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ABSTRACT

Greenhouse gas emissions are widely considered a major threat to agriculture, yet
carbon sequestration offers a potential solution to food shortages driven by climate
change. This study evaluates the effects of conservation tillage and cereal-legume
intercropping in Pakistan’s subtropical dryland agricultural systems on improving
soil organic carbon quality. Conservation tillage, or no-till farming, enhances soil
organic carbon retention by minimizing disturbance and reducing topsoil loss. Pulse-
cereal intercropping strengthens soil ecology through improved nitrogen fixation
and increased biomass production. The synergistic interaction between
intercropping and cereal residue management optimizes nutrient dynamics, thereby
maximizing carbon storage and enhancing agricultural resilience. However,
widespread adoption of these technologies in Pakistan remains limited due to policy
constraints, insufficient information dissemination, and socio-economic barriers.
The study recommends scaling up these climate-smart practices through farmer
training, supportive policy interventions, and integrated research efforts.
Intercropping and mixed cereal-legume systems represent significant strategies for
improving food security in Pakistan and sustaining global soil organic carbon pools
for climate change mitigation.
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INTRODUCTION

Agriculture has a complex and significant influence on the

global climate system. Although it

considerably to global CO, emissions, it also holds
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gricle

substantial potential for carbon sequestration (Adekiya et
al. 2023). This dual role of agriculture necessitates urgent
interventions to transition from conventional farming
methods to environmentally sustainable practices. Non-
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integrated agricultural activities such as intensive tillage,
monoculture, and excessive agrochemical use have
reduced soil organic matter. Consequently, carbon stored
in soil organic matter is released back into the atmosphere,
contributing to global climate change (Akmal et al. 2018).
These practices diminish the soil’'s carbon storage
capacity, lower the amount of greenhouse gases fixed in
the atmosphere, and disrupt the natural carbon cycle
(Hussain et al. 2021). Conservation tillage, reduced tillage,
chemical fertilizer optimization, and intercropping
systems have emerged as promising management
practices to enhance carbon sequestration and mitigate
greenhouse gas emissions (Pierre et al. 2022). Such
approaches minimize soil disturbance, increase cropping
system diversity, and promote nutrient cycling, which
collectively improve soil health, increase soil carbon
sequestration, and reduce the environmental footprint of
agriculture (Junod et al. 2024). Soil organic matter (SOM)
is the largest terrestrial carbon pool and plays a critical
role in regulating greenhouse gas exchange between land
and the atmosphere. Soil carbon sequestration functions
by capturing atmospheric carbon dioxide and storing it in
the soil, thereby contributing to climate regulation and soil
integrity (Junod et al. 2024). Increasing soil organic carbon
can therefore enhance soil fertility, water-holding
capacity, and ecosystem service provision, ultimately
contributing to sustainable agricultural productivity
(Anyebe et al. 2025).

Conservation  agriculture follows principles of
sustainability and enhances soil organic carbon, improves
soil properties, and reduces erosion and land degradation.
It emphasizes minimal soil disturbance, permanent soil
cover, and diversified crop rotations, all of which benefit
soil health and crop performance (Jayaraman et al. 2021).
Conservation tillage, a major component of conservation
agriculture, reduces soil disturbance, retains crop
residues, and improves soil structure, thereby enhancing
carbon sequestration by increasing soil carbon stocks
(Hussain et al. 2021). Intercropping, particularly cereal-
legume systems, is another climate-smart approach that
diversifies cropping systems, increases productivity, and
reduces greenhouse gas emissions.

Pakistan’s agricultural sector plays a vital role in ensuring
national food security and providing livelihoods for
millions of rural households (Usman et al. 2025). However,
the country’s subtropical dryland agricultural systems are
highly vulnerable to climate change (Rehman et al. 2023).
Land degradation remains a major concern, intensifying
climate change impacts by increasing greenhouse gas
emissions and reducing carbon sequestration capacity
(Hailu and Teka 2024; Saeed Ullah et al. 20244, b).

This review aims to synthesize current knowledge on
carbon sequestration under conservation tillage in cereal-
legume intercropping systems, with an emphasis on their
relevance to Pakistan. The main objectives of this review
are: to investigate the effects of conservation tillage on soil
organic carbon accumulation and soil health indicators; to
assess the effectiveness of cereal-legume intercropping
systems in nitrogen fixation, nutrient uptake, and crop
yield improvement; to evaluate the interaction between
conservation tillage and cereal-legume intercropping in
enhancing carbon sequestration, soil fertility, and crop
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productivity; to identify the challenges and opportunities
associated with implementing these systems in Pakistan;
and to propose strategies that support the adoption of
sustainable agricultural practices in Pakistan and similar
regions.

