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Carbon Sequestration Potential of Agronomic Practices in Agricultural Soil: A review
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Soil carbon sequestration has emerged as a critical strategy for mitigating climate change while enhancing agricultural sustainability and soil health. Agricultural soils contain a substantial proportion of terrestrial carbon, with the potential to act as either carbon sources or sinks depending on management practices. This review synthesizes current scientific understanding of the carbon sequestration potential of various agronomic practices, including conservation tillage, crop residue management, crop rotation, cover cropping, organic amendments, integrated farming systems, and agroforestry. These practices influence carbon dynamics through biological, physical, and chemical mechanisms that regulate carbon input, transformation, and stabilization in soil systems. Empirical evidence indicates that improved agronomic management can sequester approximately 0.2–1.0 Mg C ha⁻¹ yr⁻¹, depending on soil type, climate, and cropping systems. The review further examines factors affecting sequestration efficiency, including soil texture, mineralogy, climatic variability, and management intensity, highlighting their interactive effects on soil organic carbon accumulation. Methods for measuring and estimating soil carbon, such as field sampling, laboratory analysis, simulation models, and remote sensing tools, are critically evaluated to address uncertainties in carbon accounting. The role of conservation agriculture and organic farming systems in enhancing long-term carbon storage is emphasized, along with their co-benefits in improving soil structure, water retention, nutrient availability, and microbial activity. Constraints such as economic limitations, adoption barriers, measurement challenges, and policy gaps are identified as key obstacles to large-scale implementation. Policy frameworks, carbon credit systems, and payment for ecosystem services are discussed as mechanisms to incentivize adoption of carbon-enhancing practices. Future research priorities include long-term experimental studies, integration of advanced technologies such as precision agriculture and biotechnology, and development of region-specific strategies. The findings underscore the importance of integrated and sustainable agronomic approaches in optimizing soil carbon sequestration, contributing to climate change mitigation, and ensuring resilient agricultural systems.
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I. Introduction
Concept and Significance of Carbon Sequestration in Agricultural Soils
Ensuring food and nutritional security for an ever-growing population under climate change is one of the critical challenges of the present times. The impact of climate change on food security is visible through the rise in temperature, erratic rainfall, and extreme weather events. Conventional agricultural practices help to achieve food security but often lead to indiscriminate use of farm inputs, higher GHG emissions, and degradation of natural resources. Further, intensive farming practices and the cultivation of degraded lands resulted in the removal of soil organic carbon and other essential nutrients (Kumara et al., 2023). Carbon sequestration in agricultural soils refers to the process of capturing atmospheric carbon dioxide (CO₂) through photosynthesis and storing it in soil as organic and inorganic carbon forms over extended periods (Jakhar et.al., 2017). Soil organic carbon (SOC), derived from plant residues, root biomass, and microbial transformations, represents the most dynamic and significant fraction, while soil inorganic carbon (SIC) includes carbonates formed through geochemical processes. The global carbon cycle comprises major reservoirs such as the atmosphere (~870 Pg C), vegetation (~560 Pg C), soils (~1500–2400 Pg C within 1–2 m depth), and oceans (~38,000 Pg C), with soils acting as a dominant terrestrial carbon sink. Soil carbon stocks exceed atmospheric carbon by nearly threefold, highlighting their critical role in regulating the climate. Agricultural soils, when managed sustainably, can sequester approximately 0.3–1.0 Mg C ha⁻¹ yr⁻¹, reversing historical carbon losses caused by intensive cultivation that depleted 20–75% of original SOC reserves. Stabilization of carbon occurs through physical protection within soil aggregates, chemical association with minerals, and biochemical resistance to decomposition, ensuring long-term storage. Enhanced SOC also improves soil structure, increases water retention capacity, enhances nutrient cycling, and promotes microbial activity, thereby strengthening agricultural productivity and ecosystem resilience.
Rationale for Focusing on Agronomic Practices
Agricultural soils can potentially sequester as much as 0.8- 1.2 gigatons of CO₂ per year. This means not only the offsetting of GHG emissions but also the co-benefits that include better soil structure, higher nutrient availability, and improved water retention. Additionally, carbon sequestration in soils supports SDGs related to food security, reduction of poverty, and ecological resilience (Ghosh et al., 2024). Agriculture contributes approximately 10–12% of global anthropogenic greenhouse gas emissions, primarily through carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O) emissions associated with soil management, fertilizer use, and land-use changes. Soil disturbance through intensive tillage accelerates the decomposition of organic matter, leading to increased CO₂ emissions, while excessive nitrogen fertilization contributes to N₂O emissions, which possess a global warming potential nearly 298 times higher than CO₂ over 100 years. Agronomic practices play a decisive role in transforming agricultural soils from carbon sources to carbon sinks. Practices such as conservation tillage, residue retention, diversified crop rotations, cover cropping, and integrated nutrient management enhance carbon inputs and reduce losses, thereby improving SOC stocks. Soil management approaches identified by long-term studies that have the potential to increase C sequestered, such approaches include but are not limited to adopting conservation agriculture, reducing tillage frequency, adopting no-tillage, replacing conventional tillage practices, improving rotations to increase the biomass and organic material inputs into soils, and increasing the diversity of cropping systems. The efficacy of the many potential approaches is highly context-specific, and some practices even show the opposite effect under differing conditions (Zhang et al., 2024). The global technical potential of carbon sequestration through improved agricultural management is estimated at 2–5 Pg CO₂-equivalent per year, demonstrating substantial mitigation capacity (Paustian et al., 2016). These practices are economically viable, with mitigation costs ranging from 0 to 100 USD per Mg CO₂-equivalent, while simultaneously delivering co-benefits such as improved soil fertility, reduced erosion, enhanced biodiversity, and increased system stability. Initiatives such as the “4 per 1000” framework emphasize that a 0.4% annual increase in global SOC stocks could significantly offset anthropogenic emissions, reinforcing the importance of agronomic interventions (Li et.al., 2023).
Objectives and Scope 
The present review aims to provide a comprehensive synthesis of the carbon sequestration potential of agronomic practices in agricultural soils by integrating findings from experimental studies, meta-analyses, and modeling approaches. It seeks to evaluate the effectiveness of key agronomic interventions, including tillage management, crop rotation, residue handling, nutrient application, and agroforestry systems, in enhancing soil carbon stocks under diverse environmental conditions. The review also examines the influence of soil properties, climatic variables, and management intensity on sequestration efficiency, offering insights into the variability and limitations of carbon storage across agroecosystems. Methods for quantifying soil carbon changes, including field measurements, laboratory analyses, and simulation models, are critically discussed to highlight advances and uncertainties in carbon accounting. The scope extends to identifying research gaps, technological opportunities, and policy-relevant strategies that can support large-scale adoption of carbon-enhancing practices. By consolidating current scientific evidence, this review contributes to a deeper understanding of how agronomic management can support climate change mitigation while improving soil health and long-term agricultural sustainability (Sadiq et.al., 2025).
