


[bookmark: _Toc214897610]Emerging Pathways and Barriers to Carbon Sequestration in Agricultural Soils: A Comprehensive Review

[bookmark: _Toc214897611]Abstract
[bookmark: _GoBack]Agricultural soils are increasingly framed as a cornerstone of climate mitigation strategies because they can store additional organic carbon while delivering agronomic and environmental co-benefits. Yet the true potential of soil carbon sequestration and the conditions under which it can be realized remain contested. This review synthesizes emerging evidence on pathways for increasing soil organic carbon in cropland and grazing systems, and critically examines the biophysical, socioeconomic, and governance barriers that constrain implementation at scale. The study first outlines the conceptual foundations of soil carbon sequestration in farmland, distinguishing between technical and realistic potentials and highlighting recent global assessments that emphasize strong context dependence. We then review key biophysical pathways, including diversified crop rotations, reduced tillage, cover crops, organic amendments, perennial crops, agroforestry, and regenerative agriculture frameworks, alongside newer options such as engineered amendments and breeding for deep rooting. Recent meta-analyses and field studies show that many of these practices can increase soil carbon stocks while enhancing yields and resilience, but effects vary strongly with baseline soil carbon, climate, and management history, and are limited by saturation and nutrient constraints. Next, we examine the rapidly evolving landscape of monitoring, reporting, and verification (MRV), including conventional sampling and modeling, remote sensing, digital soil mapping, and emerging modular MRV frameworks that underpin soil carbon crediting. We synthesize evidence on farmers’ motivations, perceptions, and risk preferences, and on how carbon markets and policy incentives shape adoption, drawing on recent studies from Europe, Australia, South Asia, and the Mediterranean. Finally, we identify cross-cutting barriers related to uncertain permanence, nitrogen trade-offs, land tenure, equity, and institutional capacity. This review concludes that agricultural soil carbon sequestration can make a meaningful but finite contribution to climate mitigation while providing substantial co-benefits, especially in degraded, low-carbon soils. Realizing this potential requires aligning agronomic innovation, robust MRV, farmer-centred incentive design, and just governance arrangements that prioritize long-term soil health rather than short-term credit volumes.
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[bookmark: _Toc214897612]1. Introduction
Carbon sequestration on agricultural land, albeit long-time neglected, offers substantial mitigation potential. CO2 sequestration options on agricultural land and their co-benefits have not been considered in the global mitigation pathways reviewed under the 6th Assessment Report of the Intergovernmental Panel on Climate Change, and their abatement potential was only assessed in isolation from other sectors and from the market dynamics (Frank et al., 2024; Tubiello et al., 2021; IPCC, 2022; Pendrill et al., 2022; Tubiello et al., 2015). Agricultural soils are at the centre of current debates on “nature-based solutions” for climate mitigation. Cropland and grazing lands occupy a large share of the global land surface and have lost substantial amounts of soil organic carbon (SOC) through historical conversion and intensive management (Amelung et al., 2020; Wiesmeier et al., 2019). Restoring part of this lost carbon through improved land management is presented as an opportunity to slow climate change while simultaneously improving soil health, yields, and resilience to extreme events (Minasny et al., 2017; Zomer et al., 2017). Long-term carbon storage is also facilitated by land-use changes like agroforestry and afforestation. Environmental factors, microbial interactions, and soil characteristics all affect how stable sequestered carbon. However, elements including land degradation, agricultural intensification, and climatic variability affect how effective sequestration is. More carbon is stored in soil than in the atmosphere and vegetation combined, making it the largest terrestrial carbon reservoir (Ghimirey et al., 2025; Patel et al., 2023; Schlesinger & Andrews, 2000; Hu et al., 2021, IPCC, 2019).
