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Abstract 

Enhancing our understanding of carbon (C) stock in diverse horticulture and fruit-based agroforestry systems 
has potential to provide farmers with supplementary advantages in terms of poverty alleviation and livelihood 
development which can significantly benefit C market initiatives like UN-REDD (reducing emissions from deforesta-
tion and forest degradation). Therefore, the current study aimed to assess the biomass accumulation, C storage 
and economic efficacy of seven agro-ecosystems, namely guava-based agri-horticulture system (AHS), mango-AHS, 
guava- pure orchard (PO), mango-PO, Indian gooseberry -PO, teak boundary plantation (TBP) and annual cropping 
system (ACS) under two different landscape positions viz., upland and lowland in the semi-arid region of Vindhyan 
ranges. The result indicated that mango-AHS accumulated significantly (p < 0.05) higher biomass (26.01 t  ha−1) 
and vegetation C density (13.01 t C  ha−1) whereas, soil (35.23 t C  ha−1), litter (0.64 t C  ha−1), and total C density (46.63 t 
C  ha−1) was maximum under mango-PO closely followed by mango-AHS. The guava-PO system exhibited significantly 
(p < 0.05) higher C sequestration (2.11 t C  ha−1  yr−1), and  CO2 abatement (7.76 t  CO2  ha−1  yr−1) rate compared to other 
systems with C credit generation of 129.76 US$  ha−1  year−1. However, mango-AHS was the most lucrative system pro-
viding net returns of 4835.48 US$  ha−1  yr−1 and 5.87 benefit–cost ratio. The C credits help in getting farmers an addi-
tional income; however, the economic impact of C credit was low (1.16–6.80%) when weighed against the overall 
economic efficacy of the different systems. Overall, the study concluded that farmers in the region should adopt 
fruit-based systems, especially agroforestry systems to establish mutually beneficial relationships between mitigation 
of climate change and livelihood stability.

Highlights 

• Fruit based systems can sequestrate up to 2.11 t carbon per hectare per year.

• Tree-based perennial systems were about five times more lucrative than annual cropping system.

• Tree-based systems can earn an additional 7 % of total revenue via carbon credits.
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Graphical Abstract

1 Introduction
Internationally, global warming and climate change 
have emerged as major challenges impinging upon 
the sustainability of the agro-ecosystems (Bhardwaj 
et  al. 2021), especially with adverse impact on farm 
productivity (Reppin et  al. 2020). The mean global air 
temperature has already increased 1.53°C from the pre-
industrial period (IPCC 2019) and is expected to climb 
1.4 – 5.8°C by 2100 (Cubasch et  al. 2013). Simultane-
ously, world’s population is increasing rapidly, and it 
is anticipated to reach 9.7 billion by 2050 (UN 2015), 
which is 34% higher than the current population; that is 
affecting people’s food and livelihood security (Sharma 
et al. 2023). In India, wherein over 70% of the popula-
tion resides in rural areas and sustains their livelihood 
through agricultural activities (Adhikari et  al. 2020), 
climate change increases vulnerability among small and 
medium marginal land-holding farmers (Kumara et al. 
2023).

Under above-said context, it becomes imperative 
to embrace nature-based farming systems, especially 
emphasizing agroforestry systems (AFS) which incorpo-
rate perennial trees on farmlands. AFS are implemented 
with the primary objective of achieving economic 

benefits to meet the growing demands of the country 
and the livelihood requirements of rural communities 
(Adhikari et al. 2020). Moreover, agroforestry (AF) also 
performs an important part in alleviating and adopt-
ing the detrimental effect of climate change because of 
its capacity to hold enormous quantities of carbon (C) 
over long periods (Panwar et al. 2022). It is noteworthy, 
AF comprehends a wide range of practices extending 
from simple systems such as improved fallows in shift-
ing cultivation and silvopastoral to complex agrofor-
ests, namely alley cropping and home gardens practiced 
throughout the globe from Arctic to south temperate 
regions (Sharma et  al. 2023). Globally, over 20% of the 
population (1.2 billion) rely on the diversified ecosys-
tem services offered by AFS, especially in developing 
nations (Watson et al. 2000) with a C abatement poten-
tial of 1.1–2.2 Pg C in the coming five decades (Solo-
mon et al. 2007). Furthermore, AF is also recognized as 
a highly effective and cost-efficient approach to tackle 
concerns such as changing climate, degradation of land, 
food security, pollution and to prevent environmental 
damage in accordance with Kyoto Protocol and several 
international accords (Chavan et  al. 2022). In recogni-
tion of pivotal importance of agroforestry, India adopted 
National Agroforestry Policy 2014, with the specific 
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objective of propelling the widespread dissemination 
of agroforestry practices. Simultaneously, as a part of 
its nationally determined contribution to the Paris Cli-
mate Agreement, Indian Government has committed to 
sequestrate an additional 2.5  - 3.0 ×  109 t  CO2 equiva-
lent (eq) by 2030, which can only be accomplished by 
integrating trees on farmlands (Panwar et  al. 2022). 
Moreover, under Kyoto protocol (Clean Development 
Mechanisms), C stored in AFS which have recently been 
sequestrated alongside agricultural systems, are recog-
nized and eligible for sale to industrialized countries as a 
means to mitigate their C emission while drive is also on 
to include soil C as well (Lal 2004; Zahoor et al. 2021). 
Thus, gaining a comprehensive understanding of ability 
of AFS and orchards to store C offers advantages to the 
farmers in terms of poverty alleviation and livelihood 
enhancement through the C market initiatives, like 
 REDD+ (Naik et al. 2021). REDD is basically an abbre-
viation for “reducing emissions from deforestation and 
forest degradation”, followed by “plus” referring to “the 
role of conservation, sustainable management of forests 
and enhancement of forest carbon stocks in developing 
countries”. In fact, the main goal of  REDD+ programme, 
which is a component of the United Nations Frame-
work Convention on Climate Change, is to undertake 
national government initiatives to reduce human pres-
sure on forests that result in greenhouse gas emissions 
at the national level. Therefore, many initiatives have a 
growing global focus on AF, primarily driven by the rec-
ognition of AF’s importance in addressing changing cli-
mate through adaptation and mitigation strategies (Jose 
and Bardhan 2012).

