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[bookmark: _Toc214899871]Abstract
Regenerative and conservation agriculture are widely promoted as “climate-smart” strategies that can remove carbon dioxide from the atmosphere while sustaining food production. Yet expectations for agricultural soils as a major negative-emission technology remain contested. This review synthesises emerging evidence on how regenerative and conservation agriculture affect soil organic carbon (SOC) stocks, greenhouse-gas (GHG) balances and farm livelihoods, with a particular focus on management pathways that simultaneously deliver soil carbon gains and emission reductions. We first clarify definitions and conceptual overlaps between regenerative agriculture and conservation agriculture, and relate these to contemporary understanding of SOC dynamics and carbon accounting. We then examine the magnitude, duration and context-dependence of SOC gains under reduced tillage, cover crops, diversified rotations, organic amendments, agroforestry and improved grazing systems, drawing on recent global meta-analyses and long-term experiments. These practices typically raise SOC in surface soils and can improve yields and resilience, but the size of the effect varies strongly with climate, soil type, baseline management and time horizon. Evidence on net GHG outcomes is more mixed: while practices such as reduced tillage and cover cr ops often lower CO₂ emissions from fuel use and erosion, their effects on nitrous oxide (N₂O) are highly variable, and increases in N₂O can offset part of the climate benefit from SOC accrual. We discuss how these biophysical outcomes intersect with farmer incentives, equity considerations and the integrity of rapidly expanding soil carbon credit schemes. Finally, we identify key research and policy priorities for aligning regenerative and conservation agriculture with robust climate mitigation, including improved monitoring, reporting and verification (MRV), better integration of yield and risk metrics, and governance frameworks that prioritise “carbon for soils, not soils for carbon”.	Comment by user: Regenerative and conservation agriculture are widely promoted as “climate-smart” strategies that can remove carbon dioxide from the atmosphere while sustaining food production. However, expectations for agricultural soils as a major negative-emission technology remain contested. The central issue is whether these practices can reliably increase soil organic carbon (SOC), reduce greenhouse-gas (GHG) emissions, and support farm livelihoods.
This review synthesizes emerging evidence on the impacts of regenerative and conservation agriculture on SOC stocks, GHG balances, and farmer livelihoods. It clarifies definitions and conceptual overlaps between the two approaches, linking them to contemporary understanding of SOC dynamics and carbon accounting. The analysis draws on recent global meta-analyses and long-term experiments to evaluate practices such as reduced tillage, cover crops, diversified rotations, organic amendments, agroforestry, and improved grazing systems.
These practices typically raise SOC in surface soils and can improve yields and resilience, but the size of the effect varies strongly with climate, soil type, baseline management and time horizon. Evidence on net GHG outcomes is more mixed: while practices such as reduced tillage and cover cr ops often lower CO₂ emissions from fuel use and erosion, their effects on nitrous oxide (N₂O) are highly variable, and increases in N₂O can offset part of the climate benefit from SOC accrual. We discuss how these biophysical outcomes intersect with farmer incentives, equity considerations and the integrity of rapidly expanding soil carbon credit schemes. Finally, we identify key research and policy priorities for aligning regenerative and conservation agriculture with robust climate mitigation, including improved monitoring, reporting and verification (MRV), better integration of yield and risk metrics, and governance frameworks that prioritise “carbon for soils, not soils for carbon”.
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1. Introduction
Agriculture contributes substantially to anthropogenic greenhouse-gas emissions, principally through nitrous oxide from fertiliserfertilizer and manure, methane from ruminants and rice, and carbon dioxide from land-use change and soil organic matter loss (Paustian et al., 2016). At the same time, farmland soils represent one of the largest actively managed carbon pools, so even modest increases in soil organic carbon (SOC) at scale could materially contribute to climate mitigation while enhancing soil health and food security (Lal, 2004; Paustian et and al., 2019).