Climate Change Impacts on Food Security

Climate change remains one of the most powerful threats
to global food and nutrition security, directly influencing
crop yields, water availability, and the long-term
sustainability of agricultural systems (Saleem et al. 2024).
Extensive evidence shows that rising temperatures, shifts
in precipitation patterns, and the increasing frequency of
extreme weather events have already significantly
reduced crop productivity in many regions, resulting in
food shortages and market instability. Land degradation,
intensified by climate change, further reduces carbon
sequestration rates and thus creates a negative feedback
loop that worsens food security outcomes (Rehman et al.
2024). Key factors such as the loss of fertile topsoil,
reduced water-holding capacity, and limited nutrient
availability lower agricultural production and increase
vulnerability to climatic shocks (Brempong et al. 2023).
Sustainable agricultural practices, however, offer a
pathway to enhance climate resilience and safeguard
livelihoods, particularly for smallholder farmers who are
most affected by climatic stressors (Das and Ansari 2021).
Conservation tillage can improve soil health, increase
water-use efficiency, and support diversified production
systems that strengthen resilience to climatic variability
when combined with intercropping and other climate-
smart strategies (Jat et al. 2022). These practices
contribute not only to improved food security but also to
long-term landscape sustainability and the protection of
ecosystem services.

Focus on Pakistan’s Subtropical Drylands

High temperatures, irregular rainfall, and rising drought
incidence threaten the dryland cropping systems of
subtropical Pakistan (Ahmed et al. 2022). Existing
challenges including soil erosion, water scarcity, and
unsustainable farming practices further aggravate these
vulnerabilities (Rehman et al. 2022). This places
significant pressure on the agricultural sector to enhance
climate resilience, increase productivity, and reduce
greenhouse gas emissions through a shift toward climate-
smart agriculture.

In Pakistan, conservation tillage and cereal-legume
intercropping represent highly feasible and beneficial
approaches (Kotorova et al. 2018). These practices form
part of broader soil carbon storage strategies that enhance
food security and contribute to global climate change
mitigation. Conservation tillage and intercropping systems
have demonstrated improvements in climate resilience,
soil health, erosion control, and water management
(Koushika et al. 2024). Adoption of conservation tillage
can lead to increased crop yields, reduced production
costs, and improved livelihoods for smallholder farmers,
thereby strengthening rural well-being and contributing
to sustainable agricultural development.

Conservation Tillage and Carbon Sequestration
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Conservation tillage is widely promoted within
sustainable agriculture frameworks (Hussain et al. 2021).
It reduces soil disturbance, improves soil structure,
decreases erosion, and facilitates carbon sequestration
(Mandal et al. 2022). According to Mohammad et al.
(2012), conventional tillage practices rely on high-
intensity soil turning and removal or incorporation of crop
residues, whereas conservation tillage systems such as no-
till (NT), reduced tillage (RT), and variable depth tillage
(VDT) maintain soil cover and minimize disruption of soil
aggregates (Singh et al. 2023).

Reduced tillage and no-tillage approaches are beneficial
for improving soil structure and enhancing carbon
sequestration (Al-Shammary et al. 2024). Variable depth
tillage functions as an important precision agriculture
technique that integrates soil characteristics, crop
requirements, and machinery efficiency, enabling
significant fuel savings by optimizing tillage depth.
Conservation tillage methods increase the amount of soil
organic carbon and improve soil fertility and water
retention (Kumar and Babalad 2018). Enhanced
infiltration increases water availability to crops (Hussain
et al. 2021). Higher soil organic carbon improves soil
aggregate formation, strengthens resistance to erosion,
and increases carbon sequestration rates (Naorem et al.
2023).

Cereal-legume intercropping the joint cultivation of
cereals and legumes is a sustainable practice that enhances
cropping intensity. Legumes fix atmospheric nitrogen,
enriching soil nitrogen levels and reducing dependence on
synthetic fertilizers, which are major contributors to
greenhouse gas emissions (Akchaya et al. 2025b).
Intercropping improves system productivity and
optimizes resource use (Zhanbota et al. 2022). Compared
with sole cropping systems, legume-based intercropping
enhances biomass production, increases soil organic
carbon through residue inputs, and accelerates nitrogen-
rich organic matter decomposition (Zhang et al. 2024).
Elevated soil carbon levels improve soil fertility, water
retention, and overall carbon sequestration (Liu et al.
2024).