The policy salience of soil carbon was amplified by the “four per thousand” initiative launched at the Paris climate conference, which popularized the idea that a modest annual increase in SOC stocks in the upper metre of soil could offset a significant fraction of anthropogenic emissions (Minasny et al., 2017; Soussana et al., 2019). Subsequent assessments, however, have painted a more nuanced picture. Global meta-analyses indicate that substantial sequestration is technically possible in many agricultural regions but that potentials are strongly constrained by biophysical context, past land-use history, and management feasibility (Amelung et al., 2020; Lessmann et al., 2022; Padarian et al., 2022).
At the farm scale, soil carbon sequestration is not a single practice but the emergent outcome of multiple management decisions, including tillage, residue handling, crop diversity, fertilization, livestock integration, and the use of organic amendments or perennial vegetation (Chenu et al., 2019; Giller et al., 2021). Regenerative agriculture and related paradigms have further broadened this agenda by embedding soil carbon enhancement within holistic strategies for ecological and social regeneration (Newton et al., 2020; Giller et al., 2021).
At the same time, there is growing recognition that carbon-centred narratives risk overselling both the climate benefits and the ease of implementation. Critical work has highlighted the limited duration of sequestration before new equilibria are reached, trade-offs with nitrous oxide emissions and nutrient constraints, and the challenges of verifying and crediting changes in SOC at scale (Rumpel et al., 2020; van Groenigen et al., 2017; Nayak et al., 2019). Empirical studies document substantial heterogeneity in sequestration rates across farms and landscapes, with site effects often dominating management effects (Rosinger et al., 2023), and reveal complex farmer attitudes towards “carbon farming” programs (Mattila et al., 2022; Buck et al., 2022).
This review focuses on emerging pathways and barriers to carbon sequestration in agricultural soils, with an emphasis on farmland systems (croplands and managed pastures). We synthesize recent evidence to answer four interrelated questions:
1. What are the dominant and emerging biophysical pathways through which agricultural management can increase soil carbon stocks?
2. How large and persistent are the agronomic and environmental co-benefits and trade-offs associated with these pathways?
3. How are advances in MRV reshaping the feasibility and integrity of soil carbon programs and markets?
4. What socioeconomic, institutional, and equity barriers constrain adoption, and what design principles emerge for farmer-centred, high-integrity soil carbon strategies?
By integrating biophysical, technological, and social perspectives, this review aims to inform both scientific debates and ongoing policy and market initiatives that seek to mobilize agricultural soils for climate mitigation without compromising food security or social justice.

[bookmark: _Toc214897613]2. Conceptual foundations of soil carbon sequestration in farmland
[bookmark: _Toc214897614]2.1 Soil carbon pools, dynamics, and saturation
Soil organic carbon in agricultural systems is stored across a continuum of pools with different turnover times, from particulate organic matter and root residues that cycle over seasons to organo-mineral associations and microbial necromass with residence times of decades or longer (Wiesmeier et al., 2019; Liang et al., 2019). Agricultural management alters both inputs to these pools—through plant production, root turnover, manures, and other organic amendments—and outputs, mostly as carbon dioxide released via decomposition and disturbance.
Conservation practices such as reduced tillage, residue retention, and cover cropping generally aim to increase carbon inputs and decrease disturbance-driven losses, thereby shifting SOC towards higher levels (Chenu et al., 2019; Lessmann et al., 2022). However, soils exhibit saturation behaviour: for a given mineral matrix, climate, and hydrology, there is an upper bound to the amount of stable carbon that can be stored, and sequestration rates decline as this ceiling is approached (Amelung et al., 2020). Soils that have lost much of their historic carbon due to degradation tend to show larger and faster gains under improved management than soils already near their equilibrium (Minasny et al., 2017; Rosinger et al., 2023).
Depth is another critical dimension. Many field trials and inventories focus on the upper 30 centimetres, where management effects are most pronounced. Yet substantial carbon is stored deeper, and practices that promote deep rooting or perennial cover may shift carbon into subsoil horizons, potentially increasing persistence but also complicating measurement (Zomer et al., 2017; Liang et al., 2019).