Against this backdrop, “regenerative agriculture” (RA) has emerged as a powerful narrative, embraced by civil society, food companies and philanthropies as a solution that can simultaneously restore soil health, reverse biodiversity loss and decarbonisedecarbonize food systems (Giller et al., 2021; Sher et al., 2024). In parallel, conservation agriculture (CA) – centred on minimal soil disturbance, permanent soil cover and diversified rotations – has been promoted for decades as a climate-smart approach, particularly in the Global South (Sun et al., 2020; Manzeke-Kangara et al., 2025).
Despite intense advocacy, scientific assessments have become more cautious. Early estimates suggested very large global SOC sequestration potentials, inspiring initiatives such as “4 per 1000” that framed small annual increases in SOC as sufficient to offset a significant share of global CO₂ emissions (Minasny et al., 2017). Subsequent work has highlighted important constraints: saturation of SOC stocks, reversibility of gains, trade-offs with N₂O and methane, and the difficulty of attributing SOC changes to management versus climate variability (Powlson et al., 2011; Lugato et al., 2018; Guenet et al., 2021; Petersson et and al., 2024).
Simultaneously, soil carbon is moving rapidly into carbon markets and net-zero corporate strategies. Hundreds of private and public schemes now offer credits for supposed SOC gains, often based on short measurement periods or models with large uncertainties. Recent analyses of the Australian soil carbon method, for instance, show credited sequestration rates several-fold higher than long-term experimental evidence, raising concerns about over-crediting and lack of additionality (Mitchell et al., 2024).
In this context, a rigorous synthesis of the climate benefits of regenerative and conservation agriculture is urgently needed. This review focuses on “regenerative and conservation agriculture as climate solutions”, understood as management systems that (a) aim to increase SOC, (b) seek to reduce net GHG emissions relative to conventional baselines, and (c) maintain or improve productivity and resilience. Our objectives are to:
1. Clarify conceptual and definitional issues surrounding regenerative and conservation agriculture in relation to SOC and GHG mitigation.	Comment by user: The study aims to assess the potential of regenerative and conservation agriculture as climate-smart strategies by synthesizing evidence on their impacts on soil organic carbon, greenhouse-gas balances, and farm livelihoods, and by identifying pathways, research gaps, and policy priorities for robust climate mitigation.
2. Synthesise quantitative evidence for SOC gains and yield outcomes under key management pathways.
3. Examine how these practices affect net GHG balances, especially N₂O and methane.
4. Analyse socioeconomic co-benefits, trade-offs and barriers, including the role of carbon markets and MRV.
5. Identify research and policy priorities for aligning regenerative and conservation agriculture with robust climate mitigation and just transitions in farming systems.
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[bookmark: _Toc214899874]2.1. Definitions, principles and intersections
Regenerative agriculture lacks a universally accepted definition but is generally framed as a holistic approach that uses soil conservation as the entry point to regenerate ecosystems and deliver a suite of environmental and social outcomes (Schreefel et and al., 2020; Newton et al., 2020; Congreves et and al., 2025). Most RA definitions emphasise enhancing soil organic matter, increasing biodiversity, minimising synthetic inputs, and strengthening farm resilience and community wellbeing. Conservation agriculture, by contrast, is more narrowly codified around three core principles: minimal soil disturbance, permanent soil cover and diversified crop rotations.
In practice, RA and CA overlap substantially. CA systems that combine no-till or reduced tillage with residue retention and crop diversification align closely with many RA principles (Sun et and al., 2020). Regenerative systems can, however, go beyond CA by more explicitly incorporating livestock integration, agroforestry, perennial crops, and social goals such as farmer autonomy and local knowledge (Giller et and al., 2021; Sher et and al., 2024). The boundaries between RA, CA, organic farming and agroecology are therefore porous, and many empirical studies labelled as “regenerative” analyse practices that have long been studied under other terms.
From a climate perspective, what matters is not whether a system is branded “regenerative”, but whether the bundle of practices delivers measurable, additional and durable reductions in net GHG emissions while sustaining yields. This requires explicit attention to both SOC dynamics and non-CO₂ gases, as well as to leakage and land-use change in the broader system (Paustian et al., 2016; Powlson et and al., 2011).
