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Abstract

Agroforestry is the integration of trees or shrubs with crops and/or livestock on the same plot and/or 
landscape. The Agroforestry System (AFS) is a promising agroecological approach for climate change 
adaptation and mitigation through carbon sequestration in both biomass and soil. This work aimed to 
assess the biomass of fig trees (Ficus carica) and their intercrop, their carbon stock (C stock) and CO₂ 
equivalent (CO₂-eq), as well as the soil organic carbon stock (SOC stock) and soil CO₂ equivalent (CO₂-
eq) at a depth of 0-30 cm. The experimental work was conducted in the Djebba region, located in the 
northwest of Tunisia, during 2023 and 2024. This experimental site was called Djebba Living Lab. In 
the latter, 5 AFSs were selected based on the variability of intercrop, given that the main tree species 
was a landrace fig tree, “Bouhouli”. The intercrops which were sown under and very close to fig trees 
in AFS1, AFS3, AFS4, and AFS5 are zucchini, barley, faba bean, and pepper, respectively. AFS2 was 
a control system composed solely of fig trees in monoculture. In 2024, the highest biomass, C stock, 
and CO₂ equivalent were recorded in the trees of AFS4, with 78.59 t/ha, 36.94 t/ha, and 135.57 t/ha, 
respectively. The assessment of soil showed that SOC stock and CO₂ equivalent were 21.41 t/ha and 
78.58 t/ha, respectively. AFS5 (mixture of market gardening and pepper landrace) outperformed all 
others, achieving the highest annual biomass accumulation (2.21 t ha⁻¹ yr⁻¹), C stock (1.03 t ha⁻¹ yr⁻¹), 
and CO₂-eq (3.81 t ha⁻¹ yr⁻¹). However, the monoculture system (AFS2) registered the lowest values 
with annual biomass accumulation (0.17 t/ha/year), C stock (0.08 t/ha/year), and CO2-eq (0.30 t/ha/year).
Agroforestry has been acknowledged as a climate change mitigation strategy. Through this agronomic 
practice, AFSs with various intercropping have the potential to increase the surface area through the use 
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Introduction

Global warming and climate change are results of 
the enormous emissions of greenhouse gases (GHGs) 
such as CO2 and NO2. The atmospheric concentration 
of CO2 has increased from the preindustrial level of 
about 280 ppm to the current level of approximately 
380 ppm and is estimated to be increasing at the rate of 
2 ppm annually [1]. Indeed, to decrease the amount of 
gas emissions, many other solutions have been applied: 
carbon farming practices based on nitrogen-fixing 
crops, cover cropping, reduced tillage, agroforestry, the 
use of organic fertilizer instead of synthetic fertilizers, 
mulching, etc.

Carbon storage in soils and vegetation contributes 
both to climate change mitigation and to the adaptation 
of ecosystems to its effects. Soils and plants capture 
greenhouse gases from the atmosphere and store 
them, thus acting as carbon sinks, a process known as 
carbon sequestration (CS). This process is driven by 
photosynthesis in plants and by the decomposition of 
organic matter in soils. It provides a strong argument 
for both the preservation of natural, agricultural, and 
forested areas and the promotion of green spaces 
in urban environments. For these reasons, carbon 
sequestration represents a key pillar in achieving the 
carbon neutrality goal by 2050.

Based on the policy perspectives of developed 
economies, achieving carbon neutrality is challenging 
because it is nearly impossible to reduce absolute 
emissions to zero. Therefore, reaching this goal requires 
compensating for residual emissions through carbon 
removal and offsetting strategies [2].

Agroforestry (AF), defined as the deliberate 
integration of trees or shrubs with crops and/or livestock 
at the plot, farm, or landscape level [2], has become 
recognized as a carbon sequestration (CS) activity 
under the Afforestation and Reforestation activities.  
Agroforestry systems (AFSs) have attracted attention as 
a CS strategy from both industrialized and developing 
countries [3-10]. 

Despite the fact that AFSs serve as a promising 
strategy for climate change adaptation, they are often 
not included in carbon sink measurements or mitigation 
reports, and they are rarely measured in adaptation 
actions [10-12].

To enhance productivity, profitability, diversity, 
and ecosystem sustainability, AFSs are considered to 
have a higher potential for carbon (C) sequestration due 
to their ability to more efficiently capture and utilize 
growth resources such as light, nutrients, and water, and 
to reduce soil disturbance, compared to single-species 
cropping or pasture systems. The total area in the 

world under agroforestry was estimated at 1023 million 
hectares [7, 8]. Worldwide, nearly 630 million hectares 
of unproductive croplands and grasslands are set to be 
converted to agroforestry [13]. 

Across Africa, AFSs are gaining traction as a 
regenerative practice, with estimates suggesting they 
could sequester as much as 2,000 megatons of carbon 
annually [14]. AFSs enhance biodiversity and several 
ecosystem services; they allow the storage of atmospheric 
carbon. This storage takes place on the one hand in the 
wood of the tree, in the shrubs and the herbaceous layer 
(biomass), but also in the organic matter incorporated 
into the soil (soil organic carbon, SOC). The soil and the 
plant cover then constitute a carbon reservoir (carbon 
sink). Therefore, an understanding of carbon storage in 
soils under AFSs is particularly important. To quantify 
and monitor ecosystem services and to estimate the 
amount of sequestered carbon in the soil and the crops, 
this study aims to assess various parameters such as 
above- and below-ground biomass (AGB, BGB), soil 
organic carbon (SOC), carbon stock in biomass and soil.

In Tunisia, the most current agroforestry practices 
involve fruit trees and semi-forest trees. Case studies 
were conducted in the northwest of Tunisia by [15], 
using olive trees with six cover crop types: wheat, vetch, 
oat, fenugreek, a vetch-oat mixture, and spontaneous 
vegetation. Study [16] also investigated an AFS located 
in the center of the oasis of Degache in southern Tunisia 
(desert). The latter was a combination of date palm and 
barley (Hordeum vulgare)-alfalfa (Medicago sativa) as 
intercrops. According to studies [15] and [16], carbon 
sequestration varies depending on climatic conditions. 
These studies have shown that, compared to arid zones, 
sub-humid regions (Djebba Living Lab) have a greater 
potential for biomass accumulation and therefore higher 
carbon storage capacity in both vegetation and soil.

In this work, we are interested in a specific AFS 
located in Djebba, a village in the northwest of Tunisia. 
In this region, each AFS contained three farming levels: 
fig tree level, other fruit trees or olives level, and market 
gardening or livestock level.

The main income for farmers in Djebba is derived 
from fig harvest, particularly from the "Bouhouli" 
variety. The fig tree (Ficus carica) is one of the 
deciduous trees used in Tunisian agroforestry systems 
such as Djebba Living Lab. This species is native to 
the Mediterranean basin and has spread widely across 
the world owing to its adaptability to various soils and 
climates, as well as the high economic value of its fruit, 
which is an excellent source of nutrients and antioxidants 
[17, 18]. Owing to its salt tolerance and adaptability to 
the climatic and soil conditions of semi-arid regions, fig 
trees are a promising alternative crop. Assessing suitable 

of understory crops, improve the biomass, and subsequently increase the carbon sequestration in plants 
and soil.
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areas for cultivating crops such as figs is essential for 
sustainable agricultural planning, conserving natural 
ecosystems, and ensuring food security [19].