Hence, AF practices, especially fruit-based AFS, have 
been widely embraced by resource-constrained farmers 
in various regions of the country due to their high market 
value and nutritional significance (Zahoor et  al. 2021); 
moreover, it also provides sustainability within agro-
ecosystems (Adhikari et al. 2020; Sharma et al. 2022). It 
is important to mention that the efficiency of biomass 
production and C sequestration varies across the differ-
ent AFS. This variability in the biomass accumulation/ C 
sequestration potential of AFS is associated with numer-
ous factors, such as plant attributes (plant species, tree 
density alley crops, and age), climatic variability and sys-
tem properties (structure, functions, and management) 
(Adhikari et  al. 2020). In the past, various studies have 
assessed the biomass accumulation and C storage capac-
ity of the AFS but is limited to the commercial important 
trees species such as Populus deltoides and Eucalyptus 
sp. (Chauhan et al. 2010; Chavan et al. 2023; Dhyan et al. 
2016) or fruit-based systems, particularly limited to the 
Himalayan (Rajput et al. 2015, 2017; Zahoor et al. 2021) 
or tropical region (Das et al. 2022; Ganeshamurthy et al. 

2020, 2019). Thus, a paucity of information exists con-
cerning the potential for biomass production, C storage, 
and economic efficiency of fruit-based AFS, especially 
in Indo-Gangetic plains. Moreover, Baah-Acheamfour 
et al. (2016) have stressed on conducting further research 
to validate patterns across different geographical areas, 
determine the potential for growth of alternative food 
systems at a regional level, and evaluate their sustainabil-
ity and the potential abatement of greenhouse gas (GHG) 
emissions on a regional or national scale, since, a more 
comprehensive evaluation of the overall C stocks and 
economic valuation in AF land use systems necessitates 
the inclusion of national explicit assessments (Goswami 
et al. 2016; Zahoor et al. 2021). Simultaneously, it is cru-
cial to assess the precise C fluxes resulting from patterns 
of land use change to get a comprehensive understanding 
of the dynamics and patterns of land use within a specific 
geographic area that may assist administrators and poli-
cymakers in preparing effective and strategic solutions 
for mitigating climate change.

Therefore, the current investigation aimed to evalu-
ate the biomass accumulation, C storage and sequestra-
tion rate, and economic efficacy of AFS in the Vindhyan 
region of Indo-Gangetic Plains, considering the facts 
described above. The study’s objectives were: (i) quan-
tification of biomass accumulation and C density under 
prevalent perennial tree-based systems in Vindhyan 
region agro-ecosystem, (ii) assessing the C sequestration 
and  CO2 abatement rate in prevalent perennial agro-eco-
system, and (iii) valuing the economic efficacy of the sys-
tem including the potential for C credit generation. The 
findings will have significant implications for policymak-
ers and farmers pertaining to selection and promotion of 
suitable AFS for C budgeting and generating income in 
Indo-Gangetic Plains.

2  Materials and methods
2.1  Experimental area
The investigation was conducted in RGS-Campus of 
Banaras Hindu University, Mirzapur, and the surround-
ing area situated at  250 5’—250 6’ N and  820 35’—820 
59’ E, at an elevation ranging from 81–360  m above 
mean sea level, within the middle Indo-Gangetic Plains 
(Fig.  1a). The study area falls within agro-climatic zone 
III A, which is classified as semi-arid eastern plain zone, 
characterized by inconsistent precipitation and low soil 
quality. The regional climate is characterized by semi-
arid to sub-humid, and the hottest months were May and 
June (31.08–36.05 °C), whereas the coldest months were 
December and January (13.8–18.6 °C). The monthly max-
imum relative humidity ranged from 90.20% to 94.68%, 
while the minimum ranged from 55.36% to 72.81%. The 
area received yearly precipitation of 1068.55  mm   yr−1, 
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with about 88% occurring between June and Septem-
ber. The average potential evapo-transpiration rate was 
6.45 mm  day−1 (Sharma et al. 2022).

2.2  Experiment details
The present study was conducted in a two-factor rand-
omized complete block design, each replicated threefold. 
The factor-I consists of seven distinct land use systems 
(Table 1a), encompassing two AFS, namely guava (Psid-
ium guajava L.)-based agri-horticulture systems (AHS) 
and mango (Mangifera indica L.)-based AHS; three 
pure orchard (PO) systems, viz., Indian gooseberry (IG) 
(Phyllanthus emblica L.), mango and guava; and one 
teak (Tectona grandis L.) boundary plantation (TBP) 
and annual cropping system (ACS) each. In guava and 
mango-AHS, the mungbean (Vigna radiata (L.) R. Wil-
czek, cv. Samrat) followed by wheat (Triticum aestivum 
L., cv. HD 2967) were cultivated as an annual alley crop. 
Similarly, in ACS, the mungbean (cv. Samrat) fb wheat 

(cv. HD 2967) crops were grown. Guava in AHS and PO 
systems was spaced at 7 m × 7 m and 6 m × 6 m, respec-
tively; whereas, mango in PO and AHS was spaced at 
9 m × 9 m, and 10 m × 10 m spacing, respectively. IG-PO 
was also spaced at 10 m × 10 m. However, in TBP, across 
the bunds of rice [Oryza sativa cv. BPT 5204 (samba 
mansuri)] – wheat (cv. HD 2967) field, teak trees were 
planted in two rows at 2.5 m × 2.5 m spacing. The aver-
age age of guava-AHS and guava-PO was approximately 
seven years, while the mango-AHS, mango-PO, IG-PO, 
and TBP were about 12 years old. The factor-II consists 
of two landscape positions, namely upland and lowland.

2.3  Observation
2.3.1  Tree biomass
The present study undertook biomass estimation 
through a systematic approach involving laying down 
plots of 50 m × 10 m. All of the trees inside the speci-
fied plot were enumerated, followed by measurement 
of diameter [at breast height (dbh)], and height meas-
urements  were performed using calipers and Ravi’s 
multimeter, respectively. For those species, where the 
volume equation was unavailable, the form factor was 
determined utilizing Spiegel Relaskope to estimate the 
volume of tree (Bitlerlich 1984; Pressler 1895) with 
values of specific gravity obtained from the extant lit-
erature sources. In cases where specific gravity values 
were unavailable, cores of the stem were collected to 
ascertain the specific gravity that was subsequently 
utilized to calculate stem biomass using maximum 
moisture method (Smith 1954). The biomass for guava, 
mango, IG and teak trees was determined using equa-
tion developed by Brown (1997).

where, Y = Above − ground biomass (AGB, kg); dbh in 
cm

Y = exp −1.996+ 2.32× ln(dbh)