II. Soil Carbon Dynamics and Pools
Forms of Soil Carbon
Soil carbon exists primarily in two major forms: soil organic carbon (SOC) and soil inorganic carbon (SIC), each contributing differently to carbon storage and ecosystem functioning. SOC originates from plant residues, root exudates, microbial biomass, and decomposed organic matter, forming a dynamic and biologically active pool. It typically constitutes 50–60% of soil organic matter and plays a central role in nutrient cycling, soil structure formation, and water retention. Global SOC stocks are estimated at approximately 1500–2400 Pg C within the top 1–2 m of soil, representing the largest terrestrial carbon reservoir. SOC is highly sensitive to land management practices and environmental conditions, with significant losses observed under intensive cultivation (Zhao et.al., 2013).
SIC, on the other hand, comprises carbonates such as calcium carbonate (CaCO₃) and magnesium carbonate (MgCO₃), formed through weathering of parent material and precipitation reactions in soil. SIC is more stable than SOC and dominates in arid and semi-arid regions, accounting for approximately 700–950 Pg C globally. While SOC is directly influenced by biological processes, SIC dynamics are governed by geochemical reactions, soil pH, and moisture regimes. The balance between SOC and SIC determines the overall carbon sequestration potential of soils, with SOC being more responsive to agronomic interventions.
Soil Organic Carbon (SOC) fractions
SOC can be divided into labile and recalcitrant fractions. Labile carbon includes easily decomposable compounds such as sugars and amino acids, with rapid turnover rates ranging from days to a few years (Khatoon et.al., 2017). Recalcitrant carbon consists of complex compounds like humic substances, which can persist for decades to centuries. 
Soil Inorganic Carbon (SIC) characteristics
SIC formation involves precipitation of carbonates under conditions of high evapotranspiration and alkaline pH. This pool contributes to long-term carbon storage, though its dynamics are slower compared to SOC. 
Active, Passive, and Slow Carbon Pools
Soil carbon is functionally categorized into active, slow, and passive pools based on turnover rates and stability, which determine their role in carbon sequestration. The active pool consists of fresh plant residues, microbial biomass, and easily decomposable organic compounds. This pool represents approximately 1–5% of total SOC and has a turnover time ranging from a few days to a few years, serving as a primary source of energy for soil microorganisms.The slow pool includes partially decomposed organic matter and stabilized aggregates, accounting for 20–40% of SOC. Its turnover ranges from decades to centuries, contributing significantly to medium-term carbon storage and soil fertility. This pool is influenced by management practices such as residue incorporation and reduced tillage.The passive pool, also referred to as the stable carbon pool, consists of highly resistant organic compounds protected within microaggregates or chemically bound to mineral surfaces. It represents 40–70% of total SOC and has turnover times extending from centuries to millennia, making it crucial for long-term carbon sequestration.
Turnover rates and stability
Turnover rates vary widely among pools, with active carbon decomposing rapidly due to microbial activity, while passive carbon remains protected through physical, chemical, and biochemical mechanisms (Li et.al., 2023). Stability increases with depth, mineral association, and aggregate formation. Environmental factors such as temperature and moisture strongly influence decomposition rates, with higher temperatures accelerating carbon loss. 
Processes Governing Carbon Sequestration
Carbon sequestration in soils is regulated by a series of interconnected biological, physical, and chemical processes that control carbon inputs, transformations, and stabilization. Photosynthesis serves as the primary entry point of carbon into terrestrial ecosystems, with plants capturing atmospheric CO₂ and converting it into biomass. A significant proportion of this carbon, ranging from 20–50%, is transferred belowground through roots and rhizodeposition, forming the basis for SOC accumulation. Carbon inputs include aboveground residues such as leaves and stems, as well as belowground contributions from roots and microbial biomass. The quantity and quality of these inputs determine the rate of carbon accumulation. High-lignin residues decompose slowly, promoting long-term carbon storage, while easily degradable materials contribute to rapid nutrient cycling. Decomposition is driven by soil microorganisms that break down organic matter, releasing CO₂ through respiration (Kruse et.al., 2013). This process is influenced by factors such as temperature, moisture, oxygen availability, and substrate quality. Increased soil disturbance enhances microbial access to organic substrates, accelerating decomposition and reducing SOC levels. Stabilisation processes determine the persistence of carbon in soils. Physical protection occurs through the formation of soil aggregates that encapsulate organic matter, limiting microbial access. Chemical stabilization involves the formation of organo-mineral complexes, particularly with clay and silt particles, which protect carbon from decomposition. Biochemical stabilization results from the formation of recalcitrant compounds such as humic substances that resist microbial degradation.
Photosynthesis and carbon input pathways
Carbon enters the soil system through plant biomass production and rhizosphere processes, with net primary productivity directly influencing sequestration potential (Cheng et.al., 2007).
Decomposition dynamics
Microbial decomposition regulates carbon release, with rates dependent on environmental conditions and substrate composition. 
Stabilization mechanisms
Long-term sequestration is achieved through aggregate formation, mineral association, and chemical recalcitrance, ensuring persistence of carbon in soil systems.
III. Mechanisms of Carbon Sequestration in Agricultural Soils
Biological Mechanisms
Biological processes constitute the primary pathway for carbon entry and transformation in agricultural soils, driven by plant productivity and microbial activity (Sokol et.al., 2019). Photosynthetically fixed carbon is transferred to the soil through aboveground residues and belowground inputs such as roots and rhizodeposition. Root systems contribute substantially to soil carbon stocks, with belowground carbon allocation ranging from 20–50% of total plant-assimilated carbon depending on crop type and environmental conditions. Fine roots and root exudates provide a continuous supply of labile carbon, stimulating microbial activity and promoting the formation of stable soil organic matter. Microbial biomass acts as a central regulator of carbon cycling, mediating decomposition, transformation, and stabilization processes. Soil microorganisms assimilate organic substrates and convert them into microbial biomass and metabolic by-products, which subsequently contribute to the formation of microbial-derived carbon compounds. Microbial residues, including cell wall components such as amino sugars, represent a significant fraction of stable SOC, accounting for up to 50–60% of total organic carbon in some soils. This highlights the importance of microbial necromass as a long-term carbon sink. Humification is a key biological process involving the transformation of decomposed organic matter into complex, stable humic substances. These compounds, including humic acids, fulvic acids, and humin, exhibit high resistance to microbial degradation and can persist in soils for decades to centuries. The rate of humification depends on substrate quality, microbial diversity, and environmental conditions such as temperature and moisture. Cropping systems with continuous organic inputs and minimal disturbance enhance humification efficiency, thereby increasing carbon sequestration potential.