As illustrated in Figure 1, the carbon sequestration
pathway under conservation tillage and intercropping
includes:

1. Plants absorb atmospheric CO, through photosynthesis;
2. Carbon enters the soil via plant roots and root exudates;
3. Decomposed plant residues contribute to soil organic
matter;

4. Organic carbon becomes physically protected from
decomposition, particularly under reduced tillage; and

5. A stable carbon pool is formed, enabling long-term
carbon storage within the soil ecosystem.

Figure 1

Carbon Sequestration through Conservation Tillage in a
Cereal-Legume Intercropping System.

IJBR Vol.3 Issue. 10 2025

Combined Effects of Conservation Tillage and Cereal-
Legume Intercropping

Conservation tillage and legume-based  strip
intercropping, although still under extensive research,
interact synergistically to enhance soil carbon
sequestration (Rehman et al. 2025). Reduced tillage limits
soil disturbance, while intercropping increases biomass
production and biological nitrogen fixation, contributing
jointly to improved soil quality (Akchaya et al. 2025a). This
combination promotes greater soil organic carbon storage
and reduces greenhouse gas emissions (Hussain et al.
2021). In semi-arid environments, strip intercropping of
legumes under conservation tillage has been identified as
one of the most effective methods for increasing soil
organic carbon sequestration and strengthening soil
health (Rehman et al. 2025). Integrating these practices
supports improved crop rotations and enhances overall
system functioning, contributing to healthier soils and
increased carbon storage capacity (Xing and Wang 2024).

Concept of Carbon Sequestration in Soils

Soil carbon sequestration is the process of capturing and
storing atmospheric carbon dioxide (CO;) in the soil,
thereby reducing greenhouse gas concentrations and
mitigating climate change (Komal et al. 2024). Agricultural
practices play an essential role in influencing soil carbon
dynamics, and the adoption of sustainable management
strategies can substantially increase soil carbon storage.
Soil carbon occurs in both organic and inorganic forms.
Soil Organic Carbon (SOC) comprises carbon compounds
originating from living organisms, including plant
residues, animal remains, and microbial biomass. SOC is
fundamental to soil health because it regulates soil
structure, water-holding capacity, and nutrient availability
(Sombrero and De Benito 2010). Conservation tillage
enhances SOC by minimizing soil disturbance and
encouraging organic matter accumulation. In contrast, Soil
Inorganic Carbon (SIC) consists primarily of carbonates
and bicarbonates, typically found in arid and semi-arid
regions (Virto et al. 2022). While SOC plays a more direct
role in agricultural productivity, SIC also contributes to
long-term carbon storage. Conservation tillage primarily
aims to increase SOC due to its immediate benefits for soil
fertility and crop performance (Niu et al. 2024).

Figure 2 illustrates the soil carbon sequestration potential
of vegetation, biochar, basalt, and microorganisms. Plants
capture CO, from the atmosphere and increase SOC
through biomass inputs. Biochar stabilizes carbon and
improves soil physical properties. Basalt weathering
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promotes inorganic carbon formation and mineral
enrichment. Microorganisms facilitate the transformation
and stabilization of organic matter. Collectively, these
processes enhance soil productivity and contribute to
climate change mitigation.

Figure 2
A model for soil carbon sequestration through sustainable
practices

N
CO, sequestration

Sequestratlon Potentlal in Arld and Semi-Arid Regions
Arid and semi-arid regions such as Pakistan present both
challenges and opportunities for soil carbon sequestration
(Rehman et al. 2025). Soil organic carbon storage in these
regions is generally restricted by low rainfall, high
temperatures, and inherently poor soil fertility (Farooqi et
al. 2020). However, conservation tillage practices
integrated within cropping systems can enhance the
potential for carbon sequestration even under such
limiting conditions (Hussain et al. 2021). Minimum tillage
has been shown to effectively reduce carbon dioxide
emissions and influence soil organic carbon fractions in
subtropical dryland ecosystems of Pakistan (Hassan et al.
2015).

Cereal-legume intercropping also contributes to soil
organic carbon sequestration by improving soil nitrogen
availability, thereby increasing biomass input and organic
matter accumulation (Raseduzzaman et al. 2024). In
regions where water availability is scarce, the selection of
appropriate tillage and cropping practices becomes
essential for maximizing carbon uptake and improving soil
function (Ghimire et al. 2022).