Fig. 1 Map of the (a) study area and (b) sampling plot design

Table 1 Structures and composition of prevalent cropping systems in semi-arid region of Vindhyan range

fb followed by

Major systems Tree/crop combination Abbreviation Spacing No. of 
trees 
 (ha−1)

Age of woody 
perennial 
(years)Woody 

perennials 
(m)

Intercrops (cm)

Agri- horticulture systems (AHS) Guava + Mungbean fb wheat Guava-AHS 7 × 7 30 × 10 & 22.5 × 5 205 7

Mango + Mungbean fb wheat Mango-AHS 10 × 10 22.5 × 5 100 12

Pure orchard (PO) Guava Guava-PO 6 × 6 - 277 7

Mango Mango-PO 9 × 9 - 123 12

Indian gooseberry (IG) IG-PO 10 × 10 - 100 12

Boundary plantation Teak + Rice fb wheat TBP 2.5 × 2.5 20 × 10 & 22.5 × 5 80 12

Annual cropping system (ACS) Mungbean fb Wheat ACP - 30 × 10 & 22.5 × 5 - -
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To calculate below ground biomass (BGB) of trees, 
AGB was  multiplied by subsequent root−shoot ratio 
(Mokany et  al.2006). The total tree biomass was ascer-
tained by adding AGB and BGB.

2.3.2  Agricultural crop biomass
To estimate herbage biomass (including annual crop 
plus weeds) under AHS and ACS, the herbage samples 
were collected at the physiological maturity of the crop 
and biomass was ascertained according to methodology 
described by Verma et al. (2023c) utilizing quadrat of size 
1 m × 1 m placed at five randomly selected spots in main 
plot (Fig. 1b).

2.3.3  Litter biomass
The litter biomass (t  ha−1) in each land use system was 
determined through litter traps (1 m × 1 m size) made of 
nylon netting (1  mm diameter mesh), positioned about 
one meter above the ground under the canopy of five 
randomly selected trees  (Fig.  1b). The litter collected 
from the traps was subsequently subjected to an oven 
drying process at 60°C, until a state of consistent weight 
was attained to calculate the litter biomass.

2.3.4  Carbon density and sequestration capacity
The vegetation C density (t C  ha−1) was determined by 
multiplying total biomass by 0.5 (conversion factor) (Pen-
man et  al. 2003), whereas, the litter C density was ascer-
tained by multiplying litter biomass by 0.37 (Woomer 
1993). The bulk density and soil organic carbon (SOC) were 
assessed using core sampler technique (Blake and Hartge 
1986) and modified Walkley and Black (1934) method, 
respectively, while soil C density (SCD) was calculated 
through approach outlined by Nelson and Sommers (1996).

The total C density (TCD) was estimated by adding car-
bon density of vegetation, soil and litter. The C seques-
tration rate was ascertained by calculating the difference 
between the C stock of the AHS or PO system and that of 
the adjoining ACS. This value was subsequently divided 
by the average age of the tree within the respective sys-
tems (Rogelj et al. 2015). The  CO2 abatement rate, on the 
other hand, was determined by multiplying a coefficient 
of 3.67 by the aforementioned rate of C sequestration 
(Pearson et al. 2007).

2.3.5  Carbon credits and system bio‑economics
One C credit was assigned to 1 t  CO2 eq mitigated in the 
form of plant biomass. Consequently,  CO2 abatement 
rates of retained biomass  (ha−1   yr−1) in the correspond-
ing systems were used to determine the C credit in a par-
ticular land use system considering price of one C credit 
as US$ 20. In order to calculate cost of cultivation, the 
study factored in the aggregate investment incurred in 

production, the value of land within the system, and the 
cultural management practices. Additionally, the biologi-
cal productivity was estimated by taking into account the 
marketable biomass of each functional unit across differ-
ent land use system which were taken into consideration 
for estimating the gross returns in US$  ha−1 basis. After 
computing all costs, these were subtracted from the gross 
returns (US$  ha−1) to obtain the net remunerative (US$ 
 ha−1) for each land use systems. Simultaneously, benefit–
cost ratio was determined by dividing the net returns by 
cost of cultivation.

2.4  Statistical analysis
Data pertaining to each parameter of the land use system 
under both landscape positions were acquired and ana-
lyzed in accordance with the methodology proposed by 
Gomez and Gomez (1984). The normality of variables 
under study was determined through Shapiro–Wilk test 
and Bartlett variance homogeneity test. Two way Analysis 
of Variance approach was used to evaluate the impact of 
the land use system and landscape position on C accumu-
lation, C credit and income generation, and subsequently, 
the F-test was conducted and the critical difference (CD) 
was determined at 5% significance level (p < 0.05) using R 
studio 2022.07.2 (2022) (with doebioresearch package). 
Microsoft Excel 2021 was utilized to prepare the graphi-
cal representations of the obtained data.

3  Results
3.1  Biomass accumulation
The results from the current investigation revealed that 
the land use systems significantly (p < 0.05) influenced 
the biomass production potential (Table  2). The sig-
nificant (p < 0.05) maximum AGB was recorded under 
mango-AHS (22.31 t  ha−1) followed by mango-PO (18.39 
t  ha−1) and IG-PO (14.62 t  ha−1), whereas minimum in 
ACS. The BGB varied significantly among the differ-
ent land use systems from 3.70 t  ha−1 (mango-AHS) to 
1.08 t  ha−1 (ACS). Similarly, the substantially highest 
total biomass was accumulated in mango-AHS (26.01 
t  ha−1) and followed the order  of mango-AHS > mango-
PO > TBP > IG-PO > guava-AHS > guava-PO > ACS. 
Moreover, the litter biomass was also significantly 
impacted by the land use systems. The highest litter bio-
mass was found in mango-PO (1.74 t  ha−1), followed 
by mango-AHS (1.43 t  ha−1) and IG-PO (1.15 t  ha−1) 
(Table  2). The landscape position also had a substantial 
(p < 0.05) effect on the biomass accumulation of various 
land use systems. The lowland areas have a higher bio-
mass accumulation, including AGB (15.04 t  ha−1), BGB 
(2.94 t  ha−1), total biomass (17.98 t  ha−1) and litter bio-
mass (0.98 t  ha−1) compared to the upland areas. The 
interaction of land use systems × landscape position also 
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significantly influenced biomass production. The maxi-
mum AGB (23.63 t  ha−1), BGB (3.93 t  ha−1), and total 
biomass (27.56 t  ha−1) were recorded under the mango-
AFS × lowland areas, whereas the highest litter biomass 
(1.78 t  ha−1) was observed under the mango-PO × low-
land areas (Fig. 2).