Root biomass contribution
Extensive root systems increase carbon inputs at deeper soil layers, improving vertical carbon distribution and long-term storage (Gross et.al., 2019). Deep-rooted crops can deposit carbon beyond 1 m depth, enhancing stability due to reduced microbial activity in subsoil layers. 
Microbial biomass and transformation
Microbial assimilation converts labile carbon into more stable forms, with microbial carbon use efficiency (CUE) influencing the proportion of carbon retained in soil versus respired as CO₂. 
Humification process
Formation of humic substances leads to chemically complex and stable carbon pools, reducing decomposition rates and enhancing persistence in soil systems. 
Physical Mechanisms
Physical protection of organic carbon within soil structure plays a critical role in reducing decomposition and enhancing sequestration (Krull et.al., 2003). Soil aggregation is the primary mechanism through which organic matter is physically stabilized. Aggregates are clusters of soil particles bound together by organic and inorganic agents, creating microenvironments that limit microbial access to organic substrates. Macroaggregates (>250 µm) often contain fresh plant residues and particulate organic matter, while microaggregates (<250 µm) protect older, more stable carbon fractions.The formation of aggregates is influenced by root growth, fungal hyphae, and microbial exudates such as polysaccharides, which act as binding agents. Conservation-oriented practices such as reduced tillage and residue retention enhance aggregate stability by minimizing disruption and maintaining continuous organic inputs. Stable aggregates reduce oxygen diffusion and microbial activity within their interiors, thereby slowing decomposition rates.Soil texture and mineral composition also influence physical protection. Fine-textured soils with higher clay content exhibit greater aggregation and carbon stabilization capacity compared to coarse-textured soils. Studies indicate that aggregation can protect up to 50% of SOC from rapid decomposition, emphasizing its importance in long-term carbon storage.
Soil aggregation dynamics
Formation and stabilization of aggregates enhance carbon protection by isolating organic matter from microbial decomposition. 
Protection within microaggregates
Microaggregates provide long-term stabilization by encapsulating organic matter within mineral matrices, reducing accessibility to decomposers (Golchin et.al., 2018).
Influence of management practices
Reduced soil disturbance and continuous organic inputs promote aggregate formation and persistence, enhancing sequestration efficiency. 
Chemical Mechanisms
Chemical stabilization of soil carbon involves interactions between organic compounds and mineral surfaces, leading to the formation of organo-mineral complexes that protect carbon from decomposition. Clay minerals and metal oxides, particularly those of iron (Fe) and aluminum (Al), play a crucial role in binding organic molecules through adsorption and complexation processes. These interactions reduce the bioavailability of organic substrates to microorganisms, thereby enhancing carbon persistence.Organo-mineral associations are considered one of the most important mechanisms for long-term carbon stabilization, especially in fine-textured soils. Research indicates that a significant proportion of stable SOC, often exceeding 60%, is associated with mineral fractions. The strength of these associations depends on mineral surface area, charge characteristics, and the chemical composition of organic matter.Recalcitrant carbon formation involves the production of chemically complex compounds that resist microbial degradation. These include lignin-derived materials, black carbon (biochar), and other aromatic structures formed during incomplete combustion or advanced decomposition. Biochar, for instance, has a mean residence time ranging from hundreds to thousands of years, contributing significantly to long-term carbon sequestration.
Organo-mineral complex formation
Adsorption of organic molecules onto clay and metal oxide surfaces reduces decomposition rates and enhances stability (Singh et.al., 2019).
Recalcitrant carbon compounds
Formation of resistant carbon structures, such as humic substances and biochar, increases persistence in soil systems. 
Chemical protection mechanisms
Strong chemical bonds and molecular complexity limit microbial access and enzymatic breakdown, ensuring long-term carbon storage (Khatoon et.al., 2017). The integration of biological, physical, and chemical mechanisms determines the overall efficiency of carbon sequestration in agricultural soils. Interactions among these processes create a continuum of carbon stabilization pathways, with management practices influencing their relative contributions and effectiveness.
IV. Role of Agronomic Practices in Carbon Sequestration
Tillage Practices
Tillage significantly influences soil carbon dynamics by altering soil structure, aeration, and microbial activity. Conventional tillage, involving intensive soil disturbance through plowing and harrowing, accelerates the oxidation of soil organic matter, resulting in substantial carbon losses. Long-term experimental evidence indicates that continuous conventional tillage can reduce soil organic carbon (SOC) stocks by 20–50% relative to undisturbed systems due to enhanced microbial decomposition and disruption of soil aggregates that physically protect organic matter. In contrast, conservation tillage and no-till systems minimize soil disturbance, thereby preserving soil structure and promoting carbon retention. These systems enhance SOC sequestration at rates ranging from 0.1 to 0.5 Mg C ha⁻¹ yr⁻¹, particularly in surface soil layers. Reduced tillage also improves aggregate stability, increases water infiltration, and reduces erosion, collectively supporting long-term carbon storage. Meta-analytical studies suggest that conservation tillage can increase SOC stocks by 10–20% over a period of one to two decades, depending on climatic conditions and soil characteristics.
Crop Residue Management
Crop residue management plays a critical role in determining the magnitude of carbon inputs to soil (Sarkar et.al., 2020). Retention of crop residues on the soil surface or their incorporation into the soil enhances SOC accumulation by increasing organic matter inputs and improving soil biological activity. Residue retention can contribute between 0.2 and 0.8 Mg C ha⁻¹ yr⁻¹ depending on crop productivity and decomposition rates. Surface retention in the form of mulching protects soil against erosion, reduces temperature fluctuations, and conserves soil moisture, leading to improved microbial activity and carbon stabilization. Studies indicate that mulching can increase SOC levels by 5–15% over time and improve soil moisture retention by up to 20–30%. Residue incorporation enhances microbial decomposition and nutrient cycling, though the rate of carbon stabilization depends on residue quality, particularly the carbon-to-nitrogen ratio and lignin content.
Crop Rotation and Diversification
Diversified cropping systems enhance carbon sequestration by increasing biomass production and ensuring continuous organic matter inputs (Wang et.al., 2010). Crop rotations that include legumes, cover crops, and deep-rooted species improve SOC accumulation through enhanced root biomass and nitrogen availability. Legume-based systems contribute to higher SOC levels, often increasing carbon stocks by 10–25% compared to monocropping systems due to biological nitrogen fixation and increased residue input. Cover crops further augment carbon sequestration by adding 1–3 Mg ha⁻¹ of biomass annually, reducing soil erosion, and maintaining soil cover during fallow periods. Long-term studies demonstrate that diversified rotations can sequester between 0.3 and 0.9 Mg C ha⁻¹ yr⁻¹, while also improving soil microbial diversity and system resilience.