[bookmark: _Toc214897615]2.2 Technical versus realistic sequestration potentials
A key conceptual distinction is between technical potential—what could be achieved if best management practices were adopted everywhere they are biophysically suitable—and realistic or economic potential, which accounts for adoption constraints, opportunity costs, and policy frameworks (Amelung et al., 2020; Lessmann et al., 2022).
Global syntheses suggest that improved cropland management (including optimized fertilization, reduced tillage, cover cropping, and enhanced residue return) could sequester several hundred million tonnes of carbon annually under optimistic assumptions (Minasny et al., 2017; Lessmann et al., 2022). Zomer et al. (2017) and Padarian et al. (2022) show that much of this potential lies in regions with large historic carbon losses, yield gaps, and degraded soils, often in the Global South.
However, these numbers assume near-universal adoption of practices that compete with other land uses, require capital and knowledge, and may entail short-term yield or income risks (Jat et al., 2022; Piñeiro et al., 2020). Accounting for adoption constraints and the limited duration of sequestration before a new equilibrium is reached, Amelung et al. (2020) argue that agricultural soil carbon can make an important but finite contribution to net-zero pathways. Recognizing these limits is essential for tempering expectations and avoiding over-reliance on soil carbon credits to offset continued fossil fuel emissions (Rumpel et al., 2020).

[bookmark: _Toc214897616]3. Emerging biophysical pathways for soil carbon sequestration
[bookmark: _Toc214897617]3.1 Improved cropland management
Conservation tillage, cover cropping, diversified rotations, and enhanced residue management remain the backbone of soil carbon strategies in annual cropping systems. A large meta-analysis by Lessmann et al. (2022) found that, globally, improved cropland management could increase SOC stocks in topsoil by moderate amounts, with greatest gains where baseline SOC is low and climates are temperate or humid.
Cover crops have received particular attention. Vendig et al. (2023) show that cover cropping often increases both SOC and yields, especially in low-carbon soils, suggesting synergies rather than trade-offs in many contexts. Their global synthesis indicates that nearly sixty percent of observations showed simultaneous gains in SOC and yield, although yield penalties can occur when water or nitrogen are limiting.
Residue retention and organic fertilization also support SOC accumulation by increasing carbon inputs and fostering microbial activity (Chenu et al., 2019; Lessmann et al., 2022). However, the net climate effect depends on associated nitrous oxide emissions and the life-cycle emissions of external inputs (van Groenigen et al., 2017; Nayak et al., 2019). Optimizing nitrogen management alongside SOC-oriented practices is therefore critical to avoid situations where increased SOC is offset by higher nitrous oxide emissions.
[bookmark: _Toc214897618]3.2 Perennial crops, deep rooting, and agroforestry
Perennial crops, deep-rooting annuals, and agroforestry systems offer pathways to move carbon deeper into the profile and to increase below-ground biomass inputs. Agroforestry and vineyard systems are particularly well studied. Payen et al. (2021) report that vineyard systems with grassed alleys, reduced tillage, and organic amendments can accumulate SOC at rates that are competitive with, or higher than, many arable systems, especially when management is sustained over decades.
Agroforestry and silvopastoral systems add woody biomass, litter, and root exudates, often enhancing SOC stocks while providing shade, microclimate buffering, and diversified income streams. Although not all agroforestry configurations increase SOC uniformly, multiple reviews suggest that well-designed systems can enhance carbon stocks in both biomass and soil relative to treeless reference systems (Amelung et al., 2020; Zomer et al., 2017).
Breeding for deeper and more extensive root systems represents a more emergent pathway. By shifting carbon inputs to subsoil layers that are less oxygenated and more protected by organo-mineral interactions, deep-rooting genotypes could increase the stability of sequestered carbon (Liang et al., 2019). While this approach is still largely experimental, it aligns with growing interest in integrating below-ground traits into crop improvement goals for climate resilience and carbon storage.