3.2  Carbon density
The C density was also observed to vary substantially 
(p < 0.05) across diverse components of land use systems. 
The maximum vegetation C density was observed under 

mango-AHS (13.01 t C  ha−1) followed by mango-PO and 
TBP while lowest in ACS (3.67 t C  ha−1) (Table 3). Con-
versely, the highest SOC was recorded under the mango-
PO (0.89%), subsequently leading to the maximum SCD 
under the mango-PO (35.23 t C  ha−1) followed by mango-
AHS (30.82 t C  ha−1) and guava-PO (33.86 t C  ha−1). The 
minimum SOC and SCD were recorded under the ACS 
(21.37 and 0.46 t C  ha−1, respectively). Similarly, the con-
siderably (p < 0.05) higher litter biomass was accumulated 
in mango-PO (0.64 t C  ha−1), and followed the order of 
mango-PO > mango-AHS > ACS > IG-PO > guava-
AHS > guava-PO > TBP. The TCD differed considerably 
(p < 0.05) among diverse land use systems, with mango-
PO (46.63 t C  ha−1) having the maximum TCD, which 
was statistically identical to the mango-AHS, while the 
minimum was under ACS (25.42 t C  ha−1) (Table 3). The 
interaction of land use systems × landscape position also 
had a significant influence on the C density. The highest 
vegetation C density (13.78 t C  ha−1) was recorded under 
mango-AFS × lowland areas, whereas the highest SCD 
(38.98 t C  ha−1), litter C density (0.66 t C  ha−1), and TCD 
(52.03 t C  ha−1) were recorded under mango-PO × low-
land areas (Fig. 3).

3.3  C sequestration and  CO2 mitigation rate
The diverse land use systems under consideration sub-
stantially (p < 0.05) affected the C sequestration rate and 
 CO2 abatement potential (Table  4). In the vegetation, 
the mango-AHS was found to be the most efficient for 
C sequestration (0.78 t C  ha−1  yr−1), and  CO2 abatement 
potential (2.86 t  CO2  ha−1   yr−1) followed by mango-PO, 
TBP, guava-AHS, and  IG-PO, and least efficient was 

Table 2 Effect of land use system and landscape position on biomass accumulation in semi-arid region of Vindhyan range

AHS Agri-horticulture system, PO Pure orchard, TBP Teak boundary plantations, ACS Annual cropping system, CD Critical difference. The values carrying different 
alphabetical superscripts (a,b,c,d,…) within the columns above, differ significantly amongst themselves (p < 0.05)

Treatments Biomass accumulation (t  ha−1)

Above-ground Below-ground Total Litter

Land use systems

 Guava-AHS 11.43 ± 1.42d 2.95 ± 0.39bc 14.38 ± 1.81d 0.41 ± 0.21d

 Mango-AHS 22.31 ± 2.43a 3.70 ± 0.41a 26.01 ± 2.84a 1.43 ± 0.19b

 Guava-PO 9.85 ± 0.76d 2.56 ± 0.20d 12.41 ± 0.96d 0.41 ± 0.06d

 Mango-PO 18.39 ± 2.41b 3.13 ± 0.41b 21.52 ± 2.82b 1.74 ± 0.17a

 Indian gooseberry-PO 14.62 ± 1.05c 2.63 ± 0.19 cd 17.25 ± 1.24c 1.15 ± 0.12c

 TBP 17.59 ± 1.59b 3.60 ± 0.28a 21.19 ± 1.83b 0.07 ± 0.02e

 ACS 6.25 ± 1.57e 1.08 ± 0.29e 7.33 ± 1.86e 1.04 ± 0.32c

 CD (p < 0.05) 1.79 0.32 2.10 0.14

Landscape position

 Lowland area 15.04 ± 5.85a 2.94 ± 0.94a 17.98 ± 6.69a 0.98 ± 0.62a

 Upland area 13.66 ± 5.03b 2.68 ± 0.81b 16.34 ± 5.75b 0.81 ± 0.58b

 CD (p < 0.05) 0.96 0.17 1.12 0.08

Fig. 2 Interaction effect of land use system and landscape position 
on the biomass accumulation. Here, (a) above ground biomass; 
(b) belowground biomass; (c) total biomass; (d) litter biomass. 
AHS = Agri-horticulture system; PO = Pure orchard; TBP = Teak 
boundary plantations; IG = Indian Gooseberry; ACS = Annual cropping 
system. The values carrying different alphabetical superscripts 
(a,b,c,d.,…) above  the bars, differ significantly amongst themselves 
(p < 0.05)
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guava-PO. Similarly, in soil, a considerably (p < 0.05) 
higher C sequestration rate (1.78 t C  ha−1   yr−1), and 
 CO2 abatement potential (6.55 t  CO2  ha−1   yr−1) were 
recorded in guava-PO system; statistically similar with 
mango-PO followed by guava-AHS, mango-AHS and 
IG-PO and lowest in TBP (0.31 t C  ha−1   yr−1 and 1.15 t 
 CO2  ha−1   yr−1). Moreover, the guava-PO exhibited the 
highest potential for the total C sequestration (1.16 t C 
 ha−1   yr−1), and  CO2 mitigation potential (7.76 t  CO2 
 ha−1   yr−1). However, remained statistically identical to 

mango-PO, mango-AHS and guava-AHS were  followed 
by IG-PO and had the lowest potential in TBP (0.86 t C 
 ha−1  yr−1 and 3.16 t  CO2  ha−1  yr−1). Apart from the vari-
ous land use systems, the landscape position has a sub-
stantial (p < 0.05) influence on C sequestration, and  CO2 
abatement potential in vegetation and total (including 
soil + vegetation), while having a non-significant influ-
ence in soil (Table 4). Remarkably, the lowland areas have 
a higher rate of vegetation (0.59 t C  ha−1  yr−1), and total 
C sequestration (1.68 t  ha−1  yr−1) compared to the upland 
areas. The  CO2 abatement potential also follows a similar 
trend with higher  CO2 mitigation potential in lowland 
areas. The interaction of land use systems × landscape 
position also significantly impacted the C sequestra-
tion rate and  CO2 abatement capacity. The considerably 
(p < 0.05) higher vegetation C sequestration rate (13.78 
t C  ha−1   yr−1) and  CO2 abatement capacity (2.86 t  CO2 
 ha−1   yr−1) were recorded under the mango-AFS × low-
land areas. Conversely, the maximum soil and total C 
sequestration rate and  CO2 abatement potential were 
recorded under the guava-AHS × lowland areas (Fig. 4).

