocks, with a sig-
nificant positive effect (P < 0.001) in both climatic zones. Height, diameter, canopy cover, and basal area contributed 
significantly to AGC + BGC stocks. In the Sahelo-Sudanian zone, height explained 43% (Fig. 7B), canopy cover 54% 
(Fig. 7A), diameter 77% (Fig. 7C), and basal area 95% (Fig. 7D) of the variation in AGC + BGC stocks. Similarly, in the 
Sudanian region, height, canopy cover, DBH, and basal area accounted for 61%, 62%, 80% and 96% of the variation in 
AGC + BGC stocks, respectively (Fig. 8B, A, C, D). These results highlight the importance of dendrometric parameters 
in the variation of AGC + BGC stocks within agroforestry systems.

Fig. 7   Correlation between AGC + BGC stocks (t) versus DBH (cm), basal area (m2ha−1), cover (%) and height in the Sahelo-Sudanian area
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5 � Discussion

5.1 � Slight grazing enhances species richness and diversity

The total number of species observed in the two climatic regions was higher in agrisilvicultural systems compared to 
agrosilvopastoral and silvopastoral systems. This difference may be related to factors such as grazing intensity. Our 
study highlighted that high grazing intensity systems (agrosilvopastoral and silvopastoral) had lower species rich-
ness than light grazing intensity systems (agrisilvicultural). Indeed, the silvopastoral systems investigated serve as 
permanent village pastures shared by several villages. Similarly, agrosilvopastoral systems are used by transhumant 
pastoralists from northern Senegal during the dry season when fodder becomes scarce. Intensive grazing in these 

Fig. 8   Correlation between AGC + BGC stocks (t) versus DBH (cm), basal area (m2ha−1), cover (%) and height (m) in the Sudanian area
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systems has affected plant species richness. The results are consistent with similar studies conducted in pasture and 
shrub lands [51, 52]. Furthermore, at the scale of system types, the agrisilvicultural and agrosilvopastoral systems, 
which include activities such as cropping, thinning, and weeding, showed greater species diversity compared to 
the silvopastoral system in the Sahelo-Sudanian zone. Indeed, thinning activities contribute to increased species 
diversity by modifying the light environment and promoting the growth and survival of understory vegetation [53]. 
In addition, in agrisilvicultural and agrosilvopastoral systems, farmers select and manage species diversity with more 
protection than in communal areas such as silvopastoral systems. It is worth noting that the silvopastoral system in 
the Sudanian area is managed through a well-organised participatory community approach, distinguishing it from 
the silvopastoral system in the Sahelo-Sudanian area. The differences in management practices could account for 
the variation in species richness and diversity levels observed in the two silvopastoral systems. This distinction may 
contribute to the similarity observed between the silvopastoral, agrisilvicultural, and agrosilvopastoral systems in 
the Sudanian zone.

5.2 � Cropping and related activities influence the dendrometric parameters of agroforestry systems

Cropping and related activities are important factors inducing variation in the dendrometric parameters of agroforestry 
systems. In the Sahelo-Sudanian zone, Faidherbia albida was the most dominant species in the agrosilvopastoral and 
agrisilvicultural systems, accounting for 77.57% and 84.37% of the species, respectively (Supplementary Information, 
Table 2). In the Sudanian zone, Cordyla pinnata was the most common species in the agrisilvicultural system, accounting 
for 62.96% of the species, while Faidherbia albida dominated the agrosilvopastoral system, accounting for 73.92% of the 
species. Both species in these systems showed individuals with large heights and diameters, but with lower densities. On 
the other hand, the silvopastoral systems, which were dominated by Balanites aegyptiaca in the Sahelo-Sudanian zone 
(85.97%) and by both Faidherbia albida (45.65%) and Balanites aegyptiaca (34.41%) in the Sudanian zone, were charac-
terised by individuals with small to medium diameters and heights, but with higher densities. Thus, our results suggest 
that tree density affects height and diameter, with higher density being associated with lower height and diameter and 
vice versa. These findings align with the research of [54], who demonstrated that changes in tree density significantly 
affected diameter in Leucaena-based agroforestry systems. Furthermore, management practices such as harvesting, 
thinning, and weeding did not only affect species richness. They also appeared to influence individual density, with 
agrisilvicultural and agrosilvopastoral systems having lower tree densities than silvopastoral systems. Similar results were 
reported by [55], who suggested that the tree density in the Sudanian savanna may be influenced by logging, annual 
shrub removal, and fire, which promote tree growth by reducing competition [56].