[bookmark: _Toc214897619]3.3 Regenerative agriculture and system-level transitions
Regenerative agriculture has rapidly gained prominence as a systems approach that foregrounds soil health, biodiversity, and farmer well-being. Definitions are contested, but most emphasize minimal soil disturbance, continuous soil cover, diverse rotations, integration of livestock, and reliance on organic inputs (Newton et al., 2020; Giller et al., 2021).
Giller et al. (2021) caution that regenerative agriculture is not a silver bullet and that some claims about its carbon sequestration potential are overstated. They argue for an agronomic perspective that distinguishes between principles, practices, and outcomes, and that situates regenerative approaches within existing knowledge on conservation agriculture and agroecology. Newton et al. (2020) similarly highlight definitional diversity and call for outcome-based assessments rather than practice checklists.
Recent empirical studies suggest that regenerative practices can enhance SOC where they substantially increase carbon inputs, reduce disturbance, and improve ground cover, especially on previously degraded land (Villat & Nicholas, 2024; Jat et al., 2022). However, Rosinger et al. (2023) demonstrate that site effects—such as soil texture, initial SOC, and climate—often outweigh management effects at farm scale, cautioning against uniform expectations for regenerative systems.
[bookmark: _Toc214897620]3.4 Engineered amendments and novel technologies
Beyond conventional management, several engineered or novel amendments are being explored. While biochar is a prominent example, this review focuses on broader categories, such as stabilizing organic matter via mineral amendments, using processed organic residues, and enhanced weathering with finely ground silicate rock. These strategies aim to create more persistent carbon pools or to couple carbon sequestration with pH correction and nutrient supply (Amelung et al., 2020).
Nayak et al. (2019) highlight that such emerging practices pose additional challenges for measurement and accounting because they may alter not only SOC but also inorganic carbon pools and surface albedo, while interacting with nitrogen and phosphorus cycles. Their climate benefits therefore, need to be assessed within full greenhouse gas and energy balances, rather than carbon stocks alone.
Overall, the evidence indicates that multiple biophysical pathways exist to increase SOC in farmland systems, often with co-benefits for soil structure and resilience. However, their performance is strongly context-dependent and constrained by nutrient availability, management intensity, and economic and institutional conditions.

[bookmark: _Toc214897621]4. Co-benefits, trade-offs, and the durability of soil carbon gains
[bookmark: _Toc214897622]4.1 Yield, profitability, and risk
A central question for farmers is whether soil carbon-oriented practices support or undermine production and profitability. Vendig et al. (2023) show that cover cropping can simultaneously increase SOC and yields in a majority of cases, particularly where initial SOC is low and cover crops are integrated into rotations without compromising water availability. However, they also report cases where yields decline, especially in dry environments where cover crops compete for soil moisture.
Buck et al. (2022) use qualitative and survey methods to explore farmers’ perceptions of soil carbon as a climate strategy. They find that many farmers view soil health practices positively, especially when they see direct benefits for yield stability and resilience, but remain skeptical of carbon markets that monetize SOC changes, citing concerns about measurement uncertainty, contractual lock-in, and price volatility.
Economic analyses increasingly emphasise risk as a key determinant of adoption. Practices that require upfront investment or that increase short-term yield variability may be unattractive even when they offer long-term gains in soil function (Piñeiro et al., 2020; Mattila et al., 2022). Designing support schemes that buffer farmers against transition risks, for example, through multi-year payments or risk-sharing contracts, is therefore crucial.
[bookmark: _Toc214897623]4.2 Environmental co-benefits and greenhouse gas trade-offs
SOC-enhancing practices can provide multiple co-benefits, including improved aggregation, increased water infiltration and storage, reduced erosion, and enhanced biodiversity and pollination services (Chenu et al., 2019; Wiesmeier et al., 2019). Payen et al. (2021) show that vineyard management systems that increase SOC also reduce erosion risk and can improve water retention, which is critical in drought-prone regions.