We have adopted the Living Lab (LL) approach. 
The latter has garnered increased attention as a 
participatory and user-centered method for the co-
design of community services [11, 20, 21]. A Living 
Lab is a collaboration between multiple stakeholders, 
including farmers, researchers, and public institutions 
(e.g., INRGREF Institute), with the main objective of 
evaluating new techniques, practices, services, and 
products. Other AF systems as LLs have been exploited 
in Tunisia and around the world, based on several 
species and their interaction with the environment. 

The objective of this study is the assessment of 
carbon stock and CO₂-equivalent evolution through 
agroforestry systems (AFSs) compared to monoculture 
in Djebba Living Lab using biomass and SOC. 

Materials and Methods

Geographic Localization, Climatic, Soil 
Characteristics, and Canopy General Characteristics 

of the Five AFSs in Djebba Living Lab

The experiment was carried out in the Djebba region 
(Djebba Living Lab), located in the northwest of Tunisia 
(Fig. 1). The assessment of five agroforestry systems in 
this region took place between 2023 and 2024.

The Djebba region belongs to a sub-humid climate 
with mild winters and hot summers. In winter, the 
average temperature is around 8°C, and in summer, the 
average temperature is around 16°C. This area receives 
annual rainfall of around 550 mm (Fig. 1). The soil is 
generally clay to clay loam, sometimes with limestone. 

Table 1 presents the geographic coordinates of the 
five selected AFSs. 

Fig. 1. Map of the study site and spatial distribution of various biophysical variables across the TUMBB landscape.
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Methodology of Measurement of Tree Biomass

A non-destructive approach based on allometric 
equations was used to estimate above-ground tree 
biomass. For this purpose, five trees were selected from 
each AFS (different diameter classes and different ages). 
Measurements were carried out at the harvesting stage. 
The parameters measured were: trunk height, diameters 
at three positions along the trunk, branch length 
and diameter, canopy diameter in the perpendicular 
orientation, and H (canopy height).

Above-ground biomass (AGB) includes all living 
biomass above the soil, including stem, stump, branches, 
bark, and foliage, whereas below-ground biomass (BGB) 
includes all living biomass of live roots. The AGB was 
calculated using the following Equation [22]:

	 AGB = Vbiomass × dwood	 (1)

AGB: Above-ground biomass (gr),
Vbiomass: Volume occupied by plant biomass (cm³)

(π*(CD1*CD2/4)*H,
dwood: Density of plant wood (gr/cm³),
CD1: the widest crown diameter, and CD2 was its 

perpendicular diameter in cm [23],
H: height of canopy (cm).
To evaluate the Below Ground Biomass (BGB), 

Equation (2) [22] was used.

	 BGB = F(conv-BGB) × AGB	 (2)

BGB: Below Ground Biomass (gr),
F (conv-BGB): Conversion factor for Below Ground 

Biomass (about 0.26). 
Carbon stock, which refers to the amount of carbon 

stored in the forest ecosystem, mainly in living biomass 
and soil, can be determined using the following Equation 
[24-26]:

	 C (stock-canopy) = F(conv-carbon stock) × AGB	 (3)

C (stock-canopy): Carbon stock in the canopy 
(tonnes),

F(conv-carbon stock): Conversion factor for carbon 
stock (about 0.47).

Wood density represents the allocation of dry 
biomass per unit volume of live wood and predicts 
various mechanical properties of plants. The Wood 
Biomass Density (WBD) value (0.612 g cm−3) was 
derived from the Global Wood Density database [27-29].

To estimate the carbon sequestration capacity of a 
single plant or all canopies, carbon dioxide equivalent 
(CO₂-eq) was calculated using the following formula 
[30].

	 C(seques-capacity-canopy) = 3.67 × C(stock-canopy)	  
(4)

C(seques-capacity-canopy): Carbon sequestration 
capacity of a tree in a canopy or of all canopies (CO₂-
eq).

Methodology of Measurement of Intercrop Biomass

Three quadrats of intercrop vegetation (1×1 m each) 
were established diagonally within each sampling plot 
[31]. In each quadrat, intercrop vegetation was recorded 
based on canopy coverage, and all vegetation was 
harvested. Samples of intercrop vegetation were taken to 
the laboratory and dried at 65°C to a constant weight for 
the determination of dry matter and carbon fraction.

The carbon concentrations of all sampled intercrop 
species were measured using the dry combustion 
method. Dry weights were converted to carbon stock by 
a factor of 0.47 and further to carbon dioxide equivalent 
by a factor of 3.67 [32].

The spacing between tree rows is 7 m, and cereals 
and legumes are sown at a density of 100 kg/ha. 
Zucchini and pepper were sown with an interspace of 
20 cm between two plants. Tree hoeing is conducted in 
February-March, and weeding is performed manually. 
The tree irrigation rate was about 24 L/tree/day from 
May to September.

The experimental layout consists of tree rows 
planted at a spacing of 7 m, which allows sufficient 
light penetration and facilitates intercropping practices. 

AFS1 AFS2 AFS3 AFS4 AFS5 

Altitude (m) 457 603 579 504 484

Latitude
Longitude

36°28'38.7"
9°06'17.3"

36°28'17.1"
9°6'06.6"

36°28''18.3"
'9°5'59.1" 36°28’29 ‘’

9°06’06’’

36°28'9°
05'09°.8"

Initial SOC stocks 
(tC/ha) 3.82±0.05 1.53±0.01 8.3±0.1 3.04±0.03 3.023±0.01

Soil pH 8.03 8.01 7.81 8.12 7.97

Intercrop
species Zucchini (landrace) - Barley (landrace) Legume (landrace 

faba bean)
Mixture of trees 

and landrace pepper 

Age of trees (years) 25 12 15 35 25

Table 1. Geographical coordinates, age, and soil characteristics of the studied AFSs in Djebba LL.
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Between the tree rows, cereals and legumes are 
established at a seeding density of 100 kg per hectare, 
ensuring adequate plant coverage. Zucchini and 
pepper are cultivated with an interplant distance of 
approximately 20 cm. Tree hoeing operations are carried 
out during February and March to improve soil aeration. 
Manual weeding is performed periodically to reduce 
competition for water and nutrients while minimizing 
the use of chemical inputs. Irrigation for the trees and 
subsequently the intercrops is provided from May to 
September, corresponding to the critical growth and 
fruiting stages, with an application rate of about 24 liters 
per tree per day.

Methodology to Evaluate the Carbon Storage 
Capacity of the Soil for the Five AFSs

Three points at 0-30 cm in each plot were sampled 
using an auger. Organic litter on the ground surface was 
cleared at each sampling site before auger insertion and 
sediment boring. Soil organic carbon (SOC) per hectare 
per layer (0-30 cm) was determined according to the 
following formula, as described by [33].

	 [Stock]SOC = SOC × [BD]soil × D(soil samp depth)	  
(5)

[Stock]SOC: Stock of soil organic carbon in t C ha-1,
SOC (%): Soil organic carbon concentration in %, 
[BD]soil: Bulk density of the soil (g cm−3), 
D(soil samp depth): Soil sampling depth in cm. 
Soil's capacity to sequester carbon, or the amount 

of carbon it can store, is a crucial factor in mitigating 
climate change. This capacity is influenced by various 
factors, including soil type, organic matter content, and 
management practices. 

For soils of each AFS in Djebba LL, we evaluated 
their sequestration capacities as follows [34]:

	 C(seques-capacity-soil) = 3.67 × C(stock-soil)	 (6)

C(seques-capacity-soil): soil capacity sequestration 
in t CO₂,

C(stock-soil): Carbon soil stock in tonnes.

Statistical Analysis of the Data

Data processing and analysis were carried out using 
the SPSS software.