Nutrient Management
Nutrient management directly affects plant productivity and, consequently, carbon inputs to soil. Organic amendments such as farmyard manure, compost, and green manure enhance SOC by supplying organic carbon and stimulating microbial activity. Long-term application of organic inputs has been shown to increase SOC stocks by 15–30%, depending on soil type and management intensity. Integrated nutrient management, which combines organic and inorganic fertilizers, optimizes nutrient availability and supports sustained biomass production, leading to higher residue returns and increased carbon sequestration. Balanced fertilization enhances plant growth and improves carbon use efficiency, contributing to SOC sequestration rates of approximately 0.2–0.6 Mg C ha⁻¹ yr⁻¹ . Improved nutrient management also reduces greenhouse gas emissions associated with inefficient fertilizer use.
Irrigation Management
Efficient irrigation management enhances carbon sequestration by improving crop growth and biomass production, thereby increasing carbon inputs to soil (Meena et.al., 2019). Improved water-use efficiency can raise biomass production by 20–50%, which directly contributes to higher SOC accumulation. Soil moisture regulates microbial activity and decomposition processes, with optimal moisture conditions promoting carbon stabilization while excessive moisture may lead to anaerobic conditions and increased methane emissions. Precision irrigation techniques such as drip and sprinkler systems improve water distribution, reduce evaporation losses, and support sustainable soil carbon management. Controlled irrigation practices also prevent soil degradation and maintain favourable conditions for carbon sequestration.
Agroforestry Systems
Agroforestry systems integrate trees with crops and/or livestock, creating multifunctional landscapes that enhance both aboveground and belowground carbon storage (Chappa et.al., 2024). Trees contribute significantly to carbon sequestration through biomass accumulation and deep root systems that deposit carbon into subsoil layers, increasing long-term stability. Agroforestry systems have been reported to sequester between 1.0 and 3.5 Mg C ha⁻¹ yr⁻¹ depending on species composition, climate, and management practices. Continuous input of leaf litter and root biomass improves SOC levels and soil fertility, while shading effects reduce soil temperature and evaporation, enhancing moisture retention and microbial activity. These systems also improve soil structure, reduce erosion, and increase biodiversity, making them highly effective for sustainable carbon management.
V. Conservation Agriculture and Carbon Sequestration
Principles of Conservation Agriculture
Conservation agriculture (CA) is based on three interlinked principles: minimum soil disturbance, permanent soil cover, and diversified crop rotations, which collectively enhance soil carbon sequestration and ecosystem sustainability (Zou et.al., 2024). Minimum soil disturbance through reduced or zero tillage limits the exposure of soil organic matter to oxygen, thereby decreasing microbial oxidation and carbon loss. Studies indicate that eliminating intensive tillage can reduce CO₂ emissions from soil by 15–25% and improve aggregate stability, which protects soil organic carbon (SOC) from rapid decomposition. Permanent soil cover through crop residues or cover crops ensures continuous carbon input and protects the soil surface from erosion, temperature extremes, and moisture loss. Residue retention can increase SOC accumulation by 0.2–0.8 Mg C ha⁻¹ yr⁻¹ depending on biomass availability and environmental conditions. Crop rotation enhances biodiversity and biomass production, contributing to diversified carbon inputs and improved nutrient cycling. Inclusion of legumes and deep-rooted crops promotes nitrogen fixation and carbon deposition in deeper soil layers, increasing long-term sequestration potential.
Minimum soil disturbance
Reduced tillage preserves soil structure, enhances aggregate formation, and lowers decomposition rates of organic matter. 
Permanent soil cover
Continuous residue cover reduces erosion, conserves moisture, and provides a steady source of organic carbon. 
Crop rotation
Diversified cropping systems increase biomass input and improve soil biological activity, supporting SOC buildup. 
Impact on Soil Organic Carbon Stocks
The adoption of conservation agriculture significantly influences SOC stocks, with effects varying across temporal scales (Sun et.al., 2020). Short-term impacts, typically observed within 2–5 years, often show modest increases or redistribution of carbon within soil layers. Surface SOC tends to increase under no-till systems due to residue accumulation, while deeper layers may exhibit limited changes during early years. Initial transitions from conventional to conservation systems may also experience temporary fluctuations in carbon dynamics due to changes in microbial activity and residue decomposition patterns.Long-term impacts, extending beyond 10–20 years, demonstrate substantial increases in SOC stocks and improved carbon stability. Meta-analyses reveal that conservation agriculture can enhance SOC by 10–30% over long durations, with sequestration rates ranging from 0.3 to 1.0 Mg C ha⁻¹ yr⁻¹ depending on climate, soil type, and management intensity. Increased aggregate stability and formation of organo-mineral complexes under CA systems contribute to long-term carbon stabilization. Deeper soil layers also begin to accumulate carbon over time due to root biomass inputs and reduced disturbance.
Short-term effects
Initial SOC changes are often confined to surface layers with gradual improvement in soil structure and microbial activity. 
Long-term effects
Sustained adoption leads to significant SOC accumulation, enhanced stability, and improved soil health. 
Case Studies and Global Perspectives
Empirical evidence from long-term experiments across diverse agroecosystems highlights the effectiveness of conservation agriculture in enhancing carbon sequestration (Lee et.al., 2019). Studies conducted in temperate regions report SOC increases of 0.3–0.6 Mg C ha⁻¹ yr⁻¹ under no-till systems combined with residue retention. In tropical and subtropical regions, higher biomass production and faster decomposition rates result in sequestration rates ranging from 0.5 to 1.2 Mg C ha⁻¹ yr⁻¹ under well-managed CA systems. Global assessments estimate that widespread adoption of conservation agriculture could sequester up to 1.5–2.0 Pg CO₂-equivalent annually, representing a significant contribution to climate change mitigation. Case studies also demonstrate improvements in soil physical properties, including increased aggregate stability by 20–40% and enhanced water infiltration rates by 15–50%, which indirectly support carbon storage by reducing erosion and promoting biomass production. Long-term experiments such as those in North America and South America have shown that combining no-till with crop diversification and residue retention results in higher SOC stocks compared to single-practice approaches. These findings emphasize the importance of integrated management strategies for maximizing sequestration potential. Conservation agriculture also enhances system resilience by improving soil moisture retention and reducing vulnerability to climatic variability (Joshi et.al., 2021).
Regional variability
Carbon sequestration rates vary with climate, soil type, and management practices, with higher rates observed in systems with greater biomass input. 
Integrated approaches
Combining multiple CA principles yields greater SOC accumulation than individual practices alone (Dignac et.al., 2017).
Global mitigation potential
Large-scale adoption of conservation agriculture can contribute significantly to reducing atmospheric CO₂ levels while improving soil productivity. Conservation agriculture represents a sustainable and scalable approach to enhancing soil carbon sequestration, with strong scientific evidence supporting its role in climate change mitigation and soil health improvement.