[bookmark: _Toc214899875]2.2. Soil carbon dynamics and greenhouse-gas balances
SOC is the result of a balance between carbon inputs (plant residues, roots, exudates and organic amendments) and losses via decomposition and erosion. Classical and emerging frameworks now emphasise that SOC stabilisation is governed not just by “recalcitrant” compounds but by interactions with minerals, aggregates and microbial processes (Paustian et al., 2019). Under most field conditions, the rate of SOC accrual following a management change declines over time as soils approach a new equilibrium, typically reaching near-saturation after a few decades (Lal, 2004; Powlson et al., 2011).
These dynamics impose three key constraints on using SOC sequestration as a climate solution. First, the storage potential is finite: soils cannot sequester carbon indefinitely. Second, SOC gains are reversible if practices are abandoned or disturbed by droughts, fires or ploughing. Third, management that increases SOC can also alter emissions of N₂O and methane, sometimes enough to offset much of the climate benefit from extra SOC (Lugato et al., 2018; Guenet et al., 2021).
Analyses of initiatives such as “4 per 1000” have highlighted that while SOC increases of 0.4% per year are biophysically plausible in some degraded systems, they are unrealistic in many temperate, intensively farmed soils that already have moderate SOC levels (Minasny et al., 2017; Baveye et al., 2018). More recent critiques argue that the notion of SOC sequestration as a straightforward negative-emission solution is often misunderstood; climate benefits materialise only when SOC gains are additional, long-lasting and not outweighed by increased non-CO₂ emissions (Petersson et al., 2024).
[bookmark: _Toc214899876]2.3. Carbon accounting, baselines and additionality
Robust climate assessment requires moving beyond plot-scale SOC changes to full GHG accounting and careful baseline selection. Powlson et al. (2011) distinguished between true SOC sequestration (a net transfer of carbon from atmosphere to land) and mere redistribution of carbon within the biosphere, as when manure that would otherwise be applied elsewhere is moved to a particular field. Lugato et al. (2018) demonstrated that failing to account for N₂O emissions can lead to large overestimates of mitigation potential from soil carbon management in European croplands.
In the context of carbon markets, baseline choice and measurement periods become critical. Mitchell et al. (2024) showed that soil carbon credits issued under the Australian Carbon Farming Initiative during an anomalously wet period implied sequestration rates far above those observed in long-term trials, suggesting that interannual climate variability, rather than management, drove much of the measured SOC gain. The authors recommend longer measurement periods and dynamic baselines that track control plots or modelled counterfactuals to avoid over-crediting. In addition, global assessments now stress the need to situate on-farm SOC changes within land-system boundaries: intensifying production in one area to “free up” land elsewhere can still induce deforestation and net emissions if not properly governed (van Zanten et al., 2018; Poore & Nemecek, 2018).
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Reduced tillage and no-till are foundational practices in both RA and CA. Numerous meta-analyses show that, relative to conventional inversion tillage, no-till tends to increase SOC in surface layers, though whole-profile gains are smaller and context-dependent. A recent global meta-analysis found that CA can maintain or modestly increase SOC while stabilising yields in many regions, with stronger effects in dry climates and fine-textured soils (Sun et and al., 2020). Field comparisons from smallholder systems in Malawi indicate that CA fields, particularly those with long-term adoption and residue retention, have higher SOC, better aggregation and improved infiltration relative to neighbouring conventionally tilled plots (Manzeke-Kangara and et al., 2025).
However, SOC responses to reduced tillage alone are often modest, especially when residues are removed and rotations remain simple. Earlier claims of large sequestration rates under no-till have been challenged once SOC is measured to depth and corrected for bulk density (Powlson and et al., 2011). Recent work reinforces that conservation tillage delivers the most substantial SOC benefits when combined with continuous residue cover and diversified rotations – that is, when adopted as part of a full CA or RA system rather than as a single practice.
