



Soil-Atmosphere Exchange of Carbon, Nitrogen and Methane in Croplands: A Synthesis of Field Evidence
Abstract
Cropland soils are central to climate mitigation because they can store additional soil organic carbon while simultaneously emitting nitrous oxide and methane. Over the past decade, numerous field experiments and global syntheses have quantified how widely promoted practices—such as conservation tillage, residue retention, cover cropping, organic amendments and biochar, and water-saving irrigation in rice—shape these three components of the soil greenhouse-gas balance. This article presents a systematic tri-gas review, second-order meta-synthesis of recent field-based meta-analyses and large multi-site experiments to evaluate mitigation trade-offs and co-benefits across soil organic carbon stocks, nitrous oxide emissions, and methane fluxes in croplands. The compiled evidence shows that conservation tillage combined with residue retention frequently increases soil organic carbon in surface layers, but associated changes in nitrous oxide are small, inconsistent, or even positive in humid, fine-textured soils. Cover crops and diversified rotations generally deliver modest soil carbon gains and agronomic co-benefits, yet their effects on nitrous oxide range from mitigation to exacerbation, depending on climate, soil properties, species choice, and nitrogen management. In flooded rice systems, alternate wetting and drying and related water-saving regimes consistently reduce methane emissions and often maintain yields, but their impact on nitrous oxide is highly variable and sensitive to fertiliser timing and rate. Biochar and carefully managed organic amendments emerge as among the few interventions that frequently increase soil organic carbon while reducing nitrous oxide across a range of conditions, although their effects on methane are more context dependent. Overall, the synthesis confirms that no single practice provides universal “win–win” mitigation across all gases and regions. Rather, the greatest and most reliable climate benefits arise from management portfolios that combine carbon-building practices with explicit nitrogen management and, in flooded systems, tailored water control, thereby aligning soil-based mitigation with productivity and resilience objectives.
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1. Introduction
Cropland soils are a major leverage point for climate mitigation because they simultaneously regulate the balance of soil organic carbon (SOC), reactive nitrogen, and biogenic greenhouse gases, notably nitrous oxide (N₂O) and methane (CH₄). Agriculture is already recognised as one of the largest anthropogenic sources of N₂O and a substantial contributor to CH₄ emissions, while also holding considerable potential to remove carbon dioxide from the atmosphere via enhanced SOC storage (Smith, 2008; Paustian et al., 2016). The central challenge is that management practices rarely affect these gases in isolation. Strategies that increase SOC stocks or crop productivity can inadvertently stimulate N₂O or CH₄ emissions, or shift emissions between gases, creating complex mitigation trade-offs rather than simple “win–win” outcomes (Paustian et al., 2019; Amundson & Biardeau, 2018). Since agriculture is a major source of greenhouse gas emissions, climate-smart approaches that reduce or eliminate greenhouse gas emissions from the atmosphere while simultaneously increasing productivity and resilience to climatic changes are essential. Climate Resilient Agriculture (CRA) is another name for it. CRA refers to the integration of adaptation, mitigation, and other agricultural techniques that improve the system's ability to cope with damage and bounce back quickly from a variety of climate-related disruptions (Bhanuwanti et al., 2024; Vinay  et al., 2025).
In parallel with climate mitigation, farmers and policymakers seek co-benefits for soil health, water retention, and yield stability. Practices such as conservation tillage, cover cropping, residue retention, organic amendments, and diversified rotations have been promoted under labels such as conservation agriculture, climate-smart agriculture, and regenerative agriculture (Paustian et al., 2016; Page et al., 2020). However, despite strong conceptual reasons to expect multi-functional outcomes, empirical syntheses increasingly show that the magnitude, direction, and durability of SOC gains and associated greenhouse gas responses are highly context dependent, varying across soil types, climates, and management histories (Ogle et al., 2019; Just et al., 2023). This context dependence raises important questions about how far cropland management can realistically contribute to climate mitigation, and under what conditions it delivers genuine co-benefits versus trade-offs across SOC, N₂O, and CH₄.