Conservation Tillage

Conservation tillage encompasses a range of soil
management practices designed to minimize soil
disturbance, conserve soil and water resources, and
enhance soil carbon sequestration (Khan and Wang 2023).
Unlike conventional tillage—which involves extensive
ploughing, soil inversion, and residue removal—
conservation tillage maintains crop residues on the soil
surface, thereby reducing erosion, improving soil
structure, and supporting long-term soil quality.

No-Till
No-till, or zero tillage, eliminates soil disturbance entirely.
In no-till systems, seeds are directly placed into

undisturbed soil while crop residues remain on the surface
as mulch, as illustrated in Figure 3 (Wasaya et al. 2019).
No-till farming improves soil water retention, increases
organic matter, enhances biodiversity, and reduces runoff
and erosion (Wasaya et al. 2019). A comparative pictorial
representation of conventional and zero tillage highlights
the major differences in soil management, environmental
impacts, and agronomic benefits. Long-term studies
indicate that no-till systems can lead to substantial carbon
accumulation in the upper soil layers (Mohammad et al.
2012).

Figure 3

Comparative Overview of Conventional Tillage vs. Zero
Tillage
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Minimum Tillage

Reduced tillage (RT), commonly referred to as minimum
tillage (MT), involves lower intensity and frequency of soil
disturbance compared to conventional tillage (CT), as
illustrated in Figure 4 (Rehman et al. 2025). Shallow tillage
(ST) and/or direct seeding (DS) may be conducted under
crop residue cover on the soil surface (Sarker et al. 2022).
The primary objective of minimum tillage is to balance
conservation and productivity: while some soil
disturbance is allowed to prepare a seedbed, the
detrimental effects of intensive tillage on soil properties
are minimized (Sarker et al. 2022). When combined with
straw mulching, minimum tillage can significantly enhance
soil carbon accumulation (Qin et al. 2024).

Mulch Tillage

Mulch tillage is a conservation practice that maintains crop
residues or other organic materials on the soil surface
(Busari et al. 2015). Mulches reduce soil erosion, conserve
moisture, suppress weed growth, and moderate soil
temperature fluctuations (El-Beltagi et al. 2022). They also
enhance soil organic matter and microbial activity,
contributing to soil organic carbon sequestration
(Yuexuan et al. 2025). Additionally, organic mulches help
structure soil bacterial communities, improving overall
soil health (Wang et al. 2020). Figure 4 presents an
experimental scheme demonstrating various organic
mulch treatments in agronomic and horticultural trials
(Labarga et al. 2024).

Cereal-Legume Intercropping: Enhancing Soil Health
and Carbon Storage
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Definition and Advantages of Intercropping
Intercropping involves the simultaneous cultivation of two
or more crops of different types in the same field (Maitra
et al. 2019). This ancient practice provides multiple
ecological and agronomic benefits, including higher total
yields, improved land use efficiency, and enhanced
biodiversity. Intercropping supports diversified cropping
systems and mitigates the biodiversity losses commonly
associated with monocultures (Singh et al. 2023). The
cereal-legume mixture is a common form of intercropping
(Demie et al. 2022). Intercropping improves yield
productivity and optimizes resource use, such as sunlight,
water, and nutrients, as different crops utilize resources
differently (Gebru 2015; Seran and Brintha 2010). For
example, taller crops may provide shade to shorter crops,
reducing water stress, while deep-rooted crops access
nutrients from lower soil layers and make them available
to shallow-rooted crops (Rehman et al. 2025).

Role of Legumes in Nitrogen Fixation

Legumes play a key role in intercropping systems by fixing
atmospheric nitrogen, enriching the soil, and benefiting
intercropped cereals (Figure 4) (Duchene et al. 2017).
Through a symbiotic relationship with rhizobia bacteria,
legumes convert atmospheric nitrogen into plant-usable
forms, reducing the need for synthetic nitrogen fertilizers
(Abd-Alla et al. 2023). This natural nitrogen input lowers
fertilizer costs and reduces the carbon footprint associated
with fertilizer production and application (Soumare et al.
2020). Enhanced nitrogen availability promotes vigorous
plant growth, increasing both above- and belowground
biomass. As plant residues decompose, they contribute to
soil organic carbon accumulation (Li et al. 2017). The
presence of legumes in intercropping systems also
improves soil structure, increases infiltration capacity, and
further enhances carbon sequestration (Belel et al. 2014;
Maitra et al. 2023).