Yet, soil carbon sequestration is not automatically synonymous with net climate mitigation. van Groenigen et al. (2017) demonstrate that building SOC through increased organic inputs can require large nitrogen additions, potentially raising nitrous oxide emissions and offsetting some of the climate benefits. Nayak et al. (2019) similarly emphasize that measurement protocols must account for the full greenhouse gas balance, including methane and nitrous oxide, as well as changes in energy use and upstream emissions from inputs.
Recent work also raises questions about the longevity of the most labile SOC fractions. Liang et al. (2019) highlight the important role of microbial necromass in forming relatively stable organo-mineral associations, suggesting that management strategies that foster microbial turnover and mineral interactions may be more effective than those that rely solely on adding fresh plant residues.
[bookmark: _Toc214897624]4.3 Persistence and reversibility
SOC gains are reversible. Disturbance, land-use change, or intensification can quickly reverse decades of incremental sequestration (Amelung et al., 2020; Rumpel et al., 2020). The durability of SOC increases therefore depends not only on biophysical stabilization mechanisms but also on the continuity of management.
Rosinger et al. (2023) show that on-farm SOC trajectories over time are strongly shaped by local site conditions, reinforcing the need for locally calibrated expectations of sequestration rates and saturation levels. In regions where climatic or economic shocks drive rapid shifts in land use or management, permanence is particularly uncertain. These realities complicate the design of soil carbon credits that promise long-term climate outcomes and underscores the need for conservative accounting and robust buffers for reversal risk (Batjes et al., 2024; Brummitt et al., 2024).

[bookmark: _Toc214897625]5. Monitoring, reporting, and verification (MRV) innovations
[bookmark: _Toc214897626]5.1 Conventional measurement and modeling approaches
MRV is the backbone of any credible soil carbon strategy, whether driven by public policy or private carbon markets. Traditional approaches rely on repeated soil sampling and laboratory analysis, often combined with process-based models calibrated to specific sites. Nayak et al. (2019) review existing methodologies and highlight key uncertainties related to spatial variability, sampling depth, bulk density, and temporal resolution. Detecting statistically significant changes in SOC can take many years, especially in soils with high background variability or limited expected change.
Process-based models such as Century or RothC are widely used to simulate SOC dynamics under different management scenarios, but they require detailed input data on climate, soil properties, and management, which are often lacking at scale (Nayak et al., 2019; Amelung et al., 2020). van Groenigen et al. (2017) stress that models also need to represent nitrogen and other nutrient cycles in order to capture trade-offs between SOC and other greenhouse gases.
[bookmark: _Toc214897627]5.2 Digital and remote-sensing-enabled MRV
Recent advances in remote sensing, digital soil mapping, and machine learning are transforming the MRV landscape. Li et al. (2023) demonstrate the integration of multispectral satellite data, proximal sensing, and machine learning algorithms to estimate SOC in agricultural landscapes, highlighting how these tools can reduce sampling needs while maintaining acceptable accuracy.
Batjes et al. (2024) propose a modular, multi-ecosystem MRV framework for SOC stock changes that can be adapted across land uses and jurisdictions. Their approach combines stratified sampling, harmonized laboratory methods, and model-based upscaling to provide transparent and comparable estimates. Such frameworks are especially important for national greenhouse gas inventories and for ensuring consistency between public accounting and private crediting schemes.
Brummitt et al. (2024) present insights from three consecutive issuances of soil carbon credits in a large-scale agricultural program. They show how combining field measurements, remote sensing, and process-based models in a pipeline can generate creditable estimates while explicitly quantifying uncertainty. Their experience illustrates both the feasibility of MRV at scale and the importance of continuous methodological improvement, calibration, and independent verification to maintain market integrity.