1.1. Soil carbon, nitrogen, and methane dynamics in croplands
Cropland soils have typically lost a substantial fraction of their original SOC following conversion from native vegetation, intensive tillage, and repeated export of biomass, which has motivated a strong emphasis on SOC sequestration as a climate solution (Smith, 2008; Paustian et al., 2019). Increasing SOC through enhanced residue return, reduced soil disturbance, or diversification of rotations can improve soil structure, water-holding capacity, nutrient retention, and resilience to climatic extremes, thereby contributing to both mitigation and adaptation goals (Paustian et al., 2016; Page et al., 2020). The agricultural sector accounts for approximately 10%–12% of global anthropogenic GHG emissions, making it a critical area for mitigation efforts (Srivastava, 2025). Yet there is a growing recognition that SOC sequestration is constrained by biophysical saturation, reversibility of gains when practices are discontinued, and trade-offs with other greenhouse gases (Amundson & Biardeau, 2018; Just et al., 2023).
Nitrogen cycling is central to these trade-offs. Many SOC-building practices rely on increased nitrogen inputs, whether in the form of mineral fertilisers, biological nitrogen fixation via legumes, or organic amendments. If nitrogen inputs exceed plant and microbial demand, the surplus can fuel N₂O emissions through nitrification and denitrification, potentially offsetting part of the climate benefit from additional SOC (Smith, 2008; Paustian et al., 2019). Meta-analyses of no-till systems illustrate this tension: while no-till can reduce erosion and retain more carbon in the surface soil, its effect on total profile SOC is smaller and sometimes negligible, and it can increase N₂O emissions under poorly aerated conditions (Ogle et al., 2019; Shakoor et al., 2021a). In flooded or intermittently flooded systems, such as rice, the redox-sensitive nature of CH₄ and N₂O production means that water management interacts with residue inputs and nitrogen supply in particularly complex ways (Zhao et al., 2024). At field scale, evidence from South Asian cereal systems shows that conservation agriculture packages combining reduced tillage, residue retention and crop diversification can enhance soil structure and organic matter while sustaining yields, reinforcing their value as climate-smart options (Dev et al., 2023).
Methane fluxes in croplands are more heterogeneous than SOC or N₂O: drained upland croplands typically act as small atmospheric CH₄ sinks, whereas flooded rice paddies are important CH₄ sources (Smith, 2008). Water-saving irrigation strategies, including alternate wetting and drying, have been shown to reduce CH₄ emissions substantially but sometimes increase N₂O, again highlighting potential trade-offs across gases (Zhao et al., 2024). Similarly, organic amendments and residue retention can increase SOC and sometimes reduce net CH₄ emissions in upland systems, while their effects on CH₄ in flooded systems depend on redox dynamics and substrate quality. A robust mitigation strategy therefore, requires a tri-gas perspective that evaluates SOC change alongside N₂O and CH₄ responses, rather than focusing on any single metric in isolation (Paustian et al., 2019; Cui et al., 2024).
1.2. Evidence from field syntheses and remaining knowledge gaps
Over the past decade, numerous meta-analyses and global syntheses have quantified how specific management practices affect SOC, N₂O, and CH₄ in croplands. For SOC, long-term experiments and global databases indicate that conservation agriculture, diversified rotations, and organic amendments can increase SOC in many contexts, but the size of the effect is modest and highly variable (Page et al., 2020; Just et al., 2023). Ogle et al. (2019) showed that no-till management increases SOC mainly in cooler and drier environments and on fine-textured soils, while benefits are smaller or absent elsewhere. More recent work on cover crops in temperate croplands suggests that cover crops can raise SOC stocks, but the net gains are often smaller than assumed in policy discussions and can depend on termination methods and nitrogen inputs (Seitz et al., 2022; Chaplot & Smith, 2023).
Mitigation-focused syntheses for N₂O and CH₄ offer similarly nuanced insights. Shakoor et al. (2021a) reported that no-till can reduce overall greenhouse gas emissions and maintain yields in some systems, but that response magnitudes differ strongly across climate zones and crop types. Abalos et al. (2022) found that residue management can both mitigate and exacerbate N₂O emissions depending on residue type, placement, and co-application of fertilisers, underlining the importance of matching residue and nitrogen management to local conditions. At the global scale, Cui et al. (2024) showed that optimised nitrogen management, including improved timing, placement, and enhanced-efficiency fertilisers, offers large potential to curb cropland N₂O emissions, yet its interaction with SOC dynamics remains poorly quantified. For irrigated rice, Zhao et al. (2024) demonstrated that alternate wetting and drying can substantially lower CH₄ emissions and yield-scaled greenhouse gas intensity, while changing the temporal pattern and magnitude of N₂O emissions.