5.3 � The different factors contributing to biomass carbon stocks

Our research highlights the significant influence of agroforestry systems on the variation of biomass carbon stocks within 
climatic zones. The AGC + BGC stored in agroforestry systems in the Senegalese Groundnut basin exceeded that reported 
for similar systems in India [57]. The authors found higher AGC + BGC stocks in agrosilvopastoral systems (73.4 MgCha−1) 
compared to agrisilvicultural (42.6 MgCha−1) and silvopastoral (42.7 MgCha−1) systems. However, our results contradict 
the opinion that the agrosilvopastoral system stores more carbon than the other two systems, indicating a higher car-
bon storage potential in the silvopastoral and agrisilvicultural systems in the Sudanian and Sahelo-Sudanian regions, 
respectively. This difference can be attributed to the pruning practices employed in the agrosilvopastoral systems, which 
affected the diameter growth of individuals [58].

The variation in mean AGC + BGC stocks was significantly influenced by the interaction between agroforestry systems 
and climatic zones, as reported by [59] in the forest ecosystem. Indeed, the intensive logging pressure experienced in 
the Sudanian region affected tree density (especially the agrisilvicultural system), which emerged as a critical factor 
influencing the variation of AGC + BGC stocks in the Sudanian area, as reported by [60] in homestead forests. In the 
Sahelo-Sudanian area, differences in tree diameter size and the dominance of specific species are likely to be key factors 
contributing to the variation in AGC + BGC stocks. Indeed, among the dominant species, Faidherbia albida showed the 
highest AGC + BGC storage potential, followed by Cordyla pinnata and Balanites aegyptiaca. This finding is consistent with 
the results reported by [17], who revealed that Faidherbia albida had the highest carbon storage potential among five 
woody species in the Niaye zone of Senegal. It is worth noting that Faidherbia albida also provides additional benefits, 
such as improving crop yield, which is attributed to its ability to enhance soil nitrogen content, improve water use effi-
ciency, and mitigate heat stress [61]. Consequently, the silvopastoral system of the Sahelo-Sudanian zone, characterised 
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by the dominance of Balanites aegyptiaca, resulted in the lowest AGC + BGC stocks, while that of the Sudanian zone, char-
acterised by the dominance of Faidherbia albida and Balanites aegyptiaca had the highest AGC + BGC stocks. Although 
the agrisilvicultural and agrosilvopastoral systems were dominated by Faidherbia albida, the highest tree diameters 
were observed in the agrisilvicultural system, demonstrating the effect of diameter size on the carbon stock potential of 
agroforestry systems. Similar conclusions have been drawn by [60, 62]. Based on the results, agroforestry systems and 
management practices significantly affected the AGC + BGC stocks of the dominant species. The variation observed in the 
AGC + BGC stocks of Faidherbia albida in the Sahelo-Sudanian zone is due to pruning activities. However, in the Sudanian 
zone, it is linked to its very low density in the agrisilvicultural system, where Cordyla pinnata was dominant. Balanites 
aegyptiaca stored higher carbon in the silvopastoral system because it is less valued in agricultural lands due to its low 
soil enrichment capacity compared to Faidherbia albida and Cordyla pinnata. Furthermore, the understory biomass was 
crucial for the total carbon stocks. The selection of a 1 × 1 m2 sample size, as reported in previous studies [33, 34], cap-
tured significant variation in mean understory biomass carbon stocks between agroforestry systems. In both climatic 
zones, the carbon stored in understory biomass was significantly higher in the agrisilvicultural and agrosilvopastoral 
systems than in the silvopastoral systems. This disparity can be attributed to the high grazing pressure in the silvopastoral 
systems, which probably reduced the biomass of understory species and, consequently, their carbon storage potential 
[52]. In addition, the difference in understory carbon stocks between agrisilvicultural and agrosilvopastoral systems can 
be explained by differences in management practices such as planting density, effective crop management practices, 
fertilisation, pest and disease control, and the selection of specific crop varieties.