[bookmark: _Toc214897628]5.3 Implications for carbon markets and policy
The rapid evolution of MRV technologies has enabled a proliferation of soil carbon crediting standards and programs. Yet methodological differences in sampling depth, modeling assumptions, additionality tests, and permanence provisions create a heterogeneous landscape that can confuse farmers and buyers alike (Batjes et al., 2024; Brummitt et al., 2024).
Robust MRV can reduce uncertainty and build confidence, but it also adds transaction costs. For smallholders and low-income farmers, these costs can be prohibitive unless aggregated through cooperatives, public programs, or private intermediaries (Jat et al., 2022). Designing MRV systems that are both scientifically rigorous and accessible is therefore a major challenge.

[bookmark: _Toc214897629]6. Socioeconomic drivers and barriers to adoption
[bookmark: _Toc214897630]6.1 Farmer perceptions, norms, and knowledge
Adoption of SOC-enhancing practices is driven not only by economics but also by farmers’ values, experiences, and social networks. Mattila et al. (2022) show that farmers’ approaches to soil carbon sequestration in Northern Europe are shaped by their broader visions of “good farming,” with some embracing carbon as an opportunity to enhance soil quality and reputation, while others view it as an externally imposed agenda.
Buck et al. (2022) report that farmers often support soil health goals but express skepticism toward carbon markets, citing concerns about measurement uncertainties, extra paperwork, and the perceived mismatch between short-term costs and long-term, uncertain benefits. These qualitative findings align with broader evidence that trust in institutions, peer learning, and local advisory services strongly influence the adoption of sustainable practices (Piñeiro et al., 2020).
Knowledge gaps remain significant barriers. Practices such as cover cropping, complex rotations, or agroforestry require agronomic knowledge and management skills that are not always readily available, especially in regions where extension services are weak. Jat et al. (2022) highlight the importance of locally adapted technical support and participatory co-design of practices in smallholder systems of South Asia.
[bookmark: _Toc214897631]6.2 Economic incentives, carbon markets, and risk
Financial incentives can accelerate adoption but do not guarantee it. Piñeiro et al. (2020) provide a comprehensive review of incentives for sustainable agricultural practices, showing that while payments, tax breaks, and subsidies can increase adoption, their effectiveness depends on design details, targeting, and compatibility with farmers’ goals. Incentives that only compensate for direct costs may be insufficient where practices increase perceived risk or require deep changes in management.
Carbon markets add another layer of complexity. Cammarata et al. (2024) use an extended theory of planned behaviour to analyse farmers’ intention to participate in voluntary carbon markets. They find that perceived behavioural control, expected economic benefits, and trust in intermediaries significantly influence participation intentions. Pudasaini et al. (2024) examine farmer participation in soil carbon projects under the Australian Carbon Credit Unit scheme, identifying barriers related to administrative burden, uncertain returns, and concerns about long commitment periods.
Gonzales-Gemio and Sanz-Martín (2025) analyse socioeconomic barriers to carbon farming in Mediterranean and North African contexts. They underscore the role of liquidity constraints, access to credit, farm size, and off-farm income in shaping adoption, and warn that poorly designed schemes risk excluding smallholders and reinforcing existing inequalities.
[bookmark: _Toc214897632]6.3 Policy frameworks, institutions, and advisory systems
Policy and institutional environments strongly condition the attractiveness and feasibility of SOC-enhancing practices. Mills et al. (2020) document how European farmers face both barriers and opportunities in adopting soil carbon management, including uncertainty about policy stability, fragmentation of advisory services, and limited recognition of soil health in payment schemes.
Demenois et al. (2020) review barriers and strategies to boost soil carbon sequestration in agriculture, emphasizing that policies must address multiple constraints simultaneously: technical knowledge, economic incentives, risk sharing, and supportive regulations. They highlight the importance of multi-actor platforms that bring together farmers, scientists, extension agents, and policymakers to co-develop context-specific solutions.