Results 

Analysis of Carbon Sequestration 
Capacity for the Five AFSs

Evaluation of the Carbon Sequestration 
Capacity for the Tree Farming Level

In Fig. 2, we present the total biomass recorded in 
the five AFSs for the two agricultural years 2023 and 
2024. 

The results indicated that AFS4, composed of fig 
trees intercropped with faba bean, consistently produced 
the highest biomass among all systems. In 2023, the 
biomass reached approximately 76.62 t/ha, increasing 
slightly to 78.59 t/ha in 2024. This performance was 
followed by AFS3, which combined fig trees with barley 
landrace; its biomass levels were about 53 t/ha in 2023 
and rose to 56 t/ha in 2024. In contrast, AFS2, consisting 
solely of fig trees without intercrops, exhibited the 
lowest biomass values, with 23.22 t/ha and 23.40 t/ha in 
2023 and 2024, respectively. The intermediate systems, 
AFS1 (fig trees with zucchini landrace) and AFS5 (fig 
with a mixture of trees and pepper landrace), showed 
comparable outcomes. Both systems recorded around 
40 t/ha of biomass in 2023, which increased modestly to 
about 42 t/ha in 2024.

The carbon stock amounts for all the AFSs studied 
are presented in Fig. 3. AFS4 sequestered the highest 
amount of carbon compared to the other systems, with 
approximately 36.04 t/ha and 36.94 t/ha in 2023 and 
2024, respectively. AFS2 stored about 9 t/ha of carbon 

Fig. 2. Total tree biomass recorded for the five AFSs during two agricultural years (2023 and 2024). Error bars are the standard error of 
the mean.
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in both 2023 and 2024. AFS1 and AFS5 stored similar 
amounts of carbon, around 18 t/ha in 2023 and 19 t/ha 
in 2024.

In Table 2, we summarized the tree biomass 
accumulation, CO2-eq, and C stock per year for the five 
studied AFSs.

The comparison of agroforestry systems practiced 
by farmers in Djebba LL (Table 2) clearly showed that 
AFS5 outperforms all others, achieving the highest 
annual biomass accumulation (2.21 t ha⁻¹ yr⁻¹), carbon 
stock (1.03 t ha⁻¹ yr⁻¹), and CO₂ sequestration potential 
(3.81 t ha⁻¹ yr⁻¹).

Evaluation of the Carbon Sequestration Capacity 
for the Under-Farming Level in the Five AFSs

In Fig. 4, a graphical summary is presented to 
illustrate the variation in biomass observed during the 
years 2023 and 2024 across the five agroforestry systems 
(AFSs) for the under-farming store.

The total dry biomass of the same produced 
intercrops (for each AFS) showed no significant 
differences between the two cropping seasons of 2021 
and 2022; however, there is a significant difference 
among the four AFSs at P≤0.05 (Fig. 4).

The evaluation of the five agroforestry systems 
(AFSs) demonstrated significant differences in biomass 
production across the different crop combinations. 
Among them, AFS3, which incorporated fig trees with 
barley landrace, recorded the highest level of biomass. 
The harvested barley contributed approximately 16.23 
t/ha, highlighting the strong compatibility between fig 
trees and barley under the given environmental and 
management conditions. At the opposite end, AFS1, 

where zucchini landrace was cultivated beneath the fig 
trees, exhibited the lowest biomass yield, with only 4 t/
ha. AFS4, combining fig trees with faba bean landrace, 
achieved intermediate but promising results. Biomass 
production reached around 10.04 t/ha in 2023 and 
increased further to 11.83 t/ha in 2024. Finally, AFS5, 
consisting of a mixture of market gardening crops with 
pepper landrace, produced substantial amounts of barley 
dry biomass. Recorded values were 13.73 t/ha in 2023 
and 12.33 t/ha in 2024. 

The variation of carbon stock for the under-farming 
stores in the five AFS for two years (2023 and 2024) is 
reported in Fig. 5.

C stock in intercrop showed a significant difference 
among the different AFSs at P<0.05. The C stock of 
intercrops in the studied AFSs (except AFS2) varied 
from one system to another but remained stable from 
year to year. The behavior of the agroforestry systems in 
terms of carbon stock follows the same pattern as that of 
biomass accumulation. Carbon stock peaked in cereals 
sown in AFS3 at 7.52 and 7.63 t/ha throughout 2023 
and 2024 respectively and was minimal in zucchini 
sown in AFS1 (1.88 t/ha during 2023 and 2024), with 
beans sown in AFS4 and peppers in AFS5 displaying 
moderate values which are 4.88-5.56 t/ha and 6.45-5.79 
t/ha during 2023 and 2024 respectively.

The mitigation potential of the five AFSs was worked 
out by calculating equivalent carbon dioxide (CO2-eq) 
(Fig. 6). The highest value of the equivalent carbon 
dioxide was recorded for the intercrop barley landrace 
in the AFS3 with 27.59 t/ha in 2023 and 28.00 t/ha in 
2024. Faba bean intercropped in AFS4 sequestered 
approximately 17.5 t/ha and 22 t/ha of CO₂-eq in 2023 
and 2024, respectively.

Fig. 3. Total carbon stock in trees recorded for the five AFSs during two agricultural years (2023 and 2024). Error bars are the standard 
error of the mean.

AFS1 AFS2 AFS3 AFS4 AFS5

Biomass (t/ha)/year 0.72533333 0.17866667 0.344 1.92533333 2.2112

CO2 (t/ha)/year 1.25112747 0.30818213 0.5933656 3.32100747 3.81409888

C stock (t/ha)/year 0.3409067 0.08397333 0.16168 0.90490667 1.039264

Table 2. Evolution of tree biomass accumulation, CO2-eq, and C stock per year under various intercrop species.
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The two agroforestry systems (AFS1 with zucchini 
landrace and AFS3 with barley landrace intercrops) 
did not exhibit any statistically significant differences 
in biomass at P≤0.05. However, a slight variation in 
CO₂-equivalent emissions was observed during 2023, 

with AFS1 (zucchini intercrop) showing lower values 
compared to the other systems. Despite this variation, no 
significant differences were detected in CO₂-eq between 
the two AFSs across the study period (2023-2024), 
indicating that both intercrop types performed similarly 

Fig. 4. Biomass variation during the years 2023 and 2024 for the under-farming stores in the five AFSs. Error bars are the standard error 
of the mean.

Fig. 5. Carbon stock for the under-farming stores in the five AFSs for two years (2023 and 2024). Error bars are the standard error of the 
mean.

Fig. 6. The equivalent carbon dioxide sequestered by each AFS for the years 2023 and 2024. Error bars are the standard error of the mean.
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in terms of carbon balance under the given management 
and environmental conditions. 

Analysis of Soil Carbon Sequestration 
Capacity for the Five AFSs

The mean difference between the initially sampled 
and analyzed soil carbon stock in 2022 at a depth of 0-30 
cm, as well as the intermediate and final soil organic 
carbon stock assessed in 2023 and 2024 within the five 
AFSs, are depicted in Fig. 7. 

Soil organic carbon stock (SOC stock) in AFS2 
(monoculture) did not exhibit any significant differences 
(at P<0.05) over the three-year study period. In contrast, 
the four other agroforestry systems, which incorporated 
various intercrops, showed significant differences in 
SOC stock, reflecting the influence of intercropping 
on soil carbon dynamics. Notably, AFS3 (fig trees 
with barley landrace) was an exception, displaying no 
significant variation in SOC stock during 2023 and 2024, 
suggesting that this particular intercrop combination 
maintained relatively stable soil carbon levels over 
the two years. These results highlight that the type of 
intercrop and system management can significantly 
affect soil carbon accumulation, whereas monoculture 
systems tend to show limited changes over time.