Figure 4
Legume Based Inter Cropping System
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Impact on Biomass Production and Soil Carbon

Cereal-legume intercropping systems outperform
monocultures in terms of biomass productivity
(Bedoussac et al. 2018). This increased productivity is
attributed to synergistic interactions between the crops,
including improved nutrient cycling, reduced pest and
disease pressure, and more efficient resource utilization.

IJBR Vol.3 Issue. 10 2025

Higher biomass production contributes more crop
residues to the soil (Soussana et al. 2010), providing a
direct source of organic matter that enhances soil organic
carbon (SOC) and improves soil structure. The
diversification inherent in cereal-legume intercropping
significantly influences soil carbon dynamics (Kumar et al.
2020). Moreover, increased crop diversity fosters a more
diverse soil microbial community, enhancing organic
matter decomposition and nutrient recycling. Legumes,
through biological nitrogen fixation, further enrich the soil,
promote plant growth, and facilitate carbon sequestration
(Kumar et al. 2020).

Synergistic Effects of Conservation Tillage and
Intercropping

Enhanced Soil Carbon Sequestration

Soil carbon levels are generally higher in intercropped
systems under conservation tillage (CT) compared to
conventional tillage (Maia et al. 2019). Reduced soil
disturbance preserves existing SOC and slows
decomposition, while intercropping and nitrogen fixation
contribute additional organic matter to the soil (Blesh
2019). Thisincreased SOC deposition improves soil quality
and contributes to climate change mitigation (Deb et al.
2015).

Intercropping combined with conservation tillage revives
degraded soils by promoting carbon accumulation.
Reduced soil disturbance allows organic matter to
accumulate on the soil surface, while crop residues and
root biomass from intercropping systems provide a
continuous supply of organic material, gradually
increasing SOC and improving soil structure, water
retention, and nutrient availability (Utomo et al. 2013).

Improved Soil Health and Nutrient Cycling
Conservation tillage enhances soil structure, minimizes
erosion, and increases water infiltration, which benefits
plant growth and SOC storage (Hussain et al. 2021).
Legumes in intercropping systems improve nutrient
cycling, enhance microbial activity, and contribute to
healthier soils, promoting carbon sequestration (Kumar et
al. 2020). Intercropping increases resource use efficiency
and crop yields while reducing the need for synthetic
inputs (Maitra et al. 2021).

By combining intercropping with conservation tillage,
soils with low fertility can be revitalized. Nitrogen-fixing
legumes provide a natural nitrogen source, while
conservation tillage improves nutrient uptake through
enhanced soil structure and infiltration, resulting in higher
yields and more effective carbon capture (Villat and
Nicholas 2024).

Increased Crop Productivity and Resilience

Conservation tillage and intercropping strengthen soil
health and optimize crop performance under stress
conditions such as drought or nutrient deficiency. These
practices stabilize crop yields over the long term and
reduce the vulnerability of agricultural systems to climate
variability and extreme weather events (Elias et al. 2019).
Synergistic effects of improved soil health, nutrient
cycling, and pest and disease reduction enhance
productivity. Legumes provide natural nitrogen, reducing
reliance on synthetic fertilizers and improving crop
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quality. By adopting these climate-smart practices,
agricultural systems can achieve greater resilience to
climate change, ensuring food security and improving
smallholder livelihoods.

Carbon Sequestration Potential in Arid and Semi-Arid
Regions

Challenges in Water-Limited Environments

Arid and semi-arid regions face unique constraints for soil
carbon sequestration due to low rainfall, high
temperatures, and degraded soils (Lal 2009). These
conditions limit SOC accumulation, hinder soil restoration,
and reduce soil carbon storage potential. Cycles of drought
and intense rainfall, along with temperature extremes,
further constrain crop growth and soil health (Wang and
Gao 2019).

Water scarcity limits plant growth and biomass
production, reducing organic matter inputs into the soil.
High  temperatures accelerate  organic  matter
decomposition, further decreasing SOC. Degraded,
structurally weak, and saline soils are less capable of
supporting vegetation and SOC turnover. These challenges
highlight the need for innovative, site-specific strategies to
improve SOC sequestration in water-limited environments
(Thapa et al. 2023; Saeed Ullah et al. 2025b).