VI. Organic Farming and Carbon Storage Potential
Role of Organic Inputs
Organic farming systems rely on biologically derived inputs such as farmyard manure, compost, green manure, and biofertilizers, which play a central role in enhancing soil organic carbon (SOC) stocks and improving soil quality. Farmyard manure (FYM) contributes substantial amounts of stable organic matter, with long-term application reported to increase SOC by 20–40% depending on soil type and climate. Compost, characterized by partially stabilized organic material, improves carbon retention through the addition of humified compounds that resist rapid decomposition. Annual compost applications can increase SOC sequestration rates by 0.3–0.6 Mg C ha⁻¹ yr⁻¹, while also enhancing microbial biomass and enzymatic activity (Diacono & Montemurro, 2010). Green manuring, involving the incorporation of fresh plant biomass such as legumes, adds 2–5 Mg ha⁻¹ of organic matter per cropping cycle, promoting rapid carbon input and improved nitrogen availability through biological fixation. Biofertilizers, including microbial inoculants such as Rhizobium, Azotobacter, and mycorrhizal fungi, enhance nutrient cycling and plant growth, indirectly increasing biomass production and carbon input to soil. Continuous application of organic inputs also improves soil aggregation, reduces bulk density, and enhances water-holding capacity by 10–25%, which supports long-term carbon stabilization (Hati et.al., 2006).
Comparative Analysis with Conventional Systems
Organic farming systems demonstrate higher SOC accumulation compared to conventional systems due to greater organic matter inputs and reduced reliance on synthetic inputs that may accelerate carbon mineralization. Long-term comparative studies indicate that organic systems can increase SOC stocks by 10–30% relative to conventional systems over periods of 10–20 years. SOC sequestration rates under organic management typically range from 0.2 to 0.7 Mg C ha⁻¹ yr⁻¹, depending on cropping intensity, residue management, and environmental conditions. Enhanced microbial diversity and activity in organic systems promote the formation of stable carbon compounds, including microbial-derived organic matter, which contributes significantly to long-term carbon storage.Soil health indicators such as aggregate stability, microbial biomass carbon, and enzymatic activity are consistently higher under organic management. Aggregate stability can increase by 15–40%, improving physical protection of organic matter and reducing erosion losses. Microbial biomass carbon is often 20–50% higher in organic systems, reflecting enhanced biological activity and efficient carbon cycling. Organic systems also exhibit improved nutrient retention and reduced leaching losses, contributing to sustainable soil fertility (Watson et.al., 2002). Comparative analyses reveal that while conventional systems may achieve higher short-term yields due to intensive input use, organic systems provide superior long-term benefits in terms of carbon sequestration, soil resilience, and environmental sustainability. These findings highlight the potential of organic farming as a viable strategy for enhancing soil carbon storage while maintaining ecological balance.
VII. Cover Cropping and Green Manuring
Types of Cover Crops and Their Characteristics
Cover crops represent a critical agronomic strategy for enhancing soil organic carbon (SOC) through continuous biomass input and improved soil protection. These crops are broadly classified into leguminous and non-leguminous species based on their functional traits and ecological roles. Leguminous cover crops such as clover (Trifolium spp.), vetch (Vicia spp.), and sunn hemp (Crotalaria juncea) possess the ability to fix atmospheric nitrogen through symbiotic associations with rhizobia, contributing 50–200 kg N ha⁻¹ per season depending on species and environmental conditions. This biological nitrogen fixation enhances soil fertility and supports subsequent crop growth, leading to increased biomass production and carbon input. Legumes typically have lower carbon-to-nitrogen (C:N) ratios, often ranging from 10:1 to 20:1, which promotes rapid decomposition and nutrient release. Non-leguminous cover crops such as rye (Secale cereale), oats (Avena sativa), and mustard (Brassica spp.) are characterized by high biomass production and higher C:N ratios, often exceeding 25:1. These species contribute significantly to soil carbon sequestration by adding large quantities of organic residues that decompose slowly, thereby enhancing long-term carbon storage. Non-legumes are particularly effective in reducing soil erosion, improving soil structure, and suppressing weeds (Kociraet.al., 2020). The selection of cover crop species influences the balance between short-term nutrient availability and long-term carbon stabilization, with mixed-species cover cropping systems often providing synergistic benefits through complementary traits.
Carbon Input and Nitrogen Interactions
Cover cropping and green manuring significantly influence carbon and nitrogen cycling in agricultural soils through the addition of biomass and subsequent decomposition processes. Cover crops can contribute 1–5 Mg ha⁻¹ of dry biomass annually, depending on climatic conditions and management practices, resulting in substantial carbon inputs to soil. Green manuring, which involves the incorporation of fresh plant biomass into the soil, enhances SOC by providing readily decomposable organic matter that stimulates microbial activity and nutrient cycling.The interaction between carbon and nitrogen plays a crucial role in determining decomposition dynamics and carbon sequestration efficiency. Residues with low C:N ratios, such as those from leguminous crops, decompose rapidly, releasing nitrogen that supports microbial growth and subsequent humification processes. This rapid mineralization enhances short-term nutrient availability but may limit long-term carbon stabilization. In contrast, residues with high C:N ratios from non-leguminous crops decompose more slowly, leading to gradual carbon release and increased formation of stable organic matter fractions. Microbial decomposition of cover crop residues results in the transformation of organic carbon into microbial biomass and humic substances, which contribute to stable SOC pools. The efficiency of this process is influenced by microbial carbon use efficiency (CUE), which determines the proportion of carbon retained in soil versus lost as CO₂ through respiration. Balanced carbon and nitrogen inputs improve microbial efficiency and enhance the formation of stable organo-mineral complexes, thereby increasing long-term carbon sequestration potential.Cover cropping systems also improve soil physical properties such as aggregate stability and porosity, which enhance the physical protection of organic matter. Aggregate stability can increase by 10–30% under continuous cover cropping, reducing erosion losses and promoting carbon retention (Liu et.al., 2022). Enhanced root biomass from cover crops contributes to deeper carbon deposition, increasing the persistence of carbon in subsoil layers. These combined effects demonstrate that cover cropping and green manuring are effective strategies for improving soil carbon stocks while enhancing nutrient cycling and overall soil health.
VIII. Integrated Farming Systems and Carbon Sequestration
Crop–Livestock Integration
Integrated farming systems that combine crop and livestock components create closed-loop nutrient cycles, enhancing soil organic carbon (SOC) sequestration through efficient biomass utilization and organic matter recycling. Crop–livestock integration facilitates the return of animal-derived organic inputs such as farmyard manure, slurry, and urine to agricultural soils, contributing substantial quantities of organic carbon and nutrients. Manure application rates ranging from 5 to 20 Mg ha⁻¹ yr⁻¹ can increase SOC stocks by 10–30% over long-term periods, depending on soil type and climatic conditions. These organic inputs improve soil structure, increase aggregate stability, and stimulate microbial activity, which collectively enhance carbon stabilization mechanisms. Manure recycling promotes efficient nutrient cycling by returning nitrogen (N), phosphorus (P), potassium (K), and micronutrients to the soil, reducing dependency on external inputs. Approximately 60–80% of nutrients consumed by livestock are excreted and can be recycled back into the soil, improving nutrient use efficiency and supporting plant growth. Enhanced plant productivity leads to increased biomass production and carbon input through crop residues and root systems. Microbial decomposition of manure contributes to the formation of stable humic substances and microbial-derived carbon compounds, which play a significant role in long-term carbon storage. Integrated systems also reduce nutrient losses through leaching and volatilization, thereby improving environmental sustainability and maintaining soil fertility.