Despite this rich evidence base, most existing syntheses have focused on single gases, specific practices, or regional subsets of field trials. Few have jointly quantified changes in SOC, N₂O, and CH₄ across the full spectrum of cropland management options, and even fewer have explicitly framed their results in terms of mitigation trade-offs and co-benefits that are relevant for policy and carbon markets (Paustian et al., 2019; Just et al., 2023). This fragmentation hampers the ability of decision makers to compare practices on a common tri-gas basis and to prioritise interventions that deliver robust climate benefits alongside agronomic gains. Furthermore, interactions among practices—such as combining no-till with cover crops, organic amendments, and water-saving irrigation—remain underexplored in a globally consistent way (Page et al., 2020; Seitz et al., 2022).
1.3. Scope and objectives of this systematic tri-gas review
Against this backdrop, the present article conducts a systematic tri-gas review and second-order meta-synthesis of field evidence to evaluate how key cropland management practices jointly affect soil carbon, nitrogen, and methane dynamics. The scope is restricted to field experiments and on-farm trials that report changes in at least one soil greenhouse gas flux (SOC stock change, N₂O, or CH₄) under contrasting management treatments in croplands. Management categories include tillage intensity, residue retention and incorporation, cover cropping, organic amendments, nitrogen fertilisation strategies, and water management in flooded systems. Across these practices, we integrate data from a wide range of climates, soil types, and cropping systems to provide a globally relevant synthesis.
The primary objective is to synthesise and compare the trade-offs and co-benefits among SOC sequestration, N₂O emissions, and CH₄ fluxes for each management practice, using a consistent qualitative effect-size classification framework that allows direct comparison across gases and systems. Specifically, we ask: (i) under which conditions do practices described as “climate-smart” in the literature deliver net greenhouse gas mitigation when all three gases are considered; (ii) where do they generate trade-offs that could undermine their mitigation value; and (iii) how do these outcomes interact with agronomic variables such as yield and nitrogen-use efficiency where data are available. A secondary objective is to identify data gaps and methodological limitations in the existing field literature that constrain robust tri-gas assessment, thereby informing priorities for future experimental designs and monitoring strategies (Paustian et al., 2019; Cui et al., 2024).
By framing cropland management explicitly in terms of SOC–N₂O–CH₄ interactions, this systematic tri-gas synthesis aims to move beyond single-gas narratives of mitigation potential. The synthesis provides qualitative benchmarks and, where available, indicative ranges from published effect sizes, for the magnitude and uncertainty of tri-gas responses to widely promoted practices, offering a more realistic basis for designing cropland mitigation strategies, setting expectations for soil-based carbon credits, and aligning agronomic interventions with climate policy targets (Smith, 2008; Page et al., 2020).
This systematic tri-gas review and second-order meta-synthesis therefore aims to:
1. Map recent field-based meta-analyses and large multi-site experiments that report outcomes for at least two of the three metrics: SOC, N₂O, and CH₄ in croplands.
2. Synthesise how major management options—conservation tillage and residues, cover crops and diversification, nitrogen management and inhibitors, organic amendments and biochar, and water management in rice—affect these metrics.
3. Identify recurring patterns of mitigation trade-offs and co-benefits across practices and agroecological contexts.
4. Derive implications for mitigation accounting and policy design that more fully integrate soil carbon and non-CO₂ greenhouse gases.
Rather than conducting a de novo statistical meta-analysis of plot-level data, we perform a “second-order” meta-synthesis, treating published global or regional meta-analyses and multi-site field studies as primary evidence, and emphasising tri-gas outcomes where available. Consequently, we did not recalculate pooled effect sizes or confidence intervals from primary plot-level data, and our classifications should be interpreted as a structured synthesis of published meta-analyses and multi-site experiments rather than a new quantitative meta-analysis.