Conservation Strategies for Drylands

By integrating conservation tillage with suitable cropping
systems, some of the possible difficulties anticipated in
improving the capacity of carbon sequestration can be
mitigated in the arid to semi-arid regions (Thapa et al.
2023). Integration of cereals and legumes in farming
systems contribute in increasing soil nitrogen supply for
the growth of plants and in carbon input. Hence, the
carbon sequestration of these water scarce regions can be
maintained through appropriate tillage and cropping
(Ghimire et al. 2022). No-till and reduced tillage
(conservation tillage) can help maintain soil moisture,
reduce soil erosion, and accumulate soil structure.
Examples of intercrops are planting drought-resistant
legumes, which may boost soil nitrogen levels, crop
productivity, and carbon addition (Somasundaram et al.
2020). The decision on the optimal land preparation
techniques and cropping systems will be determined by
local agro-ecological conditions, farmers and agricultural
market alternatives. They can enhance soil health, soil
sustenance and carbon capture in dryland agriculture.

Case Studies on Conservation Tillage in Pakistan
Trials conducted in the subtropical dry regions of Pakistan
indicate that conservation tillage can indirectly reduce
atmospheric carbon dioxide by altering soil organic carbon
fractions and improving soil health (Zahid et al. 2020).
Similarly, studies in Punjab have demonstrated that
legumes grown under conservation tillage techniques
enhance soil organic carbon fixation, thereby improving
soil fertility and crop yields (Zahid et al. 2020). In Sindh, a
semi-arid region, minimum tillage practices have been
shown to increase biomass carbon, enhance soil health,
and support sustainable agriculture, contributing to
effective carbon sequestration (Zhang et al. 2021).

These findings highlight the potential for conservation
tillage and intercropping to improve soil productivity and

IJBR Vol.3 Issue. 10 2025

carbon sequestration in arid regions of Pakistan. Wider
adoption of these climate-smart agricultural practices
could mitigate climate change impacts, enhance food
security, and benefit smallholder farmers. However,
increased engagement through research and extension
services is necessary to scale up these practices in dryland
areas (Al-Shammary et al. 2024).

Examples of Common Cereal-Legume Intercropping in
Pakistan

Wheat-Chickpea

Wheat-chickpea intercropping is widespread in Pakistan’s
rain-fed regions, providing benefits in soil health, crop
yield, and carbon sequestration (Pramanick et al. 2024;
Saeed Ullah et al. 2025a). Chickpea, a leguminous cover
crop, fixes atmospheric nitrogen, enriching the soil for
subsequent wheat crops (Kumar et al. 2020). The
complementary root systems improve soil structure,
enhance water retention, and increase nutrient uptake.
Nitrogen released from decomposing chickpea residues
reduces the need for synthetic fertilizers, thereby lowering
environmental impacts.

Maize-Mung Bean

Maize-mung bean intercropping is common in Pakistan’s
irrigated areas (Figure 5), contributing additional nitrogen
to the soil and enhancing overall productivity (Ali et al.
2016). Short-duration mung bean is sown between maize
rows, efficiently utilizing available resources, suppressing
weeds, and improving soil health (Ullah et al. 2022). The
mung bean matures before maize harvest, providing an
additional source of income for farmers. Upon
decomposition, mung bean residues release nitrogen into
the soil, benefiting the subsequent maize crop as a natural
nutrient source.

Figure 5
Maize and Mung bean inter cropping system

w= Maize

wt Mung Bean

Sorghum-Cowpea Intercropping

Intercropping sorghum with cowpea is widely practiced in
the arid and semi-arid regions of Pakistan (Figure 6),
contributing to enhanced carbon sequestration and
promoting  sustainable agriculture in  marginal
environments. Cowpea, a drought-tolerant legume, not
only improves soil fertility through biological nitrogen
fixation but also provides valuable fodder for livestock.
This intercropping system is particularly well-suited to
areas with limited water availability and degraded soils
(Layek et al. 2018). Nitrogen fixed by cowpea is gradually
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released into the soil as plant residues decompose,
supplying a natural nitrogen source for subsequent
sorghum crops. By combining increased biomass
production with soil fertility improvement, sorghum-
cowpea intercropping supports both carbon storage and
sustainable crop-livestock production in resource-
constrained environments.

Figure 6
Intercropping of sorghum and cowpea

)

Cowpea  Sorghum

Challenges in Adoption and Farmer Perceptions

Thus, there are some social and economic limitations
regarding the adoption of this practice, not to mention the
perception of farmers in and around areas where, it would
thus take intervention in such things as smallholder
farmer accessibility to equipment, as well as improved
knowledge through extension service provision to
overcome these issues. Further, understanding and
addressing these barriers will lead to appropriate mass
adoption and maximization of benefits from the practices
(Jellason et al. 2021).