Diversified Farming Systems
Diversified farming systems, characterized by the integration of multiple crops, livestock, trees, and other components, enhance carbon sequestration by increasing system productivity and resilience (Keprateet.al., 2024). Such systems promote continuous organic matter inputs from diverse sources, including crop residues, animal manure, and tree litter, leading to higher SOC accumulation. Long-term studies indicate that diversified systems can sequester 0.5–1.5 Mg C ha⁻¹ yr⁻¹, depending on management practices and ecological conditions.Increased biodiversity within integrated systems enhances soil microbial diversity and activity, which are critical for efficient carbon transformation and stabilization. Diverse root architectures contribute to carbon deposition at different soil depths, improving vertical distribution and long-term persistence of SOC. Systems that incorporate perennial crops and agroforestry components exhibit greater carbon storage due to continuous biomass production and reduced soil disturbance. Enhanced resilience to climatic variability is another key advantage, as diversified systems maintain productivity under stress conditions, ensuring sustained carbon inputs.Improved soil physical properties, including aggregate stability, porosity, and water-holding capacity, further support carbon sequestration. Aggregate stability can increase by 15–35% in diversified systems, reducing erosion and protecting organic matter from decomposition. These systems also enhance nutrient cycling efficiency and reduce greenhouse gas emissions through optimized resource use. The integration of multiple enterprises within a single system creates synergistic interactions that maximize carbon sequestration potential while improving economic viability and ecological sustainability.
IX. Factors Influencing Carbon Sequestration Efficiency
Soil Factors
Soil properties exert a fundamental control on carbon sequestration efficiency by regulating carbon input, transformation, and stabilization processes (Kavya et.al., 2023). Soil texture plays a decisive role, with fine-textured soils containing higher proportions of clay and silt exhibiting greater carbon retention capacity due to increased surface area and stronger organo-mineral interactions. Clay-rich soils can store up to two to three times more soil organic carbon (SOC) than sandy soils under similar management conditions. Soil structure, particularly the formation of stable aggregates, enhances physical protection of organic matter by limiting microbial access and oxygen diffusion, thereby reducing decomposition rates. Aggregate stability can increase SOC protection by up to 50%, making it a critical factor in long-term sequestration. Mineralogy influences chemical stabilization through the presence of reactive minerals such as iron and aluminium oxides, which form strong bonds with organic compounds. These interactions enhance carbon persistence and reduce bioavailability for microbial decomposition. Initial SOC levels also determine sequestration potential, with degraded soils exhibiting higher capacity for carbon gain compared to soils that are already near saturation. Studies indicate that soils with low initial SOC can sequester carbon at rates exceeding 1.0 Mg C ha⁻¹ yr⁻¹ under improved management, while high-SOC soils show lower incremental gains due to saturation effects.
Climatic Factors
Climatic conditions strongly regulate carbon sequestration by influencing plant productivity and decomposition dynamics (Yadav et.al., 2024). Temperature is a key driver of microbial activity, with higher temperatures accelerating decomposition and increasing CO₂ emissions. A rise of 10°C can double microbial respiration rates, significantly reducing SOC stocks if not balanced by increased biomass input. Cooler climates tend to favor carbon accumulation due to slower decomposition rates. Rainfall patterns determine soil moisture availability, which affects both plant growth and microbial processes. Optimal moisture conditions enhance biomass production and carbon input, while excessive moisture can create anaerobic conditions, leading to methane emissions. Seasonal variability also plays a critical role, as fluctuations in temperature and precipitation influence the timing and rate of carbon inputs and losses. Regions with consistent growing seasons and moderate climatic conditions generally exhibit higher sequestration efficiency due to sustained plant productivity and balanced decomposition rates.
Management Factors
Management practices directly influence carbon sequestration by altering carbon inputs, soil disturbance, and nutrient dynamics. Intensity of cultivation, including frequency of tillage and cropping cycles, affects SOC levels by controlling the rate of organic matter decomposition. Intensive cultivation accelerates carbon loss, while reduced disturbance systems enhance carbon retention. Input use, particularly organic amendments and balanced fertilization, increases biomass production and carbon input to soil. Application of organic inputs such as manure and compost can increase SOC stocks by 15–30% over time. Cropping systems also play a significant role, with diversified systems including crop rotations, cover crops, and agroforestry contributing to higher SOC accumulation compared to monocropping. These systems provide continuous organic inputs, improve soil structure, and enhance microbial diversity, all of which support carbon stabilization. Management-induced changes in soil moisture, aeration, and nutrient availability further influence microbial processes and carbon dynamics, highlighting the importance of integrated approaches for maximizing sequestration efficiency.
X. Measurement and Estimation of Soil Carbon Sequestration
Field and Laboratory Methods
Accurate measurement of soil carbon sequestration requires standardized field and laboratory techniques that capture spatial and temporal variability (Post et.al., 2001). Soil sampling is a fundamental step, typically conducted at multiple depths such as 0–15 cm, 15–30 cm, and deeper layers to assess the vertical distribution of SOC. Bulk density measurements are essential for converting carbon concentrations into stock values expressed as Mg C ha⁻¹. Sampling protocols often involve repeated measurements over time to detect changes in SOC stocks, with long-term experiments providing the most reliable data. Laboratory analysis of SOC is commonly performed using dry combustion methods, such as elemental analyzers, which provide precise measurements of total carbon content. The Walkley–Black method, based on wet oxidation, is also widely used, though it may underestimate total SOC by 10–30%. Advanced techniques such as spectroscopic analysis, including near-infrared (NIR) and mid-infrared (MIR) spectroscopy, enable rapid and cost-effective estimation of SOC across large sample sets. Fractionation methods are employed to separate labile and stable carbon pools, providing insights into carbon dynamics and stability.
Modelling Approaches
Simulation models are essential tools for estimating soil carbon sequestration over large spatial and temporal scales (Mandal et.al., 2022). Models such as CENTURY and RothC simulate carbon dynamics based on inputs including climate, soil properties, and management practices. The CENTURY model divides SOC into active, slow, and passive pools, each with distinct turnover rates, enabling detailed analysis of carbon cycling processes. RothC focuses on the turnover of organic carbon in non-waterlogged soils and has been widely applied for predicting SOC changes under different land-use and management scenarios. These models integrate field data with process-based algorithms to estimate carbon sequestration potential and evaluate the impact of management practices. Model outputs indicate that improved agricultural practices can increase SOC stocks by 0.2–1.0 Mg C ha⁻¹ yr⁻¹ depending on environmental conditions. Model validation through long-term experimental data is essential to improve accuracy and reduce uncertainties associated with predictions.