We observed a clear year-to-year increase in SOC 
stocks in the agroforestry systems (AFSs) composed of 
two or three production strata, while the monoculture 

system (AFS2, with only fig trees) showed little to no 
improvement. Specifically, in AFS1, SOC stocks rose 
from 11.59 t/ha in 2022 to 13.73 t/ha in 2023, reaching 
14.29 t/ha in 2024. By contrast, AFS2 remained 
relatively stable, with values ranging from 4.63 t/ha in 
2022 to only 4.86 t/ha in 2024.

The highest SOC accumulation was recorded 
in AFS3 (fig trees intercropped with barley), where 
values increased from 11.61 t/ha in 2022 to 14.02 t/ha 
in 2023 and 14.09 t/ha in 2024. In AFS4, SOC stocks 
rose substantially from 11.40 t/ha in 2022 to 17.32 t/
ha in 2023, reaching 21.41 t/ha in 2024. For AFS5, 
which included mixed intercropping with pepper, the 
recorded values were 10.06 t/ha in 2022, 12.09 t/ha in 
2023, and 13.27 t/ha in 2024. The differences in SOC 
stocks were statistically significant (P≤0.05) across the 
systems. Overall, SOC increased steadily over the three 
years in all AFSs except AFS2, which remained almost 
unchanged. Among them, AFS3 achieved the highest 
SOC values. 

The corresponding results for the evolution of carbon 
dioxide equivalents (CO₂-eq) measured in the 0-30 cm 
soil depth across the five AFSs are presented in the 
following figure.

The soil in AFS3 sequestered the highest amount of 
CO₂-eq, with values of approximately 42.61 t/ha, 51.44 t/
ha, and 51.72 t/ha in 2022, 2023, and 2024, respectively. 
In contrast, the lowest values were recorded in AFS2, 
at about 17 t/ha for all three years. In AFS1, soil CO₂-

Fig. 7. Soil carbon stock in the five AFSs throughout the years 2022-2024. Error bars are the standard error of the mean.

  AFS1 AFS2 AFS3 AFS4 AFS5

SOC stock t/ha/year 1.345 0.115 1.24 5.005 1.6

CO2-eq 
(t/ha)/year 4.94 0.42 4.55 18.37 5.88

Table 3. Annual average (2022-2024) of SOC stock and CO2eq recorded for the five AFSs.
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eq values were 42.55 t/ha, 50.37 t/ha, and 52.44 t/ha in 
2022, 2023, and 2024, respectively. In AFS4 and AFS5, 
CO₂-eq values ranged from 36.94 t/ha (AFS5) to 78.58 
t/ha (AFS4) in 2022 and 2024, respectively. Differences 
among the AFSs for CO₂-eq were statistically significant 
(P≤0.05).

In Table 3, we have summarized the annual averages 
of SOC stock and CO₂-eq for each AFS in Djebba LL.

SOC stock per year varied depending on the 
agronomic management in the five AFSs (Table 3). 
Fig trees intercropped with beans recorded the highest 
increase in SOC stock from 2022 to 2024, with 
1.34 t/ha/year. However, when the AFS is based on 
monoculture (AFS2), the amount of carbon stored in the 
soil is extremely low, in certain instances nearly absent. 
For CO₂-eq, AFS4 recorded the highest value (18.37 t/
ha/year), while the lowest was registered for AFS2, at 
0.42 t/ha/year.

Discussion

The agricultural sector is the main source of income 
and a key contributor to food security in Tunisia, 
especially in the northwest of the country. Conservation 
systems such as AFSs (agroforestry systems) with crop 
diversity have the potential to improve soil health, as 
well as agro-ecosystem productivity and resilience 
[35]. Agroforestry systems are defined as a combination 
of agriculture and forestry to create integrated and 
sustainable land-use systems. Although agroforestry 
fruit trees have potential in mitigating climate change, 
research on their role in Tunisia remains limited, as 
most studies have focused on forest trees and shrubs. 
Cover crop biomass and SOC were used as indicators of 
carbon storage conditions under various AFSs. 

When comparing the five agroforestry systems 
(AFSs) studied at Djebba LL with those analyzed 
by [36] using the same allometric models, notable 
similarities can be observed despite differences in 
system types. For example, the horti-silvi-pasture 
system reported by [36] recorded a total tree biomass of 
55.73 t/ha, which is comparable to that of AFS3 in 2024 
at Djebba LL (Fig. 2). Similarly, the agri-silviculture 
system (boundary plantation) showed a tree biomass of 
19.3 t/ha, substantially lower than that observed in AFS1 
and AFS5, which ranged from 37.68-38.38 t/ha and 
35.27-37.40 t/ha, respectively, in 2023 and 2024. The 
similarity in tree biomass between AFS1 and AFS5 may 
be explained by similar tree age and planting density, 
as well as uniform management practices across all 
systems. In addition, AFS5 (a mixed system of fig and 
sweet cherry trees intercropped with pepper) recorded 
a tree biomass value slightly higher than that reported 
in the agri-silvi-pasture (homegardens) and horti-silvi-
pasture systems, which were around 32.76 t/ha. In 
contrast, AFS2 (the control system, consisting of fig tree 
monoculture) recorded the lowest tree biomass values, 
ranging from 23.22 to 23.40 t/ha. On the other hand, 

AFS4 (fig trees intercropped with faba bean) registered 
the highest biomass among all systems, reaching 76.67-
78.59 t/ha in 2023 and 2024, respectively, exceeding 
that of the horti-silvi-pasture and homegarden systems 
reported by [36].

Overall, all five AFSs studied in Djebba LL exhibited 
higher total tree biomass than the agri-silviculture 
system (boundary plantation) reported by [36], which 
was limited to 19.3 t/ha.

The carbon stock values observed for fig trees in 
Djebba LL (Fig. 3) are considerably lower than those 
reported for the above-mentioned species. Similarly, 
the carbon stocks reported by [37] for coffee-based 
agroforestry systems in Mexico (55.12 t C ha⁻¹) are 
also higher than those recorded at the Djebba LL. 
Likewise, [38] showed that biomass carbon (C) stocks 
ranged from 45, 65, 76, to 214 t C ha⁻¹ for oil palm, 
cocoa, orange, and rubber, respectively. The low values 
observed in the Tunisian study were attributed to 
Tunisian (North-West) climatic conditions that enhance 
net primary productivity (NPP), as well as differences 
in tree architecture. However, the carbon stock values 
observed in AFS3 (fig trees) during 2023 and 2024 are 
comparable to those reported for citrus (25.95 t C ha⁻¹) 
and nut trees (27.40 t C ha⁻¹) in the [37] study. Likewise, 
the AFS3 results are consistent with the findings of [39], 
who reported carbon stocks of 28 t C ha⁻¹ and 29 t C 
ha⁻¹ during 2000 and 2010, respectively, in European 
agroforestry systems. These authors also estimated 
carbon stocks in tree cover on agricultural land to range 
between 9.3 and 9.4 t C ha⁻¹, which aligns with the values 
observed in our control system (AFS2, monoculture). 
Finally, the carbon stocks measured in fig trees in AFS1 
and AFS5 are similar to those found in olive trees in 
Catalonia by [39], which ranged from 16.87 to 17.31 t C 
ha⁻¹ despite differences in the studied species.