Constraints and Challenges in Pakistan
Socioeconomic Barriers

Most smallholder farmers in the country do face significant
socioeconomic barriers, such as limited access to
conservation tillage equipment and little or no tangible
financial resources, making it difficult to adopt sustainable
agricultural practices. New machines require such a fist
investment, but they cannot access credit facilities. Unlike
mostly extensive investments for specific machinery, the
cost can be a barrier, thus making it difficult for
smallholder farmers to adopt the technology (Stevenson et
al. 2014). Thus, by removing barriers to access to
equipment for smallholder farmers, financial support, and
the promotion of affordable and accessible technology.
Resources are important to making such efforts a reality
credit facilities and the development of affordable loans.
Connecting access to such credit facilities and affordable
loans by the smallholder farmers in the developing world
would lessen their current situation. Government and
development agencies around the globe should also help
farm-level financing schemes so as to develop low-cost and
readily available conservation tillage technologies and
farm machinery rental services (Wafula et al. 2016).

Knowledge Gaps and Extension Services

However, there is a lack of knowledge among farmers
about the benefits of using conservation tillage and
intercropping techniques. This has acted as a barrier to the
widespread adoption of these practices. This has been
driven by inadequate extension services and no training
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programs, thus limiting the sharing of information and
best agricultural practices. Thus, improving knowledge
through extension services, farmer training programs, and
participatory research becomes a pillar for the adoption of
sustainable agricultural practices (Somasundaram et al.
2020) . Most farmers do not know of the benefits of
adopting conservation tillage and intercropping: soil
health, reduced erosion and higher crop productivity.
They likely do not have the foreign information or
experience that would enable these practices to work for
them. This information gap can be bridged through
government and development agencies investment in
extension to farmers via training and participatory
research. These projects are expected to build farmers’
skills and working knowledge regarding the advantages of
conservation tillage and intercropping (Ketema and Bauer
2012).

Policy and Institutional Constraints

Conservation tillage and intercropping are very dependent
on constraining policies and institutions if they are to be
taken to scale. The uncertainties in policy related to the
agricultural practices and lack of explicit support for these
novel technologies have hindered the farmers to accept
them. The majority of farmers are not given any kind of
direct incentive to use sustainable technology (sunken
cost, subsidies, tax exemption. Lack of policy formulation
and government communication and coordination can
lead to conflicting policies and sometimes even poor
implementation. Therefore, the government needs to
formulate a clear policy framework and regulations to
support conservation tillage and intercropping, and
encourage farmers to practice conservation tillage and
intercropping through incentives and better coordination
among government agencies (Giller et al. 2009).

Tools and Techniques for
Sequestration

Soil Sampling and Soil Organic Carbon Measurement
Protocols

Accurate soil sampling and standardized protocols for
measuring soil organic carbon (SOC) are essential for
assessing carbon sequestration and monitoring the
effectiveness of agricultural management practices.
Standardized analytical methods, such as the dry
combustion technique, ensure that SOC data are reliable,
comparable, and reproducible across studies (Lal 2001).
Representative soil samples should be collected from
locations that reflect variability in soil type, topography,
and management practices, and at multiple depths to
account for vertical distribution of organic carbon. Good
quality control during sampling and analysis minimizes
errors and strengthens the reliability of results (Ma et al.
2023).

Measuring Carbon

Remote Sensing and GIS Technologies

Remote sensing and Geographic Information Systems
(GIS) provide cost-effective, spatially explicit tools for
mapping carbon sequestration over large areas (Issa et al.
2020). Satellite imagery and aerial photographs allow
monitoring of vegetation cover, land use changes, and soil
properties, thereby enabling assessment of carbon
dynamics and identification of sites suitable for carbon
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storage. GIS-based analyses help characterize spatial
patterns of soil organic carbon and vegetation biomass,
supporting evaluation of the efficacy of different
agricultural interventions (Aroca-Fernandez et al. 2025).
These technologies also facilitate tracking changes over
time, informing targeted management strategies to
enhance carbon sequestration.