Moreover, the total biomass carbon stock (AGC + BGC + understory) of the agrisilvicultural, agrosilvopastoral, and 
silvopastoral systems in the Sahelo-Sudanian area and those in the Sudanian area exceeded the results reported by 
[63] for degraded savannas (9 tCha−1) in northern Senegal. However, it was lower than the carbon stock of the remain-
ing forests (113 tCha−1) in the Senegal River valley. This difference may be due to the lower tree density in agroforestry 
systems compared to forests.

5.4 � Relationship between AGC + BGC stocks and diversity

The results showed a significant and positive relationship between species richness and AGC + BGC stocks and no sig-
nificant correlation between AGC + BGC stocks and Shannon or Evenness in the Sahelo-Sudanian area, as reported by 
[10, 56, 64–66]. In contrast, the relationship between AGC + BGC stocks and species richness was weak in the Sudanian 
region, as observed by [64, 66] in different agroforestry systems. However, relative abundance showed a positive and 
significant correlation with AGC + BGC stocks [66] in the Sudanian zone, while in the Sahelo-Sudanian area, the correla-
tion was strong and negative. This can be attributed to the fact that the silvopastoral system, which recorded higher 
relative abundance, stored the lowest AGC + BGC stocks due to the dominance of Balanites aegyptiaca, which has a low 
carbon storage potential. This probably contributed to the observed discrepancy and negative correlation between 
relative abundance and AGC + BGC stocks. In contrast, in the Sudanian area, the silvopastoral system, with the highest 
relative abundance, recorded the highest carbon stocks, which may explain the positive correlation between relative 
abundance and AGC + BGC stocks.

5.5 � Relationship between AGC + BGC stocks and dendrometric parameters

The results of this study underline a significant influence of dendrometric parameters on the variation of AGC + BGC 
stocks in both climatic zones of the Senegalese Groundnut basin. Previous studies [46, 67–71] have also reported that 
dendrometric parameters, especially DBH and basal area, are crucial for aboveground and belowground carbon stocks. 
While studies have mainly focused on the relationships between dendrometric parameters and carbon stocks in natural 
ecosystems, this study shows that these parameters are also strongly related to each other within agroforestry systems, 
despite the high human pressure. This finding shows that conserving and maintaining these dendrometric parameters 
can enhance biomass carbon sequestration. Thus, planting species with high growth rates, increasing density and adopt-
ing sustainable land management techniques, particularly reducing pruning, can significantly influence the AGC + BGC 
stocks in these systems. Furthermore, the correlations we found between dendrometric parameters and AGC + BGC stocks 
are consistent with basic ecological principles and the equations used for calculations. The insights from this research 
also contribute to our understanding of carbon dynamics in agroforestry systems and highlight the importance of con-
sidering dendrometric parameters, species richness, relative abundance, pruning and dominant species when assessing 
and managing carbon stocks in such environments.
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6 � Conclusion

This study showed a significant variation in biomass carbon stocks within agroforestry systems in each climatic zone. 
In the Sahelo-Sudanian region, the agrisilvicultural system had the highest average biomass carbon stocks, whereas in 
the Sudanian zone, the silvopastoral system showed higher carbon stocks. The main factors influencing the variability 
of AGC + BGC stocks within these agroforestry systems in both climatic zones were tree density, DBH, basal area, species 
richness, relative abundance and dominant species. Therefore, it is crucial to focus on improving species richness and 
tree density and minimising pruning and felling to maintain and enhance the carbon storage potential of agroforestry 
systems. In addition, Faidherbia albida, which has a higher carbon storage potential can be widely promoted to increase 
the biomass carbon stocks of agroforestry systems in Senegal. Furthermore, given the significant effect of agroforestry 
systems-climate interactions on carbon stocks, it is crucial to customise carbon management strategies to the specific 
characteristics of each climatic zone. Future research should also investigate the soil carbon stocks in these systems and 
the relationship between aboveground and belowground carbon. This will provide a better understanding of the carbon 
sequestration potential of agroforestry systems under different management practices.
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