Remote Sensing and GIS Applications
Remote sensing and geographic information systems (GIS) provide powerful tools for large-scale assessment of soil carbon stocks and spatial variability. Satellite data from sensors such as Landsat, MODIS, and Sentinel are used to estimate vegetation indices, biomass production, and land-use changes, which are indirectly related to SOC dynamics. Integration of remote sensing data with field observations enables the development of spatial models for SOC estimation across landscapes. GIS-based approaches facilitate the mapping and monitoring of carbon stocks, allowing identification of areas with high sequestration potential. Digital soil mapping techniques combine environmental variables, remote sensing data, and machine learning algorithms to predict SOC distribution with high resolution. These approaches improve the efficiency of carbon monitoring and support decision-making for sustainable land management. Remote sensing-based estimates indicate that large-scale adoption of improved practices can significantly enhance SOC stocks and contribute to climate change mitigation efforts.
XI. Carbon Sequestration Potential under Different Cropping Systems
Cereal-Based Systems
Cereal-based systems such as rice–wheat and maize-based rotations occupy extensive agricultural areas and contribute significantly to soil organic carbon (SOC) dynamics due to high biomass production and residue generation. Rice–wheat systems generate substantial aboveground residues ranging from 6–12 Mg ha⁻¹ yr⁻¹, which can contribute to SOC sequestration when retained or incorporated into the soil. Long-term studies report SOC sequestration rates of 0.2–0.6 Mg C ha⁻¹ yr⁻¹ under improved residue management and reduced tillage in such systems. Flooded rice cultivation creates anaerobic soil conditions that slow decomposition and promote carbon accumulation, though it is associated with methane (CH₄) emissions. Transitioning to alternate wetting and drying irrigation practices can reduce CH₄ emissions while maintaining SOC levels. Maize-based systems, characterized by high root biomass and residue production, offer considerable potential for carbon sequestration. Residue inputs of 5–10 Mg ha⁻¹ yr⁻¹ can enhance SOC accumulation, particularly under conservation tillage and cover cropping (Ruis et.al., 2017). Continuous maize systems with residue retention have shown SOC increases of 10–25% over long-term periods. Diversification within cereal systems through crop rotations and inclusion of legumes further enhances carbon inputs and improves nutrient cycling, thereby increasing sequestration efficiency.
Horticultural Systems
Horticultural systems, including orchards and perennial cropping systems, exhibit high carbon sequestration potential due to continuous biomass production and minimal soil disturbance. Perennial crops maintain permanent root systems that contribute to sustained carbon input into soil, particularly in deeper layers. Orchards can sequester 0.5–1.5 Mg C ha⁻¹ yr⁻¹ depending on species, management practices, and environmental conditions. Leaf litter fall, pruning residues, and root turnover provide continuous organic inputs that enhance SOC accumulation. Reduced soil disturbance in horticultural systems promotes aggregate stability and carbon protection, while mulching practices improve soil moisture and temperature regulation, further supporting carbon retention. Studies indicate that SOC levels in orchard systems can be 20–40% higher than those in annual cropping systems due to sustained organic inputs and lower decomposition rates. Integration of cover crops within orchards further enhances carbon sequestration by increasing biomass input and improving soil biological activity.
Pasture and Grassland Systems
Pasture and grassland systems represent some of the most efficient ecosystems for soil carbon sequestration due to extensive root systems and continuous ground cover (Ghosh et.al., 2014). Grasslands can sequester carbon at rates ranging from 0.3 to 1.0 Mg C ha⁻¹ yr⁻¹ depending on management intensity and climatic conditions. Root biomass contributes significantly to SOC, with up to 60–80% of total plant carbon allocated belowground, enhancing carbon deposition in subsoil layers. Well-managed grazing systems improve carbon sequestration by maintaining optimal plant growth and promoting root turnover. Practices such as rotational grazing and controlled stocking rates enhance biomass production and reduce soil degradation. Grassland soils also exhibit high aggregate stability, which protects organic matter from decomposition and supports long-term carbon storage. Conversion of degraded lands to managed pastures has been shown to increase SOC stocks by 20–50% over several decades. These systems play a crucial role in global carbon cycling due to their large spatial extent and high sequestration efficiency.
XII. Climate Change Mitigation and Adaptation Benefits
Reduction in Greenhouse Gas Emissions
Soil carbon sequestration contributes to climate change mitigation by reducing atmospheric concentrations of greenhouse gases, particularly carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O). Enhanced SOC acts as a carbon sink, offsetting emissions from agricultural activities. Global estimates suggest that improved land management practices can sequester 2–5 Pg CO₂-equivalent annually, representing a substantial mitigation potential.Interactions among greenhouse gases influence the overall mitigation effect. Practices such as reduced tillage and residue retention decrease CO₂ emissions by limiting soil disturbance and enhancing carbon stabilization. Improved water management in rice systems reduces CH₄ emissions by 20–50% through controlled irrigation practices. Efficient nitrogen management reduces N₂O emissions, which have a global warming potential nearly 298 times higher than CO₂ over 100 years. Integrated approaches that balance carbon sequestration with emission reduction strategies maximize climate benefits.
Improvement in Soil Health and Productivity
Enhanced SOC levels significantly improve soil health and agricultural productivity by influencing physical, chemical, and biological properties (Page et.al., 2020). Increased SOC improves water-holding capacity, with each 1% increase in SOC enhancing water retention by approximately 1.5–2.0%, depending on soil texture. Improved water availability supports crop growth under moisture-limited conditions, increasing system resilience to climatic variability.SOC also enhances nutrient availability by acting as a reservoir of essential elements such as nitrogen, phosphorus, and sulphur. Increased microbial activity associated with higher SOC levels promotes nutrient mineralization and efficient nutrient cycling. Aggregate stability improves with higher SOC, reducing soil erosion and maintaining soil structure. Studies report that improved SOC can increase crop yields by 10–20% under favourable management conditions. Resilience to climatic stress is strengthened through improved soil structure, enhanced infiltration, and reduced runoff, which mitigate the impacts of extreme weather events. Enhanced biodiversity in soils supports ecosystem functions such as pest suppression and nutrient cycling. These benefits highlight the dual role of carbon sequestration in mitigating climate change while supporting sustainable agricultural productivity and ecosystem stability.