2. Methods
2.1. Literature search and screening
This review followed a systematic search strategy to identify field-based evidence on how cropland management affects soil organic carbon (SOC), nitrous oxide (N₂O), and methane (CH₄) up to November 2025. The objective of this subsection is to describe how potentially relevant studies were located and screened for inclusion in the tri-gas synthesis. Searches were conducted in Web of Science, Scopus, and Google Scholar using combinations of terms referring to soils, greenhouse gases, and management practices. Typical search strings included phrases such as “soil organic carbon” and “nitrous oxide” and “cropland”, “no-till” OR “conservation tillage” and “greenhouse gas emissions”, “cover crop*” and “soil carbon” and “N₂O”, “biochar” and “field” and “N₂O” OR “CH₄”, and “alternate wetting and drying” and “rice” and “methane”. Searches were restricted to peer-reviewed journal articles written in English and reporting field measurements or meta-analyses based on field experiments.
To ensure that the most policy-relevant syntheses were captured, the search terms “meta-analysis”, “systematic review”, and “global synthesis” were combined with each major practice category. In addition, backwards and forward citation tracking was applied to a set of key syntheses on conservation agriculture, nitrogen management, biochar, and climate-smart water management in rice systems, which have become central references in the field (Page et al., 2020; Ogle et al., 2019; Abalos et al., 2022; Shakoor et al., 2021a; Zhao et al., 2024). Titles and abstracts retrieved from the database searches were screened to exclude clearly irrelevant studies, after which full texts were examined to determine eligibility according to predefined criteria. When multiple publications reported results from the same experimental network, the most comprehensive and recent paper was used as the primary source, with earlier articles consulted as needed for methodological details.
2.2. Eligibility criteria and study classification
This subsection specifies the inclusion criteria that governed which studies entered the synthesis and explains how they were organised into management categories. Studies were eligible if they met four main conditions. First, they had to be either field experiments in croplands (annual or perennial systems) or meta-analyses explicitly based on such field experiments, thereby excluding purely modelling studies or laboratory incubations. Second, they had to report at least two of the three tri-gas indicators considered here: SOC (as concentration or stock), N₂O emissions, and CH₄ emissions or uptake. Studies that reported combined greenhouse gas metrics derived from N₂O and CH₄, such as global warming potential or yield-scaled emissions, were also eligible when underlying gas fluxes were clearly described. Third, the studies needed to compare a management intervention with a clearly defined reference or control, for example, no-till versus conventional tillage, residue retention versus removal, cover cropping versus bare fallow, biochar or manure application versus no amendment, or alternate wetting and drying versus continuous flooding. Fourth, they had to provide sufficient information on management intensity, timing, and combinations of practices to allow attribution of observed responses to specific interventions.
The review prioritised recent global and regional meta-analyses, alongside large multi-site field studies that synthesised multiple experiments within a consistent design (Page et al., 2020; Abalos et al., 2022; Cui et al., 2024; Shrestha et al., 2023). Where a study focused on only one gas but was frequently cited in tri-gas discussions or could be paired with complementary evidence from other sources—for example, SOC-focused conservation agriculture syntheses combined with N₂O-focused residue studies—it was retained to help infer partial trade-offs and co-benefits. Eligible studies were classified into five management categories that reflect major mitigation options in croplands: (i) conservation tillage and residue management, (ii) cover crops and crop diversification, (iii) nitrogen management and nitrification inhibitors, (iv) organic amendments and biochar, and (v) water management in flooded rice systems (Ogle et al., 2019; Abalos et al., 2022; Li et al., 2023; Zhao et al., 2024). Within each category, studies were further annotated according to climate zone, soil texture, crop type, and baseline management, to support interpretation of context dependence in the Results and Discussion sections.
Because this is a second-order meta-synthesis, many primary experiments appear in more than one included meta-analysis. These overlaps were documented qualitatively based on information reported in the original syntheses, but underlying experiments were not reweighted or de-duplicated statistically. The implications of this unavoidable overlap for the interpretation of the evidence base are addressed in the Limitations section.
