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Carbon farming has emerged as a transformative strategy to address the dual challenges of
sustainable food production and climate change mitigation. Unlike conventional
agricultural practices that deplete soil organic carbon (SOC) and degrade ecosystem services,
carbon farming emphasizes practices such as conservation tillage, residue retention, cover
cropping, agroforestry, crop diversification, and the use of organic amendments. These
interventions enhance SOC sequestration, improve soil structure, water-holding capacity, and
nutrient cycling, while also contributing to biodiversity and resilience against climatic
extremes. Beyond ecological benefits, carbon farming offers significant economic
opportunities through carbon markets, reduced input dependency, and diversified income
streams, thereby strengthening rural livelihoods. However, barriers including high initial
costs, monitoring and verification challenges, carbon permanence uncertainties, policy gaps,
and market fragmentation constrain large-scale adoption, particularly among smallholders.
Addressing these challenges requires enabling institutional frameworks, secure land tenure,
capacity building, and inclusive market access. This article synthesizes current evidence on
carbon farming practices, their benefits, and the key challenges to implementation. It argues
that integrating carbon farming into agricultural policies can realign production systems
toward sustainability, offering a holistic pathway to achieve food security, climate resilience,
and environmental stewardship in the 21st century.

Introduction

In the post-green revolution era, we experienced a period of remarkable escalation in food
productivity. Conventional farming systems, dominated by intensive tillage, monocropping,
and excessive chemical inputs, have depleted soil organic carbon (SOC) stocks and reduced
the resilience of agroecosystems [ 1, 2]. As a result, the agricultural production system
becomes unsustainable there is an urgent need to rethink agricultural strategies that can
balance productivity with environmental stewardship. In recent years, carbon farming has
gained momentum as one such pathway. At its core, carbon farming refers to the adoption of
agricultural practices that increase the capture and storage of atmospheric carbon dioxide
(CO2) in soils and vegetation [3]. Unlike conventional systems that deplete SOC, carbon
farming emphasizes soil as a long-term carbon sink. Practices such as conservation tillage,
crop residue retention, cover cropping, agroforestry, crop diversification, and integrated
nutrient management are central to this approach. These not only improve SOC sequestration
but also enhance soil fertility, water retention, and biodiversity, making farms more resilient
to climate extremes [4]. This article explores how carbon farming can serve as a pathway to
sustainable agriculture by examining its practices, benefits, and challenges. It synthesizes
emerging research to demonstrate how carbon farming can simultaneously improve soil
health, support climate mitigation, and strengthen rural livelihoods. At the same time, it
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critically evaluates the barriers that must be overcome for large-scale implementation. In
doing so, it positions carbon farming not only as a climate solution but also as a practical
strategy to reimagine agriculture in the 21st century.

Carbon Farming

Carbon farming refers to a suite of agricultural practices aimed at sequestering atmospheric
carbon dioxide (CO-) in soils and vegetation, while simultaneously reducing greenhouse gas
(GHG) emissions from farming systems. It reframes agriculture beyond its conventional role
as a food production enterprise into a critical component of climate change mitigation
strategies [5,6]. Unlike traditional practices that often accelerate the depletion of soil organic
carbon (SOC), carbon farming emphasizes approaches that restore SOC stocks, enhance
ecosystem services, and strengthen the long-term sustainability of agricultural landscapes [1].
Soils constitute one of the largest terrestrial reservoirs of carbon, storing more carbon than
the atmosphere and terrestrial vegetation combined. However, widespread land-use change,
intensive tillage, and excessive reliance on synthetic inputs have resulted in substantial SOC
depletion at a global scale [7]. Carbon farming seeks to counter these losses by promoting
practices such as conservation tillage, residue retention, cover cropping, crop diversification,
organic amendments, and agroforestry. These interventions not only facilitate the
stabilization of carbon in more persistent pools but also improve soil fertility, water retention,
and biological diversity, thereby enhancing the resilience of agroecosystems to climatic and
environmental stresses. Beyond ecological benefits, carbon farming also holds significant
economic and social promise. The emergence of voluntary and compliance-based carbon
markets enables farmers who adopt verifiable carbon-friendly practices to generate tradable
carbon credits, thereby creating additional income streams while advancing national and
global climate goals. In this sense, carbon farming represents more than a technical solution-
it embodies a holistic farming paradigm that integrates climate action, soil health restoration,
and rural livelihood improvement. By bridging scientific knowledge, policy frameworks, and
on-ground practices, carbon farming offers a transformative pathway to realign agricultural
systems toward sustainability and contribute meaningfully to international climate
commitments.