3.4  Carbon credits and economics
The potential of land use systems incorporating peren-
nial components, specifically trees, was evaluated to 
determine their capacity for generating supplemen-
tary income via C credits. The results indicated that the 
guava-PO had provided significantly (p < 0.05) higher C 
credit (155.18 US$  ha−1  year−1) (Table 5); however statis-
tically (p < 0.05) identical to the mango-PO (129.76 US$ 
 ha−1   year−1), mango-AHS (115.86 US$  ha−1   year−1) and 

Table 3 Effect of land use system and landscape position on carbon density and soil organic carbon in semi-arid region of Vindhyan 
range

AHS Agri-horticulture system, PO Pure orchard, TBP Teak boundary plantations, ACS Annual cropping system, CD Critical difference, SCD Soil carbon density, SOC Soil 
organic carbon. The values carrying different alphabetical superscripts (a,b,c,d,…) within the columns above, differ significantly amongst themselves (p < 0.05)

Treatments Carbon density (t C  ha−1) SOC (%) (0–30 cm)

Vegetation SCD Litter Total

Land use systems

 Guava-AHS 7.19 ± 0.90d 28.99 ± 5.96 cd 0.15 ± 0.08d 36.34 ± 6.79bc 0.69 ± 0.16c

 Mango-AHS 13.01 ± 1.42a 30.82 ± 5.39bc 0.53 ± 0.07b 44.36 ± 6.07a 0.74 ± 0.15bc

 Guava-PO 6.21 ± 0.48d 33.86 ± 6.74ab 0.15 ± 0.02d 40.22 ± 6.86b 0.83 ± 0.19ab

 Mango-PO 10.76 ± 1.41b 35.23 ± 6.04a 0.64 ± 0.06a 46.63 ± 7.12a 0.89 ± 0.18a

 Indian gooseberry-PO 8.63 ± 0.62c 28.93 ± 4.37 cd 0.43 ± 0.04c 37.98 ± 4.80bc 0.68 ± 0.11c

 TBP 10.60 ± 0.91b 25.13 ± 5.52de 0.03 ± 0.01e 35.75 ± 5.87c 0.57 ± 0.14d

 ACS 3.67 ± 0.93e 21.37 ± 4.38e 0.39 ± 0.12c 25.42 ± 4.40d 0.46 ± 0.11e

 CD (p = 0.05) 1.05 4.03 0.05 4.11 0.11

Landscape position

 Lowland area 8.99 ± 3.35a 31.89 ± 6.50a 0.36 ± 0.23a 41.24 ± 8.40a 0.77 ± 0.20a

 Upland area 8.17 ± 2.87b 26.49 ± 6.15b 0.30 ± 0.21b 34.96 ± 7.68b 0.62 ± 0.17b

 CD (p = 0.05) 0.56 2.15 0.03 2.17 0.06

Fig. 3 Interaction effect of land use system and landscape position 
on the carbon storage. Here, (a) vegetation carbon density; (b) Soil 
carbon density; (c) litter carbon density; (d) total carbon density. 
AHS = Agri-horticulture system; PO = Pure orchard; TBP = Teak 
boundary plantations; IG = Indian gooseberry; ACS = Annual cropping 
system. The values carrying different alphabetical superscripts 
(a,b,c,d.,…) above the bars, differ significantly amongst themselves 
(p < 0.05)
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guava-AHS (114.48 US$  ha−1  year−1) while TBP provided 
the lowest C credit (63.22 US$  ha−1   year−1). The cost 
and return analysis revealed that significantly (p < 0.05) 
higher net returns were observed in the TBP (4984.86 

US$  ha−1   year−1) which was statistically at par with the 
mango-AHS (4835.48 US$  ha−1   year−1); however, the 
maximum benefit–cost ratio was recorded under mango-
AHS followed by mango-PO (5.21) and TBP (5.17) which 
was statistically at par with each other. The lowest net 
returns (800.23 US$  ha−1   year−1), and benefit–cost ratio 
(1.23) was observed in the ACS. Moreover, if the amount 
of C credit is included in the net returns, it can provide 
additional monetary benefit to the farmers. In this sce-
nario, the mango-PO still had the significantly highest 
benefit–cost ratio (6.01), with 2.39 per cent additional 
income. Similarly, the guava-PO recorded the maxi-
mum increment of 6.80 per cent while the minimum in 
the TBP (1.16%). Besides land use system, the landscape 
position also significantly influenced the C credit, with 
the lowland area having a higher potential to produce 
C credit (123.07 US$  ha−1   year−1) than the upland area 
(95.37 US$  ha−1  year−1). However, the landscape position 
did not significantly (p > 0.05) influence the economic 
parameters (Table 5).

4  Discussion
In the present day, estimating C content in global land-
scapes becomes crucial not only for determining global 
C cycle but also for playing a substantial role in efforts to 
mitigate climate change (Chavan et al. 2022). Similarly, in 
the current investigation, the different land use systems 
and landscape position significantly (p < 0.05) influence 
the biomass production, C sequestration and economic 
profitability.

Table 4 Variation in rate of carbon sequestration and  CO2 mitigation potential among different land use system at two landscape 
position in semi-arid region of Vindhyan range

AHS Agri-horticulture system, PO Pure orchard, TBP Teak boundary plantations, ACS Annual cropping system, CD Critical difference, NS Non-significant. The values 
carrying different alphabetical superscripts (a,b,c,d,…) within the columns above, differ significantly amongst themselves (p < 0.05)

Treatments C sequestration rate (t C  ha−1  year−1) CO2 mitigation potential

Vegetation Soil Total Vegetation Soil Total

Land use systems

 Guava-AHS 0.50 ± 0.17 cd 1.09 ± 0.81b 1.56 ± 0.90ab 1.85 ± 0.63 cd 4.00 ± 2.98b 5.72 ± 3.30ab

 Mango-AHS 0.78 ± 0.08a 0.79 ± 0.39bc 1.58 ± 0.42ab 2.86 ± 0.30a 2.89 ± 1.44bc 5.79 ± 1.55ab