2.3. Data extraction, assessment of trade-offs, and co-benefits
The purpose of this subsection is to explain how information was extracted from the included studies and how tri-gas responses were classified into mitigation trade-offs or co-benefits. For each eligible meta-analysis or multi-site field study, data were extracted on the type and intensity of management practices, experimental duration, sampling depth for SOC, measurement period and frequency for N₂O and CH₄, crop and rotation characteristics, climate zone, and key soil properties where reported. For meta-analyses, the main effect-size estimates for each practice were recorded together with their reported statistical significance and, where available, information on heterogeneity across subgroups such as climate or soil texture (Ogle et al., 2019; Shakoor et al., 2021a; Abalos et al., 2022; Li et al., 2023). For large multi-site experiments, direction and consistency of treatment effects across locations and years were noted, with particular attention to whether results held beyond one or two growing seasons (Peng et al., 2023; Seitz et al., 2023; Shrestha et al., 2023).
Given the diversity of metrics, units, and statistical approaches across the underlying literature, the synthesis focuses on the direction (increase, decrease, or no clear change) and qualitative magnitude (small, moderate, large) of responses rather than recalculating pooled numerical effect sizes. SOC responses were interpreted in terms of changes in stocks rather than concentrations whenever whole-profile information was available, while gas responses were interpreted over at least one full growing season. Following the effect classifications used in the original meta-analyses and multi-site studies, a practice was coded as producing a co-benefit when it increased SOC or reduced one of the gases without causing a statistically significant deterioration in the other indicators. Conversely, a trade-off was recorded when improvements in one indicator (such as higher SOC or reduced CH₄) were accompanied by a statistically significant worsening of another (such as increased N₂O) (Shakoor et al., 2021a; Abalos et al., 2022; Zhao et al., 2024).
Where studies reported combined greenhouse gas metrics such as global warming potential, carbon footprint per unit yield, or yield-scaled emissions, these aggregated outcomes were used to corroborate the qualitative tri-gas classifications, but underlying gas fluxes were not recomputed. Greater interpretive weight was given to syntheses and experiments that measured SOC over deeper soil profiles, covered multi-year timeframes, or monitored N₂O and CH₄ with sufficiently frequent sampling to capture emission peaks, as these design features reduce the risk of biased estimates (Page et al., 2020; Just et al., 2023; Cui et al., 2024). However, no formal numerical quality score was applied, and the meta-synthesis remains descriptive rather than statistical. As a result, the findings should be interpreted as structured, evidence-based patterns in tri-gas responses to management, rather than as new quantitative estimates for use in emissions inventories or carbon-accounting protocols.
[bookmark: _GoBack]3. Findings
3.1. Overview of the evidence base for tri-gas responses
Across the screened literature, several large global and regional meta-analyses of conservation tillage, cover cropping, residue management, biochar, and rice water management provide the backbone of the evidence base, supplemented by single-country field syntheses. Together, they confirm that most practices that increase SOC or improve nitrogen (N) cycling often induce complex, sometimes opposing responses of N₂O and CH₄, and that these responses are strongly context dependent.
For example, global analyses of no-till and related conservation tillage systems show that SOC gains occur mainly in humid climates and fine-textured soils, whereas dry climates or coarse-textured soils often show negligible or even negative changes in SOC stocks (Ogle et al., 2019; Meng et al., 2024). At the same time, no-till tends to concentrate organic matter and water in the upper soil layer, which can enhance N₂O and CH₄ emissions under certain combinations of soil moisture and nitrogen supply (Shakoor et al., 2021a; Li et al., 2023). Cover crops and diversified rotations consistently increase carbon inputs and improve aggregate stability, but their ability to offset background SOC losses at regional scales is more modest than often claimed, and their effects on N₂O are split between mitigation and stimulation depending on species, termination time, and fertiliser management (Chaplot & Smith, 2023; Peng et al., 2023; Seitz et al., 2023).