When comparing the carbon stock in tree biomass 
across the studied agroforestry systems (AFSs) with 
different AFSs studied by [36], the control system 
(AFS2), which consists of a monoculture (fig trees), 
recorded a value (10.99 t/ha in 2023 and 2024) similar 
to that of the horti-agriculture agroforestry system, with 
both reaching approximately 10.66 t/ha. In contrast, the 
agri-silviculture system (boundary plantation), which 
relies exclusively on forest tree species, exhibited lower 
carbon stock values (8.68 t/ha). This difference may be 
attributed to the nature of the tree species used and their 
growth characteristics. 

Fruit trees such as figs, which were central to all the 
studied AFSs, tend to be more productive in terms of 
biomass under the given management and environmental 
conditions. These findings highlight the potential of 
fruit-tree-based agroforestry systems not only for food 
production but also for enhanced carbon sequestration 
compared to systems based solely on forest species.

The differences in tree carbon stock and biomass 
observed among the five AFSs and across the two studied 
years indicated a certain degree of variability. This could 
be attributed to differences in tree age and subsequently 
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their architecture and dimensions, intercrop species, and 
overall system composition. This variability may also 
complement the findings of [40, 41], who reported that 
carbon stock is influenced by several factors, including 
tree age, species composition, management practices, 
and interactions with intercrops. These results support 
the idea that system design and species selection play a 
critical role in determining biomass accumulation and 
carbon sequestration potential in agroforestry systems.

When comparing the average annual carbon 
sequestration rate from our results (Table 2) with 
those reported by [38], we found that the annual C 
sequestration for nut and citrus trees was 2.25 and 3.32 
t C ha⁻¹ year⁻¹, respectively. Similarly, results from 
[42, 43] for citrus trees ranged from 2.8 to 3.3 t C ha⁻¹ 
year⁻¹, which are significantly higher than our findings 
for fig trees. This discrepancy may be explained by the 
differences in wood density among species, ranging 
from 0.45 g/cm³ for fig wood, 0.66 g/cm³ for nut trees, 
and 0.60 g/cm³ for citrus, to up to 0.95 g/cm³ for olive 
trees [28].

The carbon stock estimated in AFS1 (Table 2) is 
comparable to that reported by [38] for olive trees (0.38 
t C ha⁻¹ year⁻¹ in 50-year-old trees). [44] also found 
similar values to AFS1 for annual carbon sequestration 
in permanent living vines in Spain, at approximately 
0.3 t C ha⁻¹ year⁻¹. Our findings align with the results 
reported by [39], which demonstrate that estimates of 
biomass carbon stocks are influenced by both the age of 
the crop and the involved species.

Study [45] showed that intercropping black locust 
(Robinia pseudoacacia L.) with triticale led to an 
increase in tree stand volume but a reduction in triticale 
yield. This finding contrasts with our results, particularly 
in the AFS3 system, where fig trees intercropped 
with barley (a cereal crop close to triticale) produced 
relatively high biomass. The high biomass recorded in 
AFS3 highlights the potential of this system to maintain 
productivity while supporting tree growth under 
Mediterranean conditions (Fig. 1). This can be explained 
by an adequate combination of canopy volume, root 
development, and their degree of absorption of water 
and mineral elements.

The faba bean biomass in AFS4 varied depending 
on the study years, with 10.4 and 11.83 t ha⁻¹ in 2023 
and 2024, respectively (Fig. 4). These values fall within 
the range reported by [45], which fluctuated between 
13 t/ha (the highest average biomass recorded in 2015) 
and 9 t/ha (the lowest recorded in 2018). The biomass 
of barley intercropped in fig orchards was higher than 
that reported by [15] in the same region under an olive 
grove. Similarly, our results indicated greater barley 
biomass compared to that reported by [46] in Morocco. 
Comparable findings were also observed by [47, 48] in 
Andalusia and [49] in Portugal, where cereal biomass 
in olive-based agroforestry systems exceeded that of 
legumes.

Research by [50] indicates that legume-based 
agroforestry systems possess exceptionally high carbon 

sequestration potential. Reported sequestration rates in 
such systems vary widely, from 0.29 to 15.2 t C ha⁻¹ 
year⁻¹, depending on species composition, management, 
and environmental conditions. In Djebba LL, the AFS4 
regenerative practice integrating legumes within fig-
tree-based systems demonstrated significantly greater 
carbon storage capacity (5.95 t C ha⁻¹ year⁻¹ for SOC 
and carbon stock in trees) compared to conservation 
agriculture alone (0.2-0.4 t C ha⁻¹ year⁻¹).

Incorporating legumes into agroforestry not only 
enhances carbon capture and storage but also transforms 
agricultural landscapes into sustainable carbon sinks, 
improving soil fertility, nitrogen cycling, and overall 
productivity over time. 

Under semi-arid conditions and as monoculture, 
the biomass of faba bean was lower than our findings 
and varied between 1.5 and 2 t/ha in the study by [51]. 
For this purpose, [52-54] have shown that legumes are 
among the best cover crops sown between the rows of 
olive groves under Mediterranean conditions.

In Djebba LL, cover crops were planted under the 
canopy and very close to the trees, sharing the same 
water sources. To this end, no distance between tree and 
intercrop was evaluated, as reported by several authors. 
Studies [55-57] reported that intercrop biomass varied 
depending on the distance from the trees. Similarly, 
[58] observed that cereal crop performance was strongly 
influenced by both the distance from tree lines and the 
age of the trees. These authors further suggested that 
higher crop performance observed at certain distances 
could be attributed to a significant interaction between 
distance and aspect, likely resulting from slight 
variations in the intensity and duration of shading 
caused by boundary tree stands.

Crop biomass is indeed a crucial factor in 
determining carbon stock and CO₂-equivalent (CO₂-
eq). Our results, which showed the highest biomass, 
carbon stock (C stock), and CO₂-eq values for barley 
compared to faba beans, pepper, and zucchini, are 
consistent with previous studies (e.g. [59]), indicating 
that variations in C stock and CO₂-eq (t/ha) among 
crop species are often related to differences in biomass 
production. The variability in intercrop biomass in the 
different studied AFSs might be attributed to steady 
and adequate solar radiation in fig tree orchards (small 
or large trees, depending on their age), resulting from 
an expanded photosynthetic surface and the absence of 
resource competition (and vice versa) between trees and 
cover crops for light and spatial access, among other 
contributing factors. Study [15] showed that intercrop 
biomass in olive orchards in the same region as the 
current study varied according to species, rainfall, soil 
fertility, and seeding rate.

Through these AFSs in Djebba LL, we seek to 
establish a more sustainable and efficient system by 
combining the advantages of fig trees and various 
intercrops. Considering the results of this study, trees 
exhibited a higher potential for carbon sequestration 
compared to annual crops, which is consistent with the 
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findings of [60] in their assessment of olive groves in 
southern Spain. Likewise, our results are in line with 
[61], who reported that tree buffers demonstrated a 
greater potential for soil carbon sequestration than grass 
buffers.

For SOC stock in 2024, the analysis showed that 
when using faba bean as an intercrop, SOC stock 
increased and registered a significant difference between 
2022 (initial stock) and 2023, the first year of legume 
intercrop sowing. This result indicates that with faba 
bean, AFS4 appears to be the most powerful system for 
carbon sequestration (Fig. 8). The SOC stock in AFS1, 
used as the control agroforestry system, remained stable 
over the three years, with an SOC stock value of 0.42 
t/ha/year. This could be explained by the absence of a 
cover crop, which would otherwise improve soil fertility, 
enhance moisture retention, and support higher biomass 
production and, subsequently, greater carbon storage and 
CO₂-eq. The mixture of tree species with local pepper 
in Djebba LL (AFS5) can significantly enhance carbon 
sequestration capacity, both in biomass (AGB and BGB) 
and in soil organic carbon (SOC). To optimize this result 
in AFS5, the choice of tree species should consider 

canopy structure, root depth, biomass productivity, and 
compatibility with pepper in terms of shade, nutrient 
competition, and microclimate regulation.