XIII. Constraints and Challenges
Socio-Economic Barriers
Adoption of carbon-sequestering agronomic practices is constrained by multiple socio-economic factors, including limited financial resources, risk perception, and inadequate awareness among farming communities. Transitioning from conventional to conservation-oriented systems often requires initial investments in specialized equipment such as zero-till seeders, residue management tools, and precision irrigation systems, with costs ranging from USD 100–500 per hectare depending on scale and technology. Smallholder farmers frequently face liquidity constraints, restricting their ability to adopt such practices despite long-term benefits. Risk aversion also plays a critical role, as yield variability during transition periods discourages adoption. Studies indicate that adoption rates of conservation agriculture practices remain below 30% in many regions due to uncertainty in short-term returns and limited access to technical knowledge. Awareness and knowledge dissemination gaps further limit adoption. Lack of extension services, insufficient training programs, and limited access to scientific information reduce farmers’ capacity to implement effective carbon management strategies. Social and cultural factors, including traditional farming practices and resistance to change, also influence adoption behavior. Economic incentives are often inadequate to offset the perceived risks, resulting in slow uptake of sustainable practices.
Technical Limitations
Accurate measurement and monitoring of soil carbon sequestration present significant technical challenges due to spatial and temporal variability (Croft et.al., 2012). Soil organic carbon (SOC) levels vary widely across landscapes, influenced by soil type, climate, and management practices, making it difficult to detect changes over short timeframes. Measurement uncertainties can range from 10–30% depending on sampling intensity and analytical methods. Detecting meaningful changes in SOC often requires long-term monitoring over periods exceeding 5–10 years, which increases costs and logistical complexity.Sampling errors, variability in bulk density, and inconsistencies in laboratory methods further contribute to uncertainty. Conventional methods such as dry combustion provide high accuracy but are resource-intensive, while rapid techniques such as spectroscopy may introduce calibration errors. Modelling approaches also face limitations due to uncertainties in input data and assumptions regarding carbon turnover rates. These technical constraints complicate the development of reliable carbon accounting systems and hinder participation in carbon markets.
Policy and Institutional Gaps
Policy and institutional frameworks for promoting soil carbon sequestration remain underdeveloped in many regions. Fragmented policies, lack of coordination among stakeholders, and insufficient integration of climate and agricultural policies limit the effectiveness of carbon sequestration initiatives. Institutional support for research, extension, and capacity building is often inadequate, restricting the dissemination of best practices.Limited access to financial incentives and carbon credit mechanisms reduces motivation for adoption. Regulatory uncertainties and lack of standardized protocols for measuring and verifying carbon sequestration create barriers for participation in carbon markets. Weak institutional linkages among research organizations, policymakers, and farming communities further constrain implementation. Strengthening policy coherence and institutional capacity is essential for scaling up carbon sequestration efforts.
XIV. Policy and Incentives
Carbon Credit Systems and Markets
Carbon credit systems provide economic incentives for adopting practices that enhance soil carbon sequestration by assigning monetary value to carbon storage (Antle et.al., 2003). One carbon credit typically represents one metric ton of CO₂-equivalent sequestered or avoided. Agricultural carbon markets have the potential to generate significant revenue streams for farmers, with carbon prices ranging from USD 5 to 50 per ton CO₂-equivalent depending on market conditions and certification standards. Payment for ecosystem services (PES) schemes reward farmers for maintaining or enhancing ecosystem functions, including carbon sequestration. These programs compensate land managers for adopting sustainable practices such as conservation tillage, agroforestry, and organic farming. Empirical evidence indicates that PES schemes can increase adoption rates of sustainable practices by 20–40% when adequately designed and implemented. Reliable measurement, reporting, and verification (MRV) systems are critical for ensuring transparency and credibility in carbon markets.
Government Policies and Global Initiatives
Government policies play a crucial role in promoting soil carbon sequestration through subsidies, incentives, and regulatory frameworks that encourage sustainable land management. Policies supporting conservation agriculture, organic farming, and integrated nutrient management enhance carbon sequestration while improving agricultural productivity. Financial incentives such as subsidies for equipment, tax benefits, and direct payments for ecosystem services facilitate adoption. Global initiatives such as the “4 per 1000” program aim to increase global SOC stocks by 0.4% annually as a strategy to offset anthropogenic carbon emissions. International agreements under the United Nations Framework Convention on Climate Change (UNFCCC) emphasize the role of agriculture in climate mitigation and adaptation. Climate-smart agriculture frameworks integrate productivity, resilience, and mitigation goals, promoting practices that enhance carbon sequestration. Effective policy implementation requires alignment of national strategies with global commitments and strengthening institutional mechanisms for monitoring and evaluation.
XV. Future Research
Long-Term Experiments and Data Gaps
Long-term experiments are essential for understanding the dynamics of soil carbon sequestration and evaluating the sustainability of agronomic practices (Luo et.al., 2011). Many existing studies are limited in duration, often spanning less than a decade, which restricts the ability to capture long-term trends and stabilization processes. Long-term trials exceeding 20–30 years provide critical insights into SOC dynamics, revealing sequestration rates, saturation limits, and interactions with environmental variables. Addressing data gaps requires standardized methodologies for soil sampling, analysis, and reporting to ensure comparability across studies. Spatial variability and lack of high-resolution data also present challenges in assessing carbon sequestration potential across diverse agroecosystems. Expanding monitoring networks and integrating field data with modelling approaches can improve the accuracy and scalability of carbon assessments.
Integration of Advanced Technologies
Advances in technology offer new opportunities for enhancing carbon sequestration and improving measurement accuracy. Precision agriculture technologies, including GPS-guided equipment, sensors, and data analytics, enable site-specific management of inputs, optimizing biomass production and carbon input. Digital tools such as remote sensing, machine learning, and big data analytics facilitate large-scale monitoring and modelling of SOC dynamics. Biotechnology innovations, including the development of crop varieties with enhanced root biomass and carbon allocation, have the potential to increase sequestration efficiency. Genetic improvements targeting root architecture and microbial interactions can enhance carbon deposition in deeper soil layers. Emerging techniques such as biochar application and microbial engineering further contribute to long-term carbon stabilization.
XVI. Conclusion
Carbon sequestration in agricultural soils represents a scientifically robust pathway for mitigating climate change while enhancing soil productivity and sustainability. Agronomic practices such as conservation tillage, residue management, diversified cropping, organic inputs, and integrated farming systems significantly improve soil organic carbon stocks through enhanced biomass input and stabilization mechanisms. Soil, climatic, and management factors collectively regulate sequestration efficiency, while advanced measurement techniques and modelling approaches enable accurate assessment of carbon dynamics. Despite proven benefits, challenges related to socio-economic constraints, technical uncertainties, and policy limitations restrict large-scale adoption. Strengthening policy support, promoting incentive-based mechanisms, and advancing research through long-term experiments and technological innovations can accelerate implementation. A systems-based approach integrating ecological principles with site-specific management strategies will be essential for maximizing carbon storage, improving soil health, and ensuring resilient agricultural systems under changing climatic conditions.
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