Jat et al. (2022) show that, in smallholder systems in South Asia, combining climate-smart agriculture, carbon-oriented practices, and supportive policies can generate both mitigation and development benefits, but only when backed by investments in extension, rural infrastructure, and social protection.

[bookmark: _Toc214897633]7. Context dependence, justice, and equity
[bookmark: _Toc214897634]7.1 Biophysical and climatic heterogeneity
Recent global analyses highlight that SOC responses to management are highly context dependent. Rosinger et al. (2023) show that on-farm SOC sequestration potentials are dominated by site effects, including soil texture, initial SOC, and climate, rather than management alone. Lessmann et al. (2022) similarly find that improved cropland management yields larger SOC gains in certain regions and soil types than in others.
Padarian et al. (2022) and Zomer et al. (2017) map SOC sequestration potentials in croplands and show that while temperate regions with large yield gaps and degraded soils offer high technical potential, semiarid and already carbon-rich regions have much smaller or more uncertain potentials. These differences matter for designing geographically differentiated policies and for avoiding unrealistic expectations about universal sequestration targets.
[bookmark: _Toc214897635]7.2 Smallholders, tenure, and distributional outcomes
The vast area of smallholder agriculture in Africa, Asia, and Latin America means that smallholders are central to any global soil carbon strategy. Jat et al. (2022) argue that soil carbon initiatives in smallholder systems must prioritize food security, risk reduction, and livelihood diversification, rather than carbon alone. If carbon payments are added, they should complement rather than substitute broader investments in rural development.
Land tenure and resource rights are critical. Gonzales-Gemio and Sanz-Martín (2025) highlight that insecure tenure can deter long-term investments in SOC, and that benefit-sharing arrangements often fail to adequately include tenants, women, and landless workers. Carbon contracts that require long-term commitments may be inaccessible or risky for farmers whose tenure is informal or contested.
[bookmark: _Toc214897636]7.3 Governance of carbon credits and expectations
An important equity concern is how the benefits and risks of soil carbon crediting are distributed along value chains. When credit buyers in wealthy countries use soil carbon credits to offset their emissions, farmers bear the burden of long-term land management changes and reversal risks (Rumpel et al., 2020; Amelung et al., 2020).
Demenois et al. (2020) and Mills et al. (2020) caution that soil carbon programs must be designed to avoid new forms of dependency or enclosure, such as restrictive contracts that limit farmers’ future land-use choices. Transparent governance, accessible information, and meaningful farmer participation in program design are essential to ensure that soil carbon initiatives contribute to climate justice rather than reproduce existing inequalities.

[bookmark: _Toc214897637]8. Knowledge gaps and future research directions
The literature reviewed here points to several priority areas for research and innovation. First, there is a need for more long-term, whole-farm studies that integrate SOC measurements with yield, profitability, biodiversity, and water outcomes across diverse agroecosystems (Chenu et al., 2019; Giller et al., 2021). Many existing trials are short-term or plot-scale and may not capture management adaptations, learning, and risk responses that unfold over decades.
Second, advancing understanding of SOC stabilization mechanisms and their interaction with management remains a key scientific frontier. Work on microbial necromass and organo-mineral associations (Liang et al., 2019) suggests that simply adding more organic matter may not be sufficient; instead, management that fosters specific microbial and mineral processes may be needed. Integrating this mechanistic understanding into models used for MRV could improve predictions of both sequestration and reversibility.
Third, MRV research should continue to bridge the gap between scientific rigor and practical feasibility. Combining stratified sampling, proximal sensing, and remote sensing, as demonstrated by Li et al. (2023), and embedding these within modular frameworks (Batjes et al., 2024) offers promising pathways. However, more work is needed on uncertainty quantification, harmonization across standards, and open, interoperable data systems (Brummitt et al., 2024).