Modelling Tools and Isotopic Techniques

Simulation models, such as the Denitrification-
Decomposition model, Rothamsted Carbon Model, and
CENTURY, allow prediction of long-term effects of various
management practices on soil carbon dynamics (Farooqi
et al. 2023). Isotopic techniques, including carbon tracing,
provide detailed insights into carbon cycling processes,
tracking the movement and fate of organic carbon within
soil ecosystems (Ali et al. 2023). Due to variations in
climate, soils, and agricultural practices across Pakistan,
region-specific measurement protocols, equipped with
appropriate tools and expertise, are essential for accurate
carbon monitoring (Shaukat et al. 2023).

Implications for Climate Change Mitigation and Food
Security

Conservation tillage and intercropping practices enhance
the carbon sequestration potential of soils, contributing to
climate change mitigation and sustainable land
management (Adil et al. 2023). Improved soil health under
these practices enhances water infiltration, nutrient
cycling, and soil structural stability, which collectively
support stable crop yields and food security (Komal et al.
2024). By conserving soil moisture and improving nutrient
availability, these approaches also increase resilience to
droughts and extreme weather events, while reducing
reliance on synthetic fertilizers, lowering input costs, and
improving farmer incomes (Raveloaritiana and Wanger
2024). Over time, these practices promote biodiversity,
ecosystem services, and long-term sustainability of agro-
ecosystems (Koushika et al. 2024; Zubair et al. 2025).

Future Research Directions and
Recommendations

Long-Term Field Trials and Agro-Ecological Zones
Long-term comparative field trials are crucial to evaluate
the integrated effects of conservation tillage and
intercropping across diverse agro-ecological zones. Trials
should include multiple tillage practices (no-till, reduced
tillage, and conventional tillage) combined with
intercropping systems such as wheat-chickpea, maize-
mung bean, and sorghum-cowpea. Monitoring SOC, soil
health indicators, and crop yields in these trials will
provide robust data for evidence-based recommendations
tailored to local farming systems (Sharif et al. 2018). Such
data are essential for accurate carbon accounting and
policymaking (Adil et al. 2023).

Policy

Standardized Measurement Protocols and Modelling
Tools

Developing standardized, site-specific protocols for
measuring SOC, soil health, and crop yields is vital for
producing reliable, comparable data. Modeling tools
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should be applied to simulate the effects of alternative
agricultural systems under local climatic and soil
conditions. Additionally, building local capacity by
providing access to equipment and trained personnel will
enable accurate carbon monitoring and facilitate
meaningful policy development (Batjes et al. 2024).
Addressing social barriers and improving farmer
awareness are also key to promoting adoption of
conservation tillage and intercropping for sustainable
practice (Nasser et al. 2024).

Policy Frameworks and Farmer Engagement

Effective adoption of conservation tillage and
intercropping requires supportive policies and incentive
structures that promote sustainable land management
practices. Engaging farmers in research and extension
activities has been shown to facilitate the adaptation of
these practices to local farming systems and ecological
conditions. Collaborative approaches involving academics,
policymakers, and farmers can help scale up climate-smart
practices, enhance sustainable agricultural development,
and strengthen rural livelihoods (van Asseldonk et al.
2023).

Policy measures should include subsidies, tax incentives,
and accessible financing for farmers adopting
conservation tillage and intercropping. In addition,
participatory research and extension programs should
directly involve farmers in the co-implementation of
sustainable and environmentally friendly production
technologies. Effective collaboration between scientists,
policymakers, and farmers is essential to ensure
widespread adoption, optimize resource use, and secure
the long-term sustainability of these practices (Batjes et al.
2024).

CONCLUSION

Potential mitigation responses to climate change and its
adverse effects on sustainable agriculture that can
enhance soil carbon sequestration include cereal-legume
intercropping and conservation tillage. Improved
conservation tillage through the combined application of
no-till and minimum-tillage can reduce soil disturbance,
increase water retention, enhance soil organic carbon
sequestration, and, under suitable conditions, allow
legumes to improve nitrogen use efficiency, crop biomass,
and microbial activity. These practices strengthen carbon
sequestration, soil health, and crop resilience in dryland
agrifood systems. However, their implementation is
hindered by multiple constraints, including limited
technological capacity, inadequate machinery,
institutional barriers, and insufficient governmental
funding. Interventions to address these challenges should
include farmer training, financial incentives, and the
adoption of a sustainable land management framework.
Applying these methods across Pakistan’s diverse agro-
ecological zones will require long-term experimental trials
and region-specific research. Scientists, policymakers, and
farmers must collaborate to ensure effective application of
these principles and ultimately achieve improvements in
food security under changing climatic conditions.
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