In AFS5, trees produced substantial woody biomass 
and subsequently sequestered large quantities of carbon. 
Indeed, deep roots minimize competition with shallow-
rooted pepper, while the implementation of various 
tree species with pepper enhances leaf litter inputs, 
increasing soil carbon storage.

It has been shown by [62] that intercropping can 
act as a sponge to conserve water, prevent flash floods, 
and increase soil organic matter content, improving 
soil health and potentially mitigating climate change. 
Compared to other studies in Tunisia, the SOC stock 
of Djebba LL under different intercrops was lower 
than reported by [16] in the Oasis of Dguesh (south 
of Tunisia), which ranged from 53.5 t/ha to 127 t/ha. 
These differences can be explained by the differences 
in climatic conditions and soil texture. Silty clay soil 
with limestone in Djebba may exhibit low SOC levels. 
However, this amount can be improved and better 
retained due to the clay content. In contrast, in southern 
regions with sandy soils, even when larger amounts of 

Fig. 8. Soil CO2-eq in the five AFSs at the 0-30 cm soil depth throughout the years 2022-2024. Error bars are the standard error of the 
mean.

Fig. 9. APSIM model simulation in Djebba LL.
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SOC are present, they are difficult to retain because of 
the low organic matter holding capacity of sand. The 
low SOC stock observed in Djebba at the early stage, 
presented in 2022 (Fig. 7) of the agroforestry system 
installation, may be attributed to submersion irrigation, 
as carbon can be leached and transported by water.

APSIM Model Implication

Fig. 9 presents the simulation of soil organic carbon 
(SOC) stock dynamics from 2023 to 2040 under different 
agroforestry systems (AFS1-AFS5) using the APSIM 
(Agricultural Production Systems sIMulator) model. The 
results show a consistent upward trend in SOC stock 
across all systems, indicating that agroforestry practices 
contribute positively to soil carbon sequestration over 
time.

The APSIM simulation (Fig. 9) demonstrates the 
potential of agroforestry systems to enhance long-term 
soil carbon sequestration, particularly under suitable 
management practices. The results also highlight 
the variability among AFS types, emphasizing the 
importance of species composition, management 
intensity, and climatic suitability in determining carbon 
storage capacity.

For this purpose, APSIM projections suggest that 
agroforestry systems can significantly increase SOC 
stocks over a 17-year period, supporting both climate 
change mitigation and soil fertility improvement, 
especially when integrating tree species that promote 
organic matter accumulation and deep root carbon 
inputs.

Based on these studies, the implementation of an 
agroforestry system with various intercrops appears to 
be a relevant and effective solution for mitigating climate 
change and enhancing carbon stock on the one hand 
in trees and grass, and on the other hand, in soil. For 
this purpose, the agroforestry system is a key factor to 
assess carbon stock in biomass and soil. Our results are 
in accordance with those of [63], who showed the effect 
of agroforestry systems in improving SOC stability and 
the potential advantage of carbon sequestration. 

Conclusions

Agroforestry systems are regenerative practices 
applied in orchards across Mediterranean regions, such 
as in the Djebba LL, where they enhance SOC stocks 
and promote biomass production. These enhancements 
aim to increase carbon storage by ensuring the survival 
of trees and crops under climate change effects. The four 
AFSs in Djebba LL, compared to monoculture (AFS2), 
have a carbon farming potential to mitigate climate 
change. They recorded differences in the potential for 
carbon sequestration.

If we aim to increase the carbon stock and CO₂-eq 
rate per year, we select AFS5. However, when choosing 
the agronomic practice with the highest carbon stock 

and CO₂-eq, we select AFS3 (fig tree with barley 
intercrop). Therefore, carbon sequestration in stable 
biomass structures (perennial vegetation) and in soils 
(carbon sinks) should be incorporated into carbon 
cycle accounting and life cycle assessments (LCAs) for 
sustainable crop systems. 

Author Contributions 

Conceptualization, T.A.G.; methodology, T.A.G., 
M.H.S., A.G.; validation, T.A.G., M.H.S., A.G.; formal 
analysis, T.A.G.; writing-original draft preparation, 
T.A.G., M.H.S.; writing-review and editing, T.A.G., 
M.H.S., A.G., Y.A., A.M. All authors have read and 
agreed to the published version of the manuscript.

Open access funding provided by ReZODeNo 
(impact research project) and the FARMS4CLIMATE 
Project under Grant Agreement No. 2111.

Conflict of Interest

The authors declare no conflicts of interest.

References

1.	 TANS P. Trends in atmospheric carbon dioxide—Global. 
NOAA/ESRL. Available online: http://www.esrl.noaa.gov/
gmd/ccgg/trends/, (2009.

2.	 FAN X., LI L., QUIN Y., GAO X. The pathway from 
carbon peak to carbon neutrality in major developed 
economies and its insights. Climate Change Research, 19 
(1), 102, 2023. 

3.	 QUANDT A., HENRY N., KAYLA G. Climate change 
adaptation through agroforestry: opportunities and gaps. 
Current Opinion in Environmental Sustainability, 60 (1-3), 
101244, 2023. 

4.	 ALBRECHT A., KANDJI S.T. Carbon sequestration in 
tropical agroforestry systems. Agriculture, Ecosystems 
and Environment, 60 (1-3), 15, 2003.

5.	 HAILE S.G., NAIR V.D., NAIR P.K.R. Contribution of 
trees to carbon storage in soils of silvopastoral systems in 
Florida, USA. Global Change Biology, 16 (1), 427, 2008.

6.	 MAKUNDI W., SATHAYE J. GHG Mitigation 
Potential and Cost in Tropical Forestry - Relative 
Role for Agroforestry. Environment, Development 
and Sustainability: A Multidisciplinary Approach to 
the Theory and Practice of Sustainable Development, 
Springer, 6 (1), 235, 2004.

7.	 IPCC. Guidelines for national greenhouse gas inventories. 
Intergovernmental Panel on Climate Change, Agriculture, 
Forestry and other land use (AFLOLU), Institute for 
Global Environmental strategies, Hayama, Japan, 2006. 

8.	 NAIR P.K.R., KUMAR B.M., NAIR V.D. Agroforestry 
as a strategy for carbon sequestration. Journal of Plant 
Nutrition and Soil Science, 172, 10, 2009.

9.	 SHARROW S.H., ISMAIL S. Carbon and nitrogen storage 
in agroforests, tree plantations, and pastures in western 
Oregon, USA. Agroforestry Systems, 60, 123, 2004.

10.	 TAKIMOTO A., NAIR P.K.R., NAIR V.D. Carbon 



Carbon Sequestration Capacity of Five... 13

stock and sequestration potential of traditional and 
improved agroforestry systems in the West African Sahel. 
Agriculture, Ecosystems and Environment, 125, 159, 
2008.

11.	 ZAHOOR S., DUTT V., MUGHAL A.H., PALA N.A., 
QAISAR K.N., KHAN P.A. Apple- based agroforestry 
systems for biomass production and carbon sequestration: 
implications for food security and climate change 
contemplates in temperate region of Northern Himalaya, 
India. Agroforestry Systems, 95, 367, 2021.