Fourth, there is a pressing need for interdisciplinary research on the design of farmer-centred incentives and institutions. Piñeiro et al. (2020), Cammarata et al. (2024), Pudasaini et al. (2024), and Gonzales-Gemio and Sanz-Martín (2025) show that adoption decisions are shaped by complex interactions among economic expectations, trust, perceived fairness, and regulatory environments. Future work should test alternative contract designs, collective approaches, and hybrid public-private models that can reduce risk and enhance equity.
Finally, scenario modelling and policy analysis are needed to situate soil carbon sequestration within broader transitions to low-emission, resilient food systems. Amelung et al. (2020), Minasny et al. (2017), and Rumpel et al. (2020) emphasize that soil carbon sequestration is time-limited and cannot substitute for rapid decarbonization of energy and industry. Exploring pathways that prioritize soil health and multi-functional landscapes, with soil carbon as one outcome among many, may offer more robust and just climate strategies.

[bookmark: _Toc214897638]9. Conclusions
Agricultural soils have emerged as a prominent component of climate mitigation narratives, offering the prospect of storing additional carbon while enhancing soil function, crop resilience, and ecosystem services. The evidence reviewed here suggests that this potential is real but modest and highly context dependent. Practices such as cover cropping, residue retention, diversified rotations, perennial cropping, and agroforestry can increase soil organic carbon stocks, particularly in degraded, low-carbon soils and when implemented as part of integrated system-level transitions.
However, soil carbon sequestration is constrained by biophysical limits, nutrient availability, and saturation; it is reversible if management reverts or land use changes; and its net climate benefits must be evaluated against possible increases in other greenhouse gas emissions. These biophysical realities are compounded by socioeconomic and governance barriers, including farmers’ risk perceptions, liquidity and knowledge constraints, insecure land tenure, and the transaction costs and uncertainties associated with carbon markets.
Advances in MRV—especially the integration of remote sensing, digital soil mapping, and modular frameworks—are improving the ability to measure and credit soil carbon changes, but they also reveal substantial heterogeneity and uncertainty. High-integrity soil carbon initiatives must therefore adopt conservative accounting, prioritize robust co-benefits, and avoid overselling the magnitude or permanence of sequestration.
Well-designed policies and programs can leverage soil carbon as one element of broader soil health and climate resilience strategies, especially when they align with farmers’ own goals, support learning and risk reduction, and ensure fair distribution of benefits. Rather than treating agricultural soil carbon as a fungible offset for continued fossil fuel use, it is more appropriate to view it as a finite but valuable contribution to climate mitigation that simultaneously supports sustainable food systems and rural livelihoods.

[bookmark: _Toc214897639]10. Limitations
This review focuses on carbon sequestration in agricultural soils, with an emphasis on croplands and managed pastures. It does not cover peatlands, wetlands, or unmanaged grasslands in detail, even though these systems also store significant amounts of carbon and face distinct management challenges. The review prioritizes recent, peer-reviewed journal literature in English and may therefore under-represent important regional studies, grey literature, and non-English research that provide locally grounded insights.
While efforts were made to include studies across diverse climatic zones and farming systems, the evidence base remains uneven. High-income temperate regions are often over-represented relative to tropical and subtropical smallholder systems, where data on long-term soil carbon dynamics, economic returns, and social outcomes are comparatively scarce. This imbalance limits the ability to generalize findings to under-studied regions.
The review is also constrained by the underlying methodologies of the cited studies. Many rely on short-term trials, limited sampling depths, or model-based extrapolations that introduce uncertainties. Heterogeneity in experimental designs, soil sampling protocols, and analytical methods complicates direct comparison of sequestration rates and co-benefits across studies.
Finally, although the review integrates biophysical, technological, and social science perspectives, it cannot fully capture the complexity of local decision-making, power relations, and political economies that shape land management choices. More participatory and transdisciplinary research is needed to complement the largely expert-driven literature synthesized here and to co-produce context-specific pathways for soil carbon sequestration that are both effective and socially just.
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