Organic amendments and biochar, which are frequently promoted as “win–win” options, generally increase SOC and can reduce N₂O emissions, especially where N fertiliser rates are high and soils are acidic, yet they sometimes increase CO₂ efflux and can leave CH₄ emissions largely unchanged (Shakoor et al., 2021b; Kalu et al., 2022; Shrestha et al., 2023). In flooded rice systems, alternate wetting and drying (AWD) and mid-season drainage consistently lower CH₄ but occasionally raise N₂O, such that net climate benefits depend on the magnitude of CH₄ reductions and background N₂O emission factors (Zhao et al., 2024; Minamikawa, 2025; Akiyama, 2024). At a global scale, integrated modelling of cropland N₂O mitigation potential suggests that practice portfolios combining fertiliser optimisation with soil and residue management could deliver sizeable net reductions while preserving yields, but the attainable mitigation fraction is strongly constrained by biophysical heterogeneity and existing management baselines (Cui et al., 2024). Overall, the evidence base confirms the core premise of this article: there is no universally “climate-smart” practice in croplands. Instead, mitigation outcomes for soil C, N₂O, and CH₄ are co-determined by climate, soil properties, cropping system, and baseline management, and the central scientific task is to identify combinations of practices and site conditions under which SOC gains and yield co-benefits outweigh any increases in N₂O or CH₄.
3.2. Conservation tillage and residue retention
Global evidence indicates that conservation tillage can increase SOC in the upper soil layer, but whole-profile gains are conditional rather than universal. A multi-country analysis identified that positive SOC responses to no-till were largely confined to fine-textured soils under cool-humid climates and continuous cropping, whereas coarse-textured and warm-dry systems often showed little change or even SOC losses when deeper layers were accounted for (Ogle et al., 2019). A more recent meta-analysis of conservation tillage management reported that, relative to conventional tillage, reduced disturbance tends to increase topsoil SOC stocks and microbial biomass but also enhances the stratification of carbon and nitrogen near the surface, which can amplify N₂O emissions under wet conditions and high N inputs (Meng et al., 2024).
With respect to N₂O and CH₄, a global synthesis of no-till field experiments found that, on average, no-till increased CO₂, N₂O, and CH₄ emissions relative to conventional tillage, although the magnitude and direction varied widely with climatic zone and fertiliser rate (Shakoor et al., 2021a). Notably, the same study reported a modest reduction in overall global warming potential because increased soil C sequestration and changes in the timing of emissions partially offset the higher instantaneous gas fluxes. Subsequent meta-analysis focused on conservation agriculture practices highlighted that residue retention and cover crops, when combined with reduced tillage, often raise N₂O emissions in humid regions, whereas in semi-arid conditions and on well-drained soils, they can reduce N₂O by improving soil structure and lowering mineral N accumulation in surface horizons (Li et al., 2023).
Residue management decisions strongly modulate these outcomes. A field study in a temperate corn–wheat rotation comparing residue retention under conventional and no-till systems reported that surface-retained residues increased N₂O emissions relative to residue removal, with the effect being more pronounced under no-till because of higher moisture and carbon availability in the topsoil (Mirzaei et al., 2022). At the same time, residue retention contributes to SOC accrual and erosion control, implying that practices such as partial residue removal or strategic redistribution may be needed where residue-induced N₂O emissions are large.
Taken together, the evidence suggests that conservation tillage and residue retention are reliable strategies for improving soil structure and often for increasing near-surface SOC, but their net climate benefit is highly sensitive to local water and nitrogen dynamics. In many humid, high-input systems, these practices are best viewed as components of broader mitigation portfolios that also include optimised fertiliser management and, where feasible, complementary practices such as cover crops or biochar, rather than stand-alone solutions for tri-gas mitigation.
3.3. Cover crops and diversified rotations
Regional modelling and long-term measurements in German croplands indicate that expanding cover crop adoption from current levels to roughly one-third of arable land could raise annual carbon inputs by more than ten percent and increase SOC stocks by approximately 0.3 tonnes of carbon per hectare per year over several decades, although even full adoption would not fully counteract ongoing SOC decline under intensive management (Seitz et al., 2023). A North American network of long-term experiments similarly shows that non-legume cover crops in diverse rotations can substantially increase SOC stocks, especially when combined with high biomass production and minimal soil disturbance, but that the incremental SOC gain declines as soils approach a new equilibrium, emphasising the importance of long time horizons for evaluating mitigation potential (Peng et al., 2023). At the same time, a global commentary on cover cropping cautions that the SOC benefits have often been overstated when only shallow soil layers are sampled or when baseline SOC declines are not correctly accounted for. When whole-profile stocks and long-term trends are considered, cover crops typically slow SOC losses or produce modest gains rather than transforming croplands into strong carbon sinks, and their mitigation potential must therefore be evaluated realistically within broader system boundaries (Chaplot & Smith, 2023).