12.	ROSENSTOCK T.S., WILKES A., JALLO C., NAMOI 
N., BULUSU M., SUBER M., MBOI D., MULIA 
R., SIMELTON E., RICHARDS M., GURWICK N., 
WOLLENBERG E. Making trees count: measurement 
and reporting of agroforestry in UNFCCC national 
communications of non- Annex I countries. Agriculture, 
Ecosystems and Environment, 284, 106569, 2019.

13.	 IPCC. Carbon storage in North American agroforestry 
systems. In: The Potential of U.S. Forest Soils to Sequester 
Carbon and Mitigate the Greenhouse Effect, pp. 333-346, 
CRC Press, Boca Raton, USA, 2006.

14.	 HAJ-AMOR Z., TESFAY A., SALEM. Agroforestry 
as a tool for climate change mitigation and agriculture 
sustainability: Experiences from Africa. In: Agroforestry 
for Carbon and Ecosystem Management, pp 245-256, 
Elsevier, 2024.

15.	 ELHADDAD F., GONZÁLEZ J.A.C, ABDELHAMID 
S., GARCIA-RUIZ R., CHEHAB H. Alternative cover 
crops and soil management practices modified the 
macronutrients, enzymes activities, and soil microbial 
diversity of rainfed Olive Orchards (cv. Chetoui) under 
mediterranean conditions in Tunisia. Sustainability, 16, 
5329, 2014.

16.	 BRAHIM N., KARBOUT., DHAOUADI L., BOUAJILA 
A. Global Landscape of Organic Carbon and Total 
Nitrogen in the Soils of Oasis Ecosystems in Southern 
Tunisia. Agronomy, 11, 1903, 2021.

17.	 MÁRQUEZ-GUERRERO S.Y., FIGUEROA-
VIRAMONTES U., ZEGBE-GUERRERO J.A., 
ARREOLA-ÁVILA J.G., CUETO-WONG J.A., TREJO-
CALZADA R. Concentración foliar de nutrientes y 
biomasa seca de plantas de higo modificadas por la 
aplicación de NPK: Un estudio preliminar. Asian Journal 
of Agricultural and Horticultural Research, 7, 30, 2020.

18.	 BISI B.R., LOCATELL G., DE ALCANTARA B., PIO 
R., BALBI V. Enraizamiento de segmentos de tallos de 
cultivares de higuera. Acta Scientiarum Agronomy, 38, 
379, 2016.

19.	 MARTINEZ-MACIAS K.J., MARQUEZ-GUERRERO 
S.Y., MARTINEZ-SIFUENTES A.R., SEGURA-
CASTRUITA M.Á. Habitat Suitability of Fig (Ficus 
carica L.) in Mexico under Current and Future Climates. 
Agriculture, 12, 1816, 2022.

20.	ALMIRALL E., LEE M., WAREHAM J. Mapping 
living labs in the landscape of innovation methodologies. 
Technology Innovation Management Review, 2 (9), 12, 
2012.

21.	 EC ENoLL. European Network of Living Labs (ENoLL). 
2015.

22.	RAVINDRANATH N.H., OSTWALD M. Carbon 
inventory methods handbook for greenhouse gas 
inventory, carbon mitigation and round wood production 
projects. Springer, 2008.

23.	TETEMKE B.A., BIRHANE E., RANNESTAD M.M., 
EID T. Allometric models for predicting aboveground 
biomass of trees in the dry afromontane forests of 

Northern Ethiopia. Forests, 10, 1114, 2019.
24.	IPCC guidelines for national greenhouse gas inventories. 

Volume: 4 - Agriculture, Forestry and other Land Use. (eds 
Eggleston, S. et al.) Institute for Global Environmental 
Strategies, Japan, 129, 25, 2006. 

25.	RAGHUBANSHI A.S. Dynamics of soil biomass C, 
N, and P in a dry tropical forest in India. Biology and 
Fertility of Soils, 12, 55, 1991.

26.	SINGH B., DWIVEDI S. Horticulture-based agroforestry 
systems for improved environmental quality and 
nutritional security in Indian temperate region. In: 
Agroforestry, Springer, Singapore, T.V. Dagar J. (ed.), pp 
245-261, 2018.

27.	 ZANNE A.E., LOPEZ-GONZALEZ G., COOMES 
D.A., ILIC J., JANSEN S., LEWIS S.L., MILLER R.B., 
SWENSON N.G., WIEMANN M.C., CHAVE J. Data 
from: Towards a worldwide wood economics spectrum. 
DRYAD, 2009.

28.	FAO. Forestry Department Website. Available on: http://
www.fao.org/docrep/w4095e/w4095e0c.htm, 1997.

29.	 CHAVE J., RÉJOU-MÉCHAIN M., BÚRQUEZ A., 
CHIDUMAYO E., COLGAN M.S., DELITTI W.B., 
DUQUE A., EID T., FEARNSIDE P.M. Improved 
allometric models to estimate the above ground biomass 
of tropical forests. Global Change Biology, 20, 3177, 2014.

30.	PATTERSON J. How can science policy help to deliver 
the global goals. Guard Science Policy Blog, 10, 17, 2015.

31.	 HE S., LUO Z., HUA M., WANG X., LI X., HE F., FAN 
H. Study on young rubber/Tainong NO. 16 pineapple 
intercropping pattern. Guangdong Agricultural Sciences, 
13, 16, 2012.

32.	PRAGASAN L.A. Assessment of carbon stock of tree 
vegetation in the Kolli Hill forest located in India. Applied 
Ecology and Environmental Research, 14 (2), 169, 2016. 

33.	 HOWARD J., HOYT S., ISENSEE K., TELSZEWSK M., 
PIDGEON E. Coastal blue carbon: Methods for assessing 
carbon stocks and emissions factors in mangroves, tidal 
salt marshes, and seagrasses. Conservation International, 
Inter-governmental Oceanographic Commission of 
UNESCO, International Union for Conservation of 
Nature, Arlington, Virginia, USA, 2014.  

34.	ITICHA B. Ecosystem carbon storage and partitioning in 
Chato Afromon-tane forest: its climate change mitigation 
and economic potential. International Journal of 
Environment, Agriculture and Biotechnology, 2 (4), 1785, 
2017.

35.	 SCHOENEBERGER M.M. Agroforestry: working trees 
for sequestering carbon on agricultural lands. Agroforestry 
System, 75 (1), 127, 2009. 

36.	SALEEM I., MUGLOO J.A., PALA N.A., BHAT G.M., 
MASOODI T.H., MUGHAL A.H., BABA A.A., MEHRAJ 
B. Biomass production, carbon stock and sequestration 
potential of prominent agroforestry systems in north-
western Himalaya, India. Frontiers in Forest Global 
Change, 6, 1192382, 2023. 

37.	 ORTIZ-CEBALLOS G.C., VARGAS-MENDOZA M., 
ORTIZ-CEBALLOS A.I., MENDOZA BRISEÑO M., 
ORTIZ-HERNÁNDEZ G. Aboveground carbon storage in 
coffee agroecosystems: the case of the Central Region of 
the State of Veracruz in Mexico. Agronomy, 10 (3), 382, 
2020.

38.	KONGSAGER R., NAPIER J., MERTZ O. The carbon 
sequestration potential of tree crop plantations. Mitigation 
and Adaptation Strategies for Global Change, 18 (8), 1197, 
2013.

39.	 FUNES I., MOLOWNY-HORAS R., SAVÉ R., DE 



Azizi-Gannouni Thouraya, et al.14

HERRALDE F., ARANDA X J.V. Carbon stocks and 
changes in biomass of Mediterranean woody crops over 
a six-year period in NE Spain. Agronomy for Sustainable 
Development, 42, 98, 2022.