 Guava-PO 0.36 ± 0.08e 1.78 ± 0.88a 2.11 ± 0.90a 1.33 ± 0.29e 6.55 ± 3.24a 7.76 ± 3.30a

 Mango-PO 0.59 ± 0.19b 1.16 ± 0.51ab 1.77 ± 0.59a 2.17 ± 0.68b 4.24 ± 1.86ab 6.49 ± 2.18a

 Indian gooseberry-PO 0.41 ± 0.10de 0.63 ± 0.17bc 1.05 ± 0.16bc 1.52 ± 0.36de 2.31 ± 0.61bc 3.84 ± 0.57bc

 TBP 0.58 ± 0.12bc 0.31 ± 0.14c 0.86 ± 0.22c 2.12 ± 0.45bc 1.15 ± 0.51c 3.16 ± 0.80c

 CD (p = 0.05) 0.09 0.64 0.64 0.32 2.36 2.34

Landscape position

 Lowland area 0.59 ± 0.18a 1.11 ± 0.88 1.68 ± 0.90a 2.16 ± 0.67a 4.06 ± 3.24 6.15 ± 3.31a

 Upland area 0.49 ± 0.17b 0.82 ± 0.43 1.30 ± 0.38b 1.78 ± 0.63b 2.99 ± 1.60 4.77 ± 1.40b

 CD (p = 0.05) 0.05 NS 0.37 0.19 NS 1.35

Fig. 4 Interaction effect of land use system and landscape position 
on the carbon sequestration and  CO2 mitigation potential. Here, (a) 
vegetation carbon sequestration; (b) vegetation  CO2 mitigation; (c) 
soil carbon sequestration; (d) soil  CO2 mitigation; (e) total carbon 
sequestration; (f) total  CO2 mitigation. AHS = Agri-horticulture system; 
PO = Pure orchard; IG = Indian gooseberry; TBP = Teak boundary 
plantations. The values carrying different alphabetical superscripts 
(a,b,c,d.,…) above the bars, differ significantly amongst themselves 
(p < 0.05)
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4.1  Biomass accumulation
The potential for biomass production in vegetation is 
influenced by various driving factors, viz., tree species, 
productive capacity of the site, quality of the planting 
material, agronomic management practices and density 
(Newaj et al. 2016; Yadav et al. 2019). In the current study, 
enhanced biomass accumulation in mango-based systems 
(mango-AHS followed by mango-PO) could be ascribed 
to the inherent characteristics of trees (large tree crown 
and evergreen nature), uninhibited growth and unman-
aged canopies (no training and pruning). Concurrently, 
the mango trees exhibit greater age and larger size due to 
their genetic composition, resulting in a more significant 
biomass accumulation than guava-based systems (such as 
AHS and PO), since the pace at which a tree accumulates 
biomass is influenced by both its size and age, consistent 
with metabolic scaling theory. This theory suggests that 
tree mass development rate should exhibit a constant rise 
in conjunction with tree age and size (Cyamweshi et  al. 
2021; Enquist et al. 1999). Therefore, in the current inves-
tigation, the subsequent trend was as  followed: Mango-
based systems (age 12  years) > TBP (12  years) > IG-PO 
(12  years) > guava-based systems (7  years) > ACS. The 
discrepancy in accumulation between mango-based sys-
tems and TBP may be attributed to the disparity in sys-
tem density.

The higher biomass accumulation observed in TBP, in 
contrast to IG systems, can be attributed to the supe-
rior growth rate exhibited by teak trees compared to IG 
(Newaj et al. 2016). Our results are consistent with other 
studies carried out in the different parts of India, which 

reveal that 12-years-old mango-based AFS had a biomass 
production potential of 55.1 t  ha−1 in the Indian sub-
Himalayas (Rathore et al. 2021), whereas, 2–10 years-old 
guava-PO systems (275 tree  ha−1) under hot and sub-
humid climate had a lower biomass production potential 
(0.54–9.26 t  ha−1) (Naik et al. 2021). In semi-arid part of 
the Vindhyan region, the agriculture systems were found 
to have biomass accumulation of 9.39–12.24 t  ha−1, fol-
lowed by guava-AHS (21.68 t  ha−1) and teak based forest 
( 75.82 t  ha−1) (Roy et al. 2022). According to Toppo et al. 
(2021), the teak based AFS in humid subtropical climate 
have a potential to accumulate biomass in the range of 
21.62–29.14 t  ha−1   year−1. Newaj et  al. (2016) observed 
that 15  years-old IG-based AFS with 100 trees  ha−1 in 
Central India (semi-arid region) exhibited a biomass pro-
duction of 14.99 t  ha−1. Similarly, Wankhede et al. (2018), 
also found that 12–14 years-old IG-PO having a density 
of 173–300 trees  ha−1 in a semi-arid region has a biomass 
production potential ranging from 13.96–24.18 t  ha−1 in 
comparison to 17.25 t  ha−1 found in current study. On 
the contrary, in 8 year old IG based AFS of north western 
Himalayas, Bhatia et  al. (2022) reported comparatively 
higher biomass was reported (62.60–73.71 t  ha−1) com-
pared to total biomass of IG-PO in present investigation.

Furthermore, higher accumulation of biomass in the 
AFS, particularly the mango-AHS, compared to the 
mango-PO, may be attributed to the synergetic influence 
of the various components in the AFS. Nevertheless, the 
PO systems (guava and mango) exhibit a relatively higher 
density when compared to the AHS; thus, the trees grown 
in AFS have better space for growth and development. 