Meta-analyses focused specifically on SOC under CA suggest that gains of a few tenths of a tonne of carbon per hectare per year are typical, with higher rates in degraded or newly converted soils (Nthebere and et al., 2024). In many temperate systems, CA may be better understood as a strategy for maintaining SOC and reducing erosion rather than dramatically increasing stocks beyond historical levels. Nevertheless, by reducing disturbance and erosion losses, conservation tillage is a critical component of climate-aligned farming systems, particularly when integrated with other practices that increase carbon inputs.
[bookmark: _Toc214899879]3.2. Cover crops and diversified rotations
Cover crops are among the most consistently beneficial practices for building SOC in croplands. A global meta-analysis of cover cropping found that, on average, cover crops increased SOC stocks and improved multiple soil health indicators without reducing cash crop yields, although responses varied by climate zone and cover crop type (Jian and et al., 2020). More recent synthesis work has shown that cover crops can substantially increase soil carbon inputs through both above- and below-ground biomass, and that mixtures of functional groups (e.g., grasses and legumes) often outperform monocultures in terms of SOC gains and nutrient management (He and et al., 2025; Vendig and et al., 2023).
Oldfield and et al. (2019) compiled thousands of observations across systems and found that higher soil organic matter is generally associated with higher yields, particularly where nitrogen inputs are moderate. Their meta-analysis suggests that building SOC through practices such as cover cropping and residue retention can reduce the need for additional nitrogen fertiliserfertilizer at low to moderate input levels, though SOC is not a full substitute for nutrient inputs in high-yielding systems. Long-term experiments similarly show that increases in soil organic matter are associated with improved yield stability and resilience to weather shocks, even when mean yields increase only modestly (Kätterer and et al., 2024).
From a regenerative perspective, cover crops also contribute to biodiversity and pest regulation, which may indirectly support yields and reduce pesticide needs. Yet adoption remains constrained by seed costs, management complexity and, in some regions, concerns about soil water depletion. Emerging meta-analyses indicate that careful selection of species and termination methods can mitigate such trade-offs, and that integrating cover crops into diversified rotations is key to maximising both SOC gains and agronomic benefits (He et al., 2025; Jian and et al., 2020).
[bookmark: _Toc214899880]3.3. Organic amendments, manure and compost
Application of organic amendments -– including farmyard manure, compost, crop residues and bio-based fertilisersfertilizers -– is a central pillar of many regenerative systems. Long-term experiments consistently show that regular applications of manure or compost can increase SOC, often more rapidly than changes in tillage alone, while improving soil structure and nutrient cycling (Lal, 2004; Paustian and et al., 2019). In mixed crop–livestock systems, returning manure to fields closes nutrient loops and can enhance both SOC and crop productivity.
However, as emphasised by Powlson and et al. (2011), not all SOC gains from organic amendments represent additional atmospheric carbon removal: much depends on the alternative fate of the organic material. If manure would otherwise have been applied to another field, total system-level SOC may not increase. Conversely, diverting organic waste from landfills or open burning to compost and soil application can avoid methane emissions and constitute genuine mitigation. There are also important trade-offs with N₂O, as high rates of organic nitrogen inputs can increase emissions unless managed carefully (Abdalla et al., 2019).
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Agroforestry systems – combining trees with crops or livestock – often deliver some of the largest per-hectare SOC gains in agricultural landscapes, particularly in previously degraded or deforested areas. Tree roots and litter inputs deepen and stabilisestabilize SOC, while canopy cover can reduce erosion. Although most agroforestry studies are location-specific, synthesis work generally finds higher SOC stocks under agroforestry than in adjacent monoculture cropland, along with improved microclimate and biodiversity.