40.	ZOMER R., NEUFELDT H., XU J. Global Tree Cover and 
Biomass Carbon on Agricultural Land: The contribution 
of agroforestry to global and national carbon budgets. 
Scientific Reports, 6, 29987, 2016. 

41.	 BRUNORIA E., ROBERTA F., BIASIA R. Sustainable 
viticulture: The carbon-sink function of the vineyard agro-
ecosystem. Agriculture, Ecosystems and Environment, 
223, 10, 2016. 

42.	IGLESIAS D.J., QUINONES A., FONT A., MARTINEZ-
ALCANTARA B., FORNER-GINER M.A., LEGAZ F., 
PRIMO-MILLO E. Carbon balance of citrus plantations in 
Eastern Spain. Agriculture, Ecosystems and Environment, 
171, 103, 2013.

43.	 QUIÑONES A., MARTINEZ-ALCANTARA B., FONT 
A., FORNER-GINER M.A., LEGAZ F., PRIMO-MILLO 
E., IGLESIAS D.J. Allometric models for estimating 
carbon fixation in citrus trees. Agronomy Journal, 105 (5), 
1355, 2013.

44.	MIRANDA C., SANTESTEBAN L.G., ESCALONA 
J.M., DE HERRALDE F., ARANDA X., NADAL 
M., INTRIGLIOLO D.S., CASTEL J.R., ROYO J.B., 
MEDRANO H. Allometric relationships for estimating 
vegetative and reproductive biomass in grapevine (Vitis 
vinifera L.). Australian Journal of Grape and Wine 
Reseach, 23 (3), 441, 2017. 

45.	 HONFY V., PÖDÖR Z., KESER U.Z., RÁSÓ J., ÁBRI 
T., BOROVICS A. The effect of tree spacing on yields 
of alley cropping systems—a case study from Hungary 
Veronika. Planning Theory, 12, 595, 2023. 

46.	DE NOTARIS C., ENGGROB E., OLESEN J., 
SØRENSEN P., RASMUSSE J. Faba bean productivity, 
yield stability and N2-fixation in long-term organic and 
conventional crop rotations. Field Crops Research, 295, 
108894, 2023.

47.	 TEMANI F., BOUAZIZ A., DAOUI K., WERY J., 
BARKAOUI K. Olive agroforestry can improve land 
productivity even under low water availability in the 
South Mediterranean. Agriculture, Ecosystems and 
Environment, 307, 107234, 2021. 

48.	TORRÚS-CASTILLO M., DOMOUSO P., HERRERA-
RODRÍGUEZ J.M., CALERO J., GARCÍA-RUIZ R. 
Aboveground Carbon Fixation and Nutrient Retention 
in Temporary Spontaneous Cover Crops in Olive Groves 
of Andalusia. Frontiers in Environmental Science, 10, 
868410, 2022.

49.	 RODRIGUES M.Â., DIMANDE P., PEREIRA E.L., 
FERREIRA I.Q., FREITAS S., CORREIA C.M., 
MOUTINHO-PEREIRA J., ARROBAS M. Earlymaturing 
annual legumes: An option for cover cropping in rainfed 
olive orchards. Nutrient Cycling in Agroecosystems, 103, 
153, 2015.

50.	ANITA K., SHAN D., RAM S., DEVIDEEN Y., ASHOK 
K., SANDEEP K., ABHISHEK R., GOURISHEK P. 
Legume-based inter-cropping to achieve the crop, soil, and 
environmental health security. In: Advances in Legumes 
for Sustainable Intensification. 2022.

51.	 PETRAKI A., KOUSTA A., GERAKARI M., 
ABRAHAM E., CHACCHALIS D. Weed competitive 
ability of faba bean (Vicia faba), pea (Pisum sativum), 

and vetch (Vicia sativa) crops under semi-arid conditions. 
Notulae Botanicae Horti Agrobotanici Cluj-Napoca, 53 
(1),14302, 2025.

52.	CHEHAB H., TEKAYA M., OUHIBI M., GOUIAA M., 
ZAKHAMA H., MAHJOUB Z., LAAMARI S., SFINA 
H., CHIHAOUI B., BOUJNAH D. Effects of compost, 
olive mill wastewater and legume cover cropson soil 
characteristics, tree performance and oil quality of olive 
trees cv. Chemlali grown under organic farming system. 
Scientia Horticulturae, 253, 163, 2019.

53.	 CHEHAB H., TEKAYA M., GOUIAA M., MAHJOUB 
Z., LAAMARI S., SFINA H., CHIHAOUI B., BOUJNAH 
D., MECHRI B. The use of legume and grass cover 
crops induced changes in ion accumulation, growth and 
physiological performance of young olive trees irrigated 
with high-salinity water. Scientia Horticulturae, 232, 170, 
2018.

54.	ORDÓÑEZ-FERNÁNDEZ R., DE TORRES M., 
MÁRQUEZ-GARCÍA J., MORENO-GARCÍA M., 
CARBONELL-BOJOLLO R.M. Legumes used as 
cover crops to reduce fertilization problems improving 
soil nitrate in an organic orchard. European Journal of 
Agronomy, 95, 1, 2018.

55.	 YANG Z.C., ZHAO N., HUANG F., LV Y.Z. Long-
term effects of different organic and inorganic fertilizer 
treatments on soil organic carbon sequestration and crop 
yields on the North China plain. Soil and Tillage Research, 
146, 47, 2015.

56.	YADAV A.K. Carbon sequestration: underexploited 
environmental benefits of Tarai agroforestry systems. 
Indian Journal of Soil Conservation, 38, 125, 2010.

57.	 CHAUHAN V.K., JOSHI A.K., DHOLTA V.K. 
Performance of maize (Zea maize L.) varieties under 
different spacings of poplar (Populus deltoids M.) in lower 
western Himalayas. Indian Forester, 134, 1603, 2008.

58.	CHAVAN S.B., DHILLON R.S., SIROHI C., 
KEERTHIKA A., KUMARI S., BHARADWAJ K.K. 
Enhancing farm income through boundary plantation 
of poplar (Populus deltoides): an economic analysis. 
Sustainability, 14, 8663, 2022.

59.	 POGGIO S.L. Structure of weed communities occurring 
in monoculture and intercropping of field pea and barley. 
Agriculture, Ecosystems and Environment, 109, 48, 2005. 

60.	BELLIDO P.J., LOPEZ L., LOPEZ-BELLIDO P., 
FERNANDEZ-GARCIA V., MUNOZ-ROMERO F.J., 
LOPEZ-B. Assessment of carbon sequestration and the 
carbon footprint in olive groves in Southern Spain. Carbon 
Management, 7, 161, 2016.

61.	 OFOSU E., BAZRGAR A., COLEMAN B. Soil organic 
carbon enhancement in diverse temperate riparian bufer 
systems in comparison with adjacent agricultural soils. 
Agroforestry System. 2021. 

62.	FENG H., SEKARAN U., WANG T., KUMAR S. On-
farm assessment of cover cropping effects on soil C and 
N pools, enzyme activities, and microbial community 
structure. Journal of Agricultural Science, 159, 216, 2021.

63.	SHAHARIAR S., PEAK D., 
SOOLANAYAKANAHALLY R. Impact of short-rotation 
willow as riparian land-use practice on soil organic carbon 
fractions and composition from two contiguous wetland 
systems in the prairie pothole region. Agroforest System. 
2021.