Table 5 Variation in bio-economics among different land use systems at two landscape position in semi-arid region of Vindhyan 
range

AHS Agri-horticulture system, PO Pure orchard, TBP Teak boundary plantations, ACS Annual cropping system, CD Critical difference, NS Non-significant. The values 
carrying different alphabetical superscripts (a,b,c,d,…) within the columns above, differ significantly amongst themselves (p < 0.05)

Treatments Bio-economics (US$  ha−1  year−1) Benefit cost ratio Benefit cost ratio 
including carbon 
creditCost of cultivation Gross returns Net returns Carbon credit

Land use systems (L)

 Guava-AHS 671.75 3585.53 ± 205.72c 2913.78 ± 205.72c 114.48 ± 66.03ab 4.34 ± 0.31c 4.51 ± 0.35c

 Mango-AHS 823.39 5658.87 ± 382.43a 4835.48 ± 382.43a 115.86 ± 30.92ab 5.87 ± 0.46a 6.01 ± 0.49a

 Guava-PO 653.11 2857.50 ± 163.92d 2204.39 ± 163.92d 155.18 ± 66.04a 3.38 ± 0.25d 3.61 ± 0.27d

 Mango-PO 731.40 4543.19 ± 328.07b 3811.79 ± 328.07b 129.76 ± 43.61a 5.21 ± 0.45b 5.40 ± 0.48b

 Indian gooseberry-PO 593.47 3057.69 ± 172.54d 2464.22 ± 172.54d 76.84 ± 11.41bc 4.15 ± 0.29c 4.28 ± 0.28c

 TBP 964.69 5949.56 ± 440.78a 4984.86 ± 440.78a 63.22 ± 16.00c 5.17 ± 0.46b 5.23 ± 0.46b

 ACS 652.10 1452.33 ± 147.62e 800.23 ± 147.62e - 1.23 ± 0.23e 1.23 ± 0.23e

 CD (p = 0.05) - 312.56 312.56 46.84 0.39 0.40

Landscape position (A)

 Lowland area 727.13 3892.00 ± 1565.14 3128.44 ± 1465.44 123.07 ± 66.11a 4.17 ± 1.51 4.31 ± 1.56

 Upland area 727.13 3902.68 ± 1539.04 3161.49 ± 1438.84 95.37 ± 27.91b 4.22 ± 1.49 4.33 ± 1.52

 CD (p = 0.05) - NS NS 27.04 NS NS
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Simultaneously, the interstitial spaces among the rows of 
trees were effectively utilized to cultivate the agricultural 
crops, leading to better resource exploitation and sig-
nificantly contributing to biomass buildup (Rajput et  al. 
2015, 2017). Contrary to present investigation, Swamy 
and Puri (2005) reported that the Gmelina arborea based 
plantation ecosystem (21.7 t  ha−1) has higher total bio-
mass accumulation potential compared to Gmelina 
arborea-based agrisilviculture systems (14.1 t  ha−1) in 
Central India, owing to lower growth and development 
in the AFS due to competition. Simultaneously, the maxi-
mum BGB in the mango-AHS attributed to the presence 
of large-sized trees in AF was associated with a more 
extensive tap root and lateral root system, which leads 
to a more significant amount of BGB and, subsequently, 
enhanced input of SOC obtained from the roots (Zhuang 
et al. 2015).

Moreover, litter has a crucial role in conversion of 
organic matter from plants to soil and release of nutrients 
throughout the litter decomposition process (Bhardwaj 
et  al. 2023) beside a driving force that influences mac-
rofaunal populations. In the current investigation, there 
was marked variation in the litter biomass production 
among the different systems, with mango-based systems 
having higher litter biomass production than other sys-
tems, mainly owing to the larger canopy of the mango 
trees leading to higher litter fall and comparably lower 
rate of litter decomposition. Notably, the litter biomass 
is contingent upon the amount of litter that falls, and 
litterfall production has been seen to exhibit tempo-
ral and spatial fluctuations, which are controlled by tree 
growth and various natural and anthropogenic factors 
(Verma et  al. 2022). Previous studies showed that the 
litter fall produced annually in 11-year-old teak planta-
tion (Jha 2010) and 12-year-old mango orchard (6 × 3 m) 
amounted to 5.7 t  ha−1 and 3.52–7.61 t  ha−1 (Murovhi 
et al. 2012), respectively, however, Ganeshamurthy et al. 
(2019) indicated that the mango orchards in India have 
litter biomass production of about 1.42 t  ha−1 which 
is similar to the finding of current investigation. Aside 
from differing land use regimes, landscape position sub-
stantially impacts biomass production. Higher biomass 
output in lowland regions was primarily attributable to 
superior growing circumstances, including improved soil 
fertility and organic matter (Sharma et al. 2022).

4.2  Carbon density and sequestration
The C storage potential in the different agro-ecosys-
tems is closely related to the quantity of biomass in 
various components in vegetation. However, C density 
and sequestration capacity of AF was subject to vari-
ation based on factors such as meteorological condi-
tions (mainly the variation in the lowland and upland 

landscape position in the current investigation), tree age 
and management within the landscape (Marone et  al. 
2017; Montagnini and Nair 2004), historical land use, site 
quality and tree species (Dhyani et al. 2016). In the cur-
rent study, the mango-AHS had higher vegetation C den-
sity while the mango-PO had maximum total C density 
mainly attributed to tree density, morphological traits 
and productivity of the agricultural crops. Since, Kuyah 
et al. (2014) also demonstrate that the choice of tree spe-
cies significantly influences C storage, as it imposes a 
constraint on the upper limit of C sequestration achiev-
able under favorable circumstances. Moreover, the incor-
poration of trees and shrubs within an agro-ecosystem 
frequently results in favorable conditions and higher pro-
ductivity of AFS (Garima et al. 2021; Verma et al. 2023a, 
2023b), hence presenting prospects for the augmentation 
of C sequestration (Albrecht and Kandji 2003). Several 
studies have reported similar findings, indicating that 
larger trees possess an enhanced capacity to sequester 
C than smaller trees (Sheil et al. 2017; Stephenson et al. 
2014). Moreover, the lowest C density was recorded 
under ACS owing to two facts (i) after crop harvest whole 
biomass will be transported out of the system and (ii) 
the farmland remains devoid of crops signifying a pro-
longed period during which no biomass accumulation 
occurred in that area (Roy et al. 2022). Additionally, these 
outcomes closely align with previous findings of Saran-
gle et al. (2018), Rajput et al. (2015, 2017) and Yadav et al. 
(2015).

Furthermore, mango-PO were shown to have greater 
SCD in the current study, owing to increased litter and 
SOC and lower bulk density (Table S1; Fig. S1) compared 
to other systems. In a previous study conducted by Gupta 
and Sharma (2013), it was observed that the mango-PO 
had a greater SCD (50.70 t  ha−1), in comparison to the 
guava-PO (40.21 t  ha−1), which aligns with the findings 
of current investigation. On the contrary, in Southern 
Gujarat region, Parmar et  al. (2021) observed relatively 
higher vegetation C density (35.76 t  ha−1) in mango-AFS 
compared to values recorded (13.01 t  ha−1) in the present 
investigation. In the current study, the mango-PO system 
exhibited higher litter C density due to higher litter fall. 
However, variations in the C density of the soil surface 
layer among ecosystems can be attributed to disparities 
in the amount and quality of fallen leaves, the C content 
within the litter, and the processes of disintegration and 
degradation (Gera et al. 2011). Interestingly, the ACS has 
a significantly lower litter C density comparable to other 
systems being evaluated, except for TBP, which have the 
lowest litter C density. The observed phenomenon of low 
litter C density in the TBP may be explained by several 
factors, including the practice of heavy pruning in teak 
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trees to achieve a clear bole, farmer practice of burning of 
teak leaves (due to larger size) and increased likelihood of 
leaves being carried away by air currents.