Perennial crops and deep-rooted forages similarly enhance below-ground carbon inputs. In grazing systems, regenerative rotational grazing – characterised by short grazing periods, long rest intervals and high stocking density pulses – has been shown to increase topsoil carbon storage and grass production compared with continuous grazing in some temperate systems (Díaz De Otálora and et al., 2021). At the same time, measurements of pasture carbon sequestration based solely on shallow soil cores can overestimate whole-profile and long-term C storage; comparisons with eddy covariance flux data suggest smaller net gains when full system carbon budgets, including livestock methane, are considered (Skinner & Dell, 2014).
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Beyond carbon, regenerative and conservation practices can deliver important agronomic benefits. LaCanne and Lundgren (2018) compared regenerative and conventional corn–soybean systems in the U.S. Midwest and found that regenerative farms with no-till, diverse rotations, cover crops and integrated livestock had comparable or higher yields but significantly higher profits, largely due to lower input costs and price premiums.
At broader scale, Oldfield and et al. (2019) showed that increases in soil organic matter are generally associated with higher yields, especially in low-input systems, while Ma et and al. (2023) quantified the direct yield benefits of SOC increases from cover cropping in maize and soybean rotations. These yield benefits arise from improved water-holding capacity, nutrient availability and root growth, which are particularly important as climate extremes intensify. Regenerative practices can also enhance ecological resilience by supporting greater above- and below-ground biodiversity, offering natural pest control and pollination services that reduce dependence on synthetic inputs (Schreefel and et al., 2020; Rhodes, 2017).
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[bookmark: _Toc214899884]4.1. Carbon dioxide fluxes and energy use
Soil carbon-building practices influence CO₂ emissions in several ways. First, by increasing SOC stocks, they can reduce net CO₂ emissions from soil respiration relative to a depleted baseline, at least until a new equilibrium is reached. Second, practices such as reduced tillage lower fuel consumption for field operations, decreasing CO₂ emissions from energy use. Third, reducing erosion and improving aggregation can lower downstream carbon losses in sediments.
Meta-analyses of CA and reduced tillage typically show modest whole-profile SOC gains but clear reductions in erosion and fuel use. Sun et al. (2020) estimated that CA could, in aggregate, contribute meaningfully to climate mitigation if adopted widely in appropriate contexts, especially when combined with cover crops and residue retention. Karki et al. (2025) synthesised GHG measurements from CA systems globally and concluded that, on average, CA reduces net CO₂ emissions compared with conventional tillage, although the magnitude varies strongly with climate, soil type and management.
Agroforestry and perennial systems often deliver larger CO₂ benefits due to substantial woody biomass carbon as well as SOC increases. However, establishing trees on cropland can reduce short-term food production if not carefully designed, raising potential land competition issues (van Zanten et al., 2018). From a systems perspective, the most robust mitigation strategies maximise carbon stocks and yields on existing agricultural land to limit pressure for land-use change elsewhere (Poore & Nemecek, 2018).
[bookmark: _Toc214899885]4.2. Nitrous oxide responses to soil carbon-building practices
Nitrous oxide is a potent GHG, and changes in N₂O emissions can strongly influence the net climate impact of SOC-building practices. A global review by Abdalla et al. (2019) concluded that cover crops generally reduce nitrate leaching and can lower net GHG balances, but that N₂O responses are highly variable: some studies report reductions due to improved nitrogen capture, while others find increased emissions when cover crop residues supply large amounts of labile nitrogen under wet conditions. A dedicated meta-analysis of cover crop effects on soil CO₂ and N₂O emissions reported overall reductions in N₂O when cover crops were terminated well before planting and when N fertiliserfertilizer rates in the main crop were adjusted downward (Muhammad et al., 2019).
Conservation tillage introduces further complexity. In some settings, reduced tillage lowers N₂O emissions by improving soil structure and moderating moisture extremes; in others, wetter, denser surface layers promote denitrification and increased N₂O fluxes. A meta-analysis of grain cropping systems indicated that no-till can reduce N₂O emissions where soils are well-drained and climates are drier, but may increase emissions on poorly drained, cool soils (Han et al., 2017).