The N₂O response to cover crops is clearly context dependent. Meta-analytic evidence from conservation agriculture systems indicates that grass or non-legume cover crops that scavenge residual nitrate tend to reduce N₂O emissions, especially in coarse-textured soils and regions with pronounced winter leaching, whereas legume cover crops often increase N₂O because of the additional biologically fixed nitrogen and readily mineralisable residues (Li et al., 2023). The timing and method of cover crop termination also matter: incorporation of high-nitrogen residues shortly before a period of high soil moisture can create short-lived but intense N₂O pulses. Reported CH₄ responses in upland systems are generally small, with most studies finding neutral or slightly reduced CH₄ uptake by soils, implying that the main tri-gas trade-off for cover crops is between SOC gains and N₂O emissions rather than CH₄. Overall, the field evidence supports the interpretation of cover crops as practices that primarily deliver soil-health and adaptation co-benefits, with modest but non-negligible mitigation potential when implemented as non-legume, high-biomass species in well-drained soils and coupled with fertiliser adjustments that avoid double-counting nitrogen inputs. Under those conditions, SOC gains and reduced nitrate leaching can co-exist with stable or lower N₂O emissions, yielding net tri-gas benefits; under warm, wet, N-rich conditions with legume cover crops and poor synchrony between N release and crop uptake, the climate benefit is uncertain or negative.
3.4. Water management in flooded rice systems
A recent global meta-analysis of field trials in rice systems shows that alternate wetting and drying (AWD) can substantially reduce seasonal CH₄ emissions compared with continuous flooding, often by more than half, but may increase growing-season N₂O emissions because periodic soil aeration stimulates nitrification and denitrification (Zhao et al., 2024). The same analysis indicates that, in most studies, the reduction in CH₄ dominates the net climate effect when expressed as radiative forcing equivalents, particularly where AWD is implemented conservatively and fertiliser N rates are not excessive. However, in high-input systems or where AWD is pushed to the threshold of yield loss, increases in N₂O can erode a substantial share of the CH₄ benefit.
A more recent meta-synthesis of climate-smart water management in rice paddies confirms these patterns and extends them to include mid-season drainage and alternate shallow flooding regimes (Minamikawa, 2025). Across a broad range of field experiments, water-saving practices generally preserved yields or resulted in only minor yield reductions, while reducing net GHG emissions compared with continuous flooding. Nevertheless, the study emphasises that the most favourable tri-gas outcomes are achieved when AWD or drainage is combined with optimised nitrogen management and, in some cases, organic amendments that stabilise SOC and improve soil structure.
Country-scale syntheses further highlight that mitigation outcomes depend on prevailing soils and climate. A review of agricultural fields in Japan reports that mid-season drainage and off-season water management can substantially reduce CH₄ emissions, but that the net benefit is diminished in cold regions where soils remain saturated for long periods and in systems with high organic matter inputs from straw incorporation (Akiyama, 2024). The review also notes that, under some conditions, prolonged drainage can reduce SOC in surface horizons, implying that long-term monitoring of SOC stocks under AWD is required to confirm its net mitigation potential.
Overall, the rice literature suggests that water-saving irrigation practices are among the most promising tri-gas mitigation options in croplands, provided that they are not implemented in isolation. When paired with careful nitrogen and residue management, AWD and mid-season drainage can achieve substantial CH₄ reductions with limited N₂O penalties and neutral to slightly positive SOC trajectories; poorly coordinated implementation, by contrast, risks shifting emissions from CH₄ to N₂O or sacrificing soil carbon.
3.5. Organic amendments and biochar
A global meta-analysis of biochar additions to agricultural soils found that, on average, biochar reduced N₂O emissions by roughly one-fifth and slightly decreased CH₄ emissions, while having a small positive effect on CO₂ efflux; importantly, the net effect was a reduction in total GHG emissions when biochar was co-applied with mineral fertiliser or other amendments (Shakoor et al., 2021b). A subsequent synthesis of field trials confirmed these patterns, showing that biochar generally increased SOC stocks and reduced N₂O emissions, particularly in coarse-textured or acidic soils and under high N fertiliser rates, although effect sizes varied widely and some studies reported neutral or even increased emissions (Shrestha et al., 2023).