The rate at which plants generate biomass has a direct 
impact on their capacity to effectively mitigate atmos-
pheric  CO2 levels. A greater biomass in tree components 
leads to increased  CO2 absorption and sequestration 
potential. The C sequestration rate also exhibited nota-
ble variations in both soil and vegetation, aligning with 
prior research findings. Specifically, the mango-AHS 
and guava-PO have the highest C sequestration and 
abatement capacity in vegetation and soil, respectively. 
Particularly, the level of C sequestration in the soil is sub-
stantial when a sufficient amount of litterfall is attributed 
to it on a yearly basis (Oelbermann and Voroney 2007). 
Nevertheless, the observed variations can be ascribed 
to the random deposition of leaf-litter as well as root 
turnover during the course of many years. However, the 
guava systems have the highest total C sequestration, 
 CO2 abatement and C credit generation potential, fol-
lowed by mango-based systems. Conversely, Shinde et al. 
(2015) observed that mango trees exhibit more biomass 
production and possess a better capacity for C stor-
age and sequestration when compared to guava trees. 
According to Ganeshamurthy et  al. (2019), mango-PO 
have a mean litter C density of 0.645 t  ha−1 and a SCD 
of 53.68 t  ha−1, with a total C density ranging from 91.20 
to 177.65 t  ha−1. The litter C density was comparable to 
the current analysis; however, the SCD and TCD were on 
the upper side compared to the current investigation. In 
their study, Wankhede et al. (2018) in an IG-PO located 
in a semi-arid environment observed a range of SCD val-
ues between 8.96 and 12.78 t  ha−1, with a TCD varying 
from 19.17–24.87 t  ha−1.  Newaj et  al. (2016) indicated 
that the IG-based AFS in semi-arid region of the country 
had C storage potential of 7.12 t C  ha−1 with C seques-
tration potential of 0.47 t C  ha−1   yr−1. Kaul et al. (2010) 
found that the teak trees exhibit 2 t C  ha−1   yr−1 rate of 
C sequestration rate, which is on a higher side than the 
present study. Numerous other scientific studies have 
indicated that the C sequestration potential of AF prac-
tices in India ranges from 0.29 to 15.21 Mg C  ha−1  year−1 
(Chavan et al. 2021).

5  Carbon credits and economics
Aside from biomass accumulation and C storage done 
by tree-based systems, economic feasibility also  plays 
a substantial role in determining adoption of specific 
land use systems within the region. In the current 
investigation, mango-AHS exhibited the maximum 
returns and benefit–cost ratio owing to the higher 
returns from the fruit crop and subsequent benefits 
from the agricultural crops. Likewise, Rathore et  al. 

(2013) observed that the mango-based AFS was shown 
to have more monetary advantages due to the mango 
trees’ sparse foliage, that allowed intercropping, lead-
ing to enhanced yields, especially in rainfed areas of the 
Western Himalaya. However, ACS provides the lowest 
returns owing to the dependency on only one compo-
nent, i.e., agriculture crops. Previous studies (Chan-
dana et  al. 2020; Garima et  al. 2021) have argued that 
the AFS has more economic feasibility due to the syn-
ergetic influence of different components on each other 
compared to the monocropping system.

Furthermore, the economic viability of C credits in 
relation to  CO2 mitigation has demonstrated a notable 
and anticipated positive impact, therefore warranting 
their recognition as supplementary sources of revenue. 
Nevertheless, the economic influence of C credit was 
rather little (1.16–6.80%) while looking at systems’ overall 
economic performance, besides the fact that we have not 
considered the cost associated with monitoring, report-
ing and verification procedure. In this regard, C revenue 
as a financial justification for changing current land use 
would be unappealing. Similar to the finding of the cur-
rent investigation, Goncalves et al. (2021) observed that 
coffee AFS exhibit substantial C sequestration; however, 
despite this positive aspect, the economic impact of C 
sequestration does not sufficiently incentivize the adop-
tion of these systems primarily attributed to the low rev-
enue generated from C credits. Similarly, Roy et al. (2022) 
demonstrated that the different land use systems includ-
ing agriculture, AFS and teak based forest system of 
semi-arid region of Vindhyan ranges have C credit gener-
ation potential of 689 to 5565 US$  ha−1. Conversely, Wal-
dén et al. 2020) demonstrated that introducing C revenue 
can enhance the profitability of specific Ethiopian AFS by 
as much as 70%.

6  Conclusion
In an epoch  characterized by a compelling need to bal-
ance human growth and environmental preservation, 
the nexus of C storage and economic efficiency within 
fruit-based AFS plays a critical role. Since fruit-based 
systems have the potential for establishing mutually ben-
eficial relationships among adaptation and mitigation 
efforts while sustaining the livelihood of the farmers. The 
current study concludes that in semi-arid region, pure 
orchard and AFS particularly guava and mango systems 
played a key role, offering a unique combination of car-
bon sequestration,  CO2 mitigation, and the generation 
of carbon credits. Thus, recognizing and promoting the 
distinct advantages of this system could significantly 
enhance both environmental and economic outcomes. 
Additionally, the findings emphasize the need for 
nuanced policy approaches that acknowledge the role of 
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different agroforestry systems, as mango-AHS not only in 
biomass accumulation but also in providing substantial 
monetary benefits underscores the importance of recog-
nizing and harnessing the specific strengths of each sys-
tem. Nevertheless, it is imperative to acknowledge that 
the contribution of carbon credits to the overall system 
income was less than 7%, underscoring their limited role 
as a driver for economic growth in these specific land use 
systems. In light of the findings, the study advocates for a 
strategic policy focus on promoting agri-horticulture sys-
tems or at least pure orchard systems. Since, beyond their 
evident environmental benefits such as biomass produc-
tion and carbon storage, these systems demonstrate a 
consistent capacity to deliver higher annual returns, pre-
senting a holistic and economically viable approach that 
aligns with sustainable agricultural practices.
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