Two influential modelling studies have highlighted how N₂O can offset much of the apparent mitigation from SOC gains. Lugato et al. (2018) used process-based models for European croplands and found that when N₂O is accounted for, the net mitigation potential of soil carbon management is substantially lower than estimates based solely on SOC changes. Guenet et al. (2021) similarly concluded that, at global scale, increases in N₂O associated with intensified nitrogen cycling in carbon-rich soils can offset a significant portion of the climate benefit of SOC sequestration. These findings underscore that regenerative and conservation practices must be evaluated through full GHG budgets, not SOC alone.
In practice, the most promising strategies for reducing N₂O while building SOC involve matching nitrogen inputs to crop demand, using legumes and organic amendments judiciously, improving fertiliserfertilizer placement and timing, and maintaining good soil structure and drainage. Regenerative systems that integrate legume-based cover crops with reduced mineral N rates appear particularly effective in some contexts, though more empirical data are needed across climate zones.
[bookmark: _Toc214899886]4.3. Methane and interactions with livestock and rice systems
Methane emissions from agriculture arise predominantly from enteric fermentation in ruminants and from anaerobic rice paddies. Regenerative grazing practices that improve forage quality and animal health can modestly reduce methane emissions per unit of product, but higher stocking rates and increased total output can offset these gains at system level. Some studies suggest that increased soil carbon storage under regenerative grazing could partially balance enteric emissions, but rigorous whole-farm carbon accounting remains rare and often shows smaller net benefits than plot-level SOC measurements would suggest (Skinner & Dell, 2014).
In irrigated rice systems, practices such as alternate wetting and drying can reduce methane emissions but may increase N₂O if not combined with careful nitrogen management. Integrating residue management, cover crops and mid-season drainage into rice-based rotations is a promising research frontier for climate-aligned regenerative practices in Asian agriculture, yet the evidence base is still emerging.
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[bookmark: _Toc214899888]5.1. Adoption drivers and barriers at farm level
Farmers adopt regenerative and conservation practices for multiple reasons: improving soil health and yields, reducing input costs, managing risk, complying with regulations or accessing subsidies and carbon credits. Qualitative and survey-based studies indicate that perceived soil health improvements, water infiltration and resilience to drought are among the most salient benefits motivating adoption, often more than climate mitigation per se (Schreefel et al., 2020; Newton et al., 2020).
Economic performance is crucial. LaCanne and Lundgren (2018) showed that regenerative corn–soy farms in the U.S. achieved substantially higher profitability despite similar yields, due to lower spending on fertilisers and pesticides and, in some cases, price premiums. In other contexts, adoption of CA has been constrained by short-term yield penalties, increased labour requirements for weed control, or lack of access to appropriate equipment and inputs (Sun et al., 2020; Manzeke-Kangara et al., 2025).
Risk perceptions and knowledge networks also shape adoption. Farmers with access to trusted advisory services, peer networks and participatory experimentation platforms are more likely to adopt complex RA practices that require adaptive management. Conversely, uncertainty about yields under new practices, institutional path dependency in extension systems, and tenure insecurity can slow uptake, particularly among smallholders and tenant farmers.
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The extent to which regenerative and conservation agriculture contribute to food security depends on their effects on yields, yield stability and access to food. Meta-analyses suggest that CA and cover cropping often maintain or modestly increase yields in the long term, especially when well-adapted to local conditions and combined with adequate fertilisation (Jian et al., 2020; Sun et al., 2020; Vendig et al., 2023). Oldfield et al. (2019) showed that higher soil organic matter is associated with higher yields globally, reinforcing the view that building SOC can be a win–win for productivity and resilience.
However, distributional outcomes matter. Poore and Nemecek (2018) highlighted that shifting diets and production systems in high-income countries offers large mitigation potential while reducing pressure on land and resources. In low-income settings, regenerative approaches that improve soil fertility and water management can be crucial for closing yield gaps and supporting rural livelihoods. Yet without supportive policies, smallholders may lack the capital, labour or land tenure security needed to invest in long-term soil restoration.