Long-term experiments in boreal arable soils provide additional insight into the durability of these effects. A multi-year field study reported that biochar additions reduced cumulative N₂O emissions and improved nitrogen use efficiency while maintaining or increasing SOC stocks, suggesting that, in cool climates with low inherent fertility, biochar can function as a negative-emission technology with agronomic co-benefits (Kalu et al., 2022). However, these benefits were conditional on appropriate matching of biochar type and application rate to soil properties; excessively high rates or low-quality feedstocks risked nutrient imbalances and declines in crop performance.
For organic residues more broadly, a review and meta-analysis of crop-residue mitigation measures found that practices such as timing residue incorporation to avoid periods of high soil moisture, using nitrification inhibitors, and combining residues with biochar or compost can reduce N₂O emissions relative to conventional incorporation, while maintaining or enhancing SOC stocks (Abalos et al., 2022). Yet, the same analysis emphasised that residue retention without complementary measures often increased N₂O emissions, especially in poorly aerated soils. Field work in corn–wheat rotations further demonstrates that residue management interacts strongly with tillage: surface-applied residues under no-till promoted greater N₂O emissions than residues incorporated under conventional tillage, reflecting differences in aeration and contact with soil microbes (Mirzaei et al., 2022).
The combined evidence suggests that biochar and carefully managed organic amendments can offer genuine tri-gas mitigation and soil-health co-benefits, but only when they are integrated into broader nutrient-management strategies. Their mitigation potential is greatest where high N inputs, acidic or coarse-textured soils, and residue surpluses coincide; elsewhere, benefits may be limited or uncertain.
3.6. Integrated mitigation potential and global co-benefits
Global assessments of cropland N₂O mitigation potential suggest that technically feasible measures related to fertiliser management, residue handling, and drainage could reduce N₂O emissions substantially while sustaining production, but the share of emissions that can be abated without compromising yields remains constrained by soil–climate heterogeneity and socioeconomic factors (Cui et al., 2024). Conservation agriculture meta-analyses reinforce this message: reduced tillage, residue retention, and cover crops can deliver soil-health benefits and SOC gains, but their effect on N₂O is often neutral or slightly positive, implying that they should be paired with measures that directly target nitrogen losses (Li et al., 2023; Abalos et al., 2022).
When practice portfolios are considered, certain combinations emerge as more promising. In upland systems, cover crops designed as non-legume, nitrate-scavenging species, combined with conservation tillage and judicious residue management, appear capable of increasing SOC while preventing or even reducing N₂O emissions, especially in regions with significant off-season leaching (Peng et al., 2023; Seitz et al., 2023). Adding biochar or other stabilising amendments further enhances SOC and dampens N₂O in many cases, though the cost and availability of feedstock constrain large-scale deployment (Shrestha et al., 2023; Kalu et al., 2022). In flooded rice, combinations of AWD or mid-season drainage with optimised N fertiliser timing and straw management consistently yield large net reductions in GHG emissions, with CH₄ reductions dominating the balance in most field studies (Zhao et al., 2024; Minamikawa, 2025; Akiyama, 2024).
Nevertheless, comprehensive syntheses also caution against treating these packages as universal solutions. Critiques of cover-crop-centric mitigation narratives remind us that SOC gains can be modest and context dependent, and that apparent mitigation in topsoil may be offset by deeper losses or by increased emissions elsewhere in the system (Chaplot & Smith, 2023). Similarly, meta-analyses of conservation tillage show that increases in CO₂, N₂O, and CH₄ emissions are possible even when SOC increases, underscoring that evaluation purely in terms of carbon sequestration can be misleading (Shakoor et al., 2021a; Meng et al., 2024; Ogle et al., 2019).
In sum, the integrated evidence indicates that substantial tri-gas mitigation and co-benefits are achievable in croplands, but only through carefully tailored practice portfolios that account for site-specific constraints. Practices that primarily increase SOC (such as cover crops and biochar) or enhance nitrogen retention (such as fertiliser optimisation and residue timing) can deliver robust mitigation only when implemented in combinations that avoid excessive N₂O or CH₄ emissions. The next sections of the article therefore focus on translating these results into regionally differentiated mitigation pathways and on identifying