Carbon Farming Practices
Carbon farming is operationa-
lized through a diverse set of
agricultural interventions, each
designed either to enhance

carbon inputs into the soil or to T e [; @ ;;
minimize carbon losses from the

system. These practices not only

contribute to soil organic carbon Puucedwge
(SOC) sequestration but also | "ot
improve soil health, ecosystem

services, and farm productivity.
Below are some of the most
widely adopted and scientifically

Carbon Farming Strategies

Agroforest

validated practices (Fig.1.), along

with insights into their benefits - - - -
and potential trade-offs. Fig.1. Different carbon farming strategies

1. Cover Cropping

The cultivation of cover crops commonly legumes, grasses, or mixed species during fallow
periods or between cash crops plays a central role in carbon farming. Cover crops add
substantial organic inputs to soils through their root biomass and aboveground residues,
thereby enriching soil organic matter. Leguminous species further contribute to biological
nitrogen fixation, reducing dependence on synthetic fertilizers and enhancing nutrient
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cycling. Additionally, cover crops protect soils from erosion, suppress weeds, regulate soil
temperature, and improve soil structure and microbial diversity. Long-term field experiments
indicate that continuous cover cropping increases SOC stocks, especially when combined
with conservation tillage and diversified crop rotations [8].

2. Crop Residue Management and Green Manure

Crop residue management is a cornerstone of carbon sequestration in agricultural soils.
Instead of burning or removing residues, retaining them on the soil surface or incorporating
them into the soil ensures a steady supply of carbon substrates [9]. These residues enhance
SOC formation, promote soil aggregate stability, and improve water infiltration [10]. The
conversion of residues into compost or biochar prior to application can further enhance
carbon stability by transforming labile organic matter into more recalcitrant forms. Similarly,
green manuring the practice of growing nitrogen-fixing legumes specifically for
incorporation into soil enriches SOC and contributes to soil fertility.

3. Agroforestry

Agroforestry, the integration of trees or perennial woody plants with annual crops or
livestock systems, represents one of the most effective carbon farming strategies. Trees
contribute to carbon storage both aboveground in woody biomass and belowground through
extensive root systems, while simultaneously enhancing microclimate regulation, soil
fertility, and biodiversity. The litterfall, root turnover, and organic exudates from trees build
SOC pools and foster microbial activity. Agroforestry systems also offer additional livelihood
opportunities through timber, fruits, fodder, and non-timber forest products, making them
socially and economically attractive.

4. Reduced or No Tillage

Conventional tillage accelerates SOC loss by breaking down soil aggregates, increasing
aeration, and stimulating microbial decomposition of organic matter [1]. Reduced tillage or
no-till practices, in contrast, minimize soil disturbance, preserve aggregate stability, and
maintain soil cover. This not only slows the mineralization of SOC but also reduces erosion
and enhances water-use efficiency. When integrated with cover cropping, no-till systems
exhibit synergistic effects on carbon sequestration, as residues left on the soil surface
decompose slowly and contribute to stable SOC fractions [2]. Recent evaluations of
regenerative agriculture confirm that the no-till plus cover crop combination results in higher
SOC accrual compared to either practice alone. Nevertheless, challenges such as residue
management, weed control, and potential yield impacts during the transition period must be
considered.

5. Biochar, Compost, and Organic Amendments

The application of carbon-rich amendments such as compost, farmyard manure, and biochar
provides an effective means of enhancing carbon sequestration while simultaneously
improving soil fertility. Compost and manures supply readily decomposable organic matter
that supports microbial activity and nutrient cycling [11,12], while biochar a stable, aromatic
carbon material produced through pyrolysis of crop residues or other biomass offers long-
term carbon storage due to its recalcitrant nature. Biochar also improves soil structure, cation
exchange capacity, and water-holding capacity. Recent studies on corn residue management
highlight the dual benefits of biochar, reducing greenhouse gas emissions while stabilizing
carbon in soil. However, the effectiveness of biochar varies with feedstock type, pyrolysis
conditions, and soil characteristics, and economic feasibility remains a consideration for
smallholder farmers.