Equity concerns also arise in relation to who benefits from carbon finance associated with SOC sequestration. If carbon credit revenues flow primarily to large landowners or agribusiness, smallholders and landless farm workers may be further marginalised. Designing soil carbon schemes that recognise communal land rights, support collective action and channel benefits to marginalised groups is therefore essential to align RA and CA with just transitions.
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Soil carbon markets are expanding rapidly, with both compliance and voluntary schemes offering credits for SOC gains under regenerative or conservation practices. Yet the scientific literature reveals serious concerns about additionality, permanence, leakage and measurement uncertainty. Mitchell et al. (2024) analysed soil carbon projects in Australia and concluded that large-scale credit issuance based on short measurement periods and static baselines risks substantial over-crediting. They recommend longer measurement periods (at least five years), dynamic baselines and conservative crediting rules that explicitly consider climate variability.
Petersson et al. (2024) argue that climate benefits from SOC sequestration should only be claimed when management causes a clear, long-lasting net removal of CO₂ from the atmosphere, after accounting for non-CO₂ gases and system-level effects. This perspective aligns with earlier critiques emphasizing that the 4 per 1000 initiative risked overselling soil carbon as a cheap negative-emission technology without sufficient attention to constraints and trade-offs (Baveye et al., 2018; Powlson et al., 2011).
Emerging assessments suggest a “carbon for soils, not soils for carbon” framing, where the primary objective of SOC-building practices is to restore soil function and resilience, with climate mitigation treated as a co-benefit rather than the main product (Paustian et al., 2016; Rhodes, 2017). Within this framing, MRV systems should prioritise robust, transparent and cost-effective assessment of SOC trends and GHG balances, using a combination of repeated soil sampling, remote sensing, modelling and farm-level activity data. The goal is to ensure that any credited mitigation is real, additional and verifiable, while avoiding perverse incentives that prioritise short-term carbon gains over long-term soil health and equity.

[bookmark: _Toc214899891]6. Emerging research frontiers and methodological needs
Recent years have seen a proliferation of conceptual and empirical work seeking to clarify what counts as regenerative agriculture and how it should be assessed. Newton et al. (2020) reviewed scholar and practitioner definitions and found substantial heterogeneity, with RA framed variously as a set of practices, a set of outcomes or a philosophy. Congreves et al. (2025) propose a more formal definition and philosophy that links RA to measurable indicators of soil health, biodiversity and social outcomes, while Klauser et al. (2025) argue for giving RA a more rigorous agronomic perspective rooted in context-specific evidence.
On the biophysical side, large-scale meta-analyses and data syntheses are rapidly improving estimates of SOC and yield responses to RA and CA practices. Studies such as those by Jian et al. (2020), Nthebere et al. (2024), Sun et al. (2020), Manzeke-Kangara et al. (2025), He et al. (2025), Ma et al. (2023) and Oldfield et al. (2019) provide increasingly granular insights into how climate, soil texture, cropping system and management interact. Yet important gaps remain, especially in tropical smallholder systems, complex agroforestry and grazing systems, and long-term trajectories of SOC beyond the first few decades after practice changes.
Methodologically, three priorities stand out. First, integrating SOC measurements to depth (at least 30–60 cm) with robust bulk density corrections is crucial to avoid overestimating sequestration in surface layers under reduced tillage (Powlson et al., 2011; Sun et al., 2020). Second, combining SOC data with high-frequency GHG flux measurements, particularly for N₂O, is necessary to characterise full climate impacts (Abdalla et al., 2019; Han et al., 2017; Guenet et al., 2021). Third, advancing hybrid MRV approaches that link field measurements with process-based and empirical models, informed by remote sensing and farm activity data, can help scale assessments while maintaining transparency and uncertainty quantification (Paustian et al., 2016; Mitchell et al., 2024).
On the socioeconomic side, more interdisciplinary research is needed to understand how RA and CA interact with land tenure, labour dynamics, gender relations and local knowledge systems, and how policies can support transitions that are both climate-effective and socially just. Finally, there is growing interest in integrating nutritional outcomes and human health into assessments of regenerative systems, for example via linkages between soil health, crop nutrient density and dietary quality (Rhodes, 2017; Sher et al., 2024).

[bookmark: _Toc214899892]7. Conclusions
Regenerative and conservation agriculture have moved from niche concepts to central pillars in many national and corporate climate strategies. The emerging scientific evidence reviewed here suggests that these approaches can indeed contribute to climate mitigation, but in ways that are more modest, nuanced and context-dependent than often portrayed in public discourse.
Soil-carbon-building practices such as reduced tillage, cover crops, diversified rotations, organic amendments, agroforestry and improved grazing generally increase SOC in surface soils, enhance water infiltration and aggregation, and improve yield stability. Their climate benefits are strongest in degraded systems with low initial SOC, in dryland regions where improved soil water dynamics are critical, and where they are implemented as integrated systems rather than isolated practices. In many intensively farmed temperate systems, these practices may be better understood as strategies for maintaining SOC and reducing erosion rather than as major negative-emission technologies.
Net GHG outcomes depend critically on N₂O and, to a lesser extent, methane. Evidence indicates that poorly managed nitrogen inputs or wet, compacted soils can lead to higher N₂O emissions under some regenerative and conservation practices, potentially offsetting a substantial fraction of CO₂ benefits from SOC accrual. Conversely, carefully designed systems that balance nitrogen inputs, improve soil structure and use legumes and cover crops strategically can reduce N₂O while building SOC.
Socioeconomically, regenerative and conservation agriculture can improve farm profitability and resilience, especially where they reduce dependence on costly inputs and enhance ecosystem services. Yet adoption remains uneven and is shaped by access to knowledge, capital, appropriate technology and secure land tenure. The rise of soil carbon markets offers new opportunities but also serious risks of over-crediting, inequitable benefit sharing and distraction from more effective mitigation measures.
Taken together, the evidence supports a reframing of regenerative and conservation agriculture as climate-aligned pathways whose primary value lies in restoring soil function, resilience and productivity, with climate mitigation as a significant but bounded co-benefit. Realising this potential requires integrating robust biophysical science with social science, careful MRV and governance frameworks that prioritise long-term soil health, equity and food system transformation over short-term carbon accounting gains.

[bookmark: _Toc214899893]8. Limitations
This review draws on a rapidly expanding and heterogeneous literature, and several limitations should be acknowledged. First, while we emphasised recent peer-reviewed studies and meta-analyses, coverage is not exhaustive, particularly for region-specific case studies and non-English-language publications. Second, quantitative comparisons across studies are constrained by differences in experimental design, measurement depth, time horizon, and how management systems are labelled (e.g., “regenerative”, “conservation”, “sustainable intensification”). These inconsistencies make it difficult to derive universally applicable sequestration rates or emission factors.	Comment by user: Studies differ in plot size, duration, measurement techniques, and control conditions. These differences make direct comparison difficult because outcomes may reflect methodological choices as much as ecological processes.	Comment by user: Labels like regenerative, conservation, or sustainable intensification often overlap or are applied differently depending on context. This creates ambiguity and reduces the reliability of cross-study synthesis.
Third, most available evidence pertains to plot-scale experiments or relatively small farms; large-scale commercial operations and landscape-level interactions, including leakage and indirect land-use change, are less well represented. Fourth, many studies focus on SOC and, to a lesser extent, N₂O, with limited simultaneous measurement of methane, energy use, biodiversity and socio-economic outcomes. As a result, integrated assessments of net climate impact and co-benefits remain relatively rare.
Finally, the dynamic nature of both climate and policy landscapes means that some findings, particularly regarding carbon markets and MRV, may become outdated as methodologies evolve. Ongoing synthesis efforts, combining long-term experiments, on-farm data, remote sensing and modelling, will be essential to refine estimates and to ensure that regenerative and conservation agriculture deliver on their promise as credible, just and durable climate solutions.
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