Benefits of Adopting Carbon Farming

The adoption of carbon farming practices yields a wide array of interconnected benefits that
extend across environmental, agronomic, economic, and social dimensions. While some of
these advantages manifest gradually, a growing body of scientific evidence indicates that
many benefits accrue within relatively short timeframes, particularly when multiple practices
are integrated in a systems-oriented approach. The following key benefits highlight the
transformative potential of carbon farming.
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1. Enhanced Soil Health and Structure
SOC forms the cornerstone of soil health, governing physical, chemical, and biological
properties that underpin sustainable productivity [13]. An increase in SOC directly improves
soil aggregate stability, which reduces susceptibility to erosion and enhances soil porosity
and infiltration rates. Carbon-enriched soils also exhibit greater water-holding capacity,
allowing plants to withstand dry spells with less stress. The incorporation of organic
amendments such as compost, farmyard manure, and biochar not only supplies stable carbon
fractions but also fosters microbial proliferation, enzymatic activity, and nutrient
mineralization [14]. Biochar has been shown to increase cation exchange capacity, enhance
nutrient retention, and buffer soil against pH fluctuations, collectively contributing to more
resilient soil systems capable of withstanding climatic and anthropogenic pressures.
2. Increased Agricultural Yields and Productivity
Carbon farming practices contribute directly and indirectly to crop yield improvements. For
example, cover cropping and crop rotation enhance nutrient cycling and suppress weed
pressure, while residue retention improves soil fertility and moisture availability. Over time,
these practices reduce input dependency and create more favourable growing conditions,
translating into higher and more stable yields. Importantly, productivity gains are not limited
to staple crops; diversification strategies such as agroforestry or intercropping also expand
farm outputs, improving household food security and providing marketable surplus.
3. Mitigation of Greenhouse Gas Emissions and Climate Regulation
The climate mitigation potential of carbon farming is twofold: (i) sequestration of
atmospheric carbon dioxide (CO-) into stable soil and biomass pools, and (ii) reduction in
emissions of potent greenhouse gases such as nitrous oxide (N20O) and methane (CHa).
Conservation tillage and cover cropping increase SOC sequestration, while precision nutrient
management reduces N2O emissions by enhancing fertilizer use efficiency. In integrated rice—
livestock systems, water management and organic matter incorporation can also lower
methane emissions. Collectively, these practices position agriculture not merely as an emitter
but as a significant contributor to climate regulation [15].
4. Greater Resilience to Climate Extremes
Carbon-enriched soils function as buffers against climate variability[16]. Their enhanced
water retention capacity mitigates the impacts of drought by maintaining soil moisture for
longer durations, while improved infiltration reduces waterlogging during periods of intense
rainfall. Additionally, stable soil aggregates reduce susceptibility to erosion from wind and
water. Such improvements translate into more stable yields even under extreme weather
events such as heatwaves, heavy rainfall, and prolonged dry spells. Thus, carbon farming
enhances not only the ecological resilience of farming systems but also the livelihood
security of farmers facing increasing climatic uncertainties.

5. Economic and Livelihood Benefits

From an economic perspective, carbon farming opens new avenues for both cost savings and

revenue generation:

< Carbon markets and credits: Farmers adopting measurable carbon-sequestering
practices can participate in voluntary and compliance-based carbon markets, earning
tradable credits.

% Cost reduction in farm operations: Enhanced nutrient cycling reduces reliance on
synthetic fertilizers, while improved soil structure and moisture retention lower irrigation
costs. Reduced erosion also decreases the need for costly land rehabilitation. Together,
these savings improve farm profitability and reduce vulnerability to input price
fluctuations.

< Diversified income streams: Practices such as agroforestry provide timber, fodder, and
non-timber forest products, broadening livelihood opportunities beyond staple crop
production.

®,
*
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6. Biodiversity, Ecosystem, and Co-benefits

Carbon farming fosters biodiversity at multiple scales. Practices like cover cropping and
agroforestry increase plant diversity, which in turn enhances habitat for pollinators, natural
predators, and other beneficial insects. Reduced soil disturbance supports diverse microbial
communities that drive nutrient cycling and disease suppression. Improved vegetation cover
enhances landscape connectivity, supporting broader ecosystem health. Additionally,
enhanced infiltration and reduced runoff improve downstream water quality, mitigate flood
risks, and protect aquatic ecosystems from sedimentation and nutrient loading. These co-
benefits strengthen the overall sustainability of agricultural systems while providing public
goods that extend beyond farm boundaries.

Thus, carbon farming offers synergistic and mutually reinforcing benefits that align
environmental stewardship with agronomic efficiency, economic opportunity, and social
well-being. By improving soil health and productivity, mitigating greenhouse gas emissions,
enhancing resilience to climate extremes, and fostering biodiversity, carbon farming provides
a comprehensive framework for sustainable agricultural transformation. The evidence bases
though still expanding demonstrates that the payoffs of adoption are significant, particularly
when practices are context-specific, supported by enabling policies, accessible markets, and
technical assistance. As such, carbon farming represents a viable pathway to achieving food
security, climate resilience, and rural prosperity in tandem.

Challenges in Carbon Farming

While carbon farming holds great promise for climate mitigation, ecosystem restoration, and
farmer livelihoods, there are significant challenges that constrain its effectiveness and
scalability. These challenges are technical, economic, social, and institutional in nature.
Recent studies highlight several of the major hurdles below.

1. Monitoring, Reporting, and Verification (MRV) Complexity and Cost

To participate in carbon markets or qualify for incentives, farmers must demonstrate how
much carbon is being sequestered. That requires establishing baselines, collecting reliable
data over time, using proper measurement tools, and often getting third-party verification.
These tasks are costly and technically demanding. Many smallholder farmers, especially in
developing regions, lack access to the necessary tools, expertise and infrastructure.

2. Uncertainty of Carbon Permanence and Sequestration Estimates

Sequestered carbon may be wvulnerable to reversal (e.g. via land-use change, fires,
disturbance), which makes assurances of “permanence” difficult. Additionally, many models
or projections may overestimate sequestration potential or assume ideal conditions that may
not hold. For example, policy proposals must grapple with overestimation issues and the legal
implications of such uncertainties.

3. High Initial (Upfront) Investment Costs and Financial Risks

Adopting practices like agroforestry, changing tillage regimes, installing cover crops, or
implementing novel soil amendments often require investments: labour, new inputs, training,
sometimes equipment. For small and marginal farmers, these upfront costs are often
prohibitive. Added to that are financial risks: delayed returns, uncertain carbon credit prices,
market volatility, and transaction costs associated with certification and verification.

4. Land Tenure, Rights and Policy/Regulatory Barriers

Without secure land tenure or clear property rights, it's risky for farmers to commit to long-
term carbon farming practices or long contracts. Governments may introduce overlapping or
uncertain laws regarding ownership of carbon credits. In addition, policy frameworks in
many places are nascent, fragmented, or misaligned (for example between national climate
commitments, local laws, and carbon market rules). These gaps undermine farmer confidence
and make scaling challenging.

5. Market Fragmentation, Standards, and Access to Markets

The voluntary carbon market is characterized by many different standards and certification
protocols. The complexity, variation in requirements, and sometimes opaque rules make it
difficult for smallholders to navigate. Also, prices for carbon credits tend to be volatile;
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demand may be uncertain; buyers may require large, aggregated projects rather than many
small ones. This limits market access for smaller farmers.

6. Equity, Inclusion, Social and Cultural Barriers

Not all farmers benefit equally. Marginalized communities (by caste, gender, ethnicity, land
size) may find themselves excluded. Awareness and capacity also differ: many farmers may
not even be aware of carbon farming opportunities or may distrust them. Local cultural or
livelihood priorities may not align with the longer-term nature of carbon farming payoffs.

Conclusion

Carbon farming offers a transformative pathway to sustainable agriculture by aligning
productivity with environmental stewardship. By enhancing soil organic carbon, improving
soil health, mitigating greenhouse gas emissions, and fostering biodiversity, it strengthens
both ecological resilience and farmer livelihoods. While challenges such as high upfront
costs, monitoring complexities, and policy gaps persist, supportive frameworks, accessible
markets, and farmer-centric incentives can accelerate adoption. Integrating carbon farming
into mainstream agricultural policies will be critical for achieving food security, climate
resilience, and rural prosperity. Ultimately, carbon farming is not just a mitigation tool but a
foundation for reimagining future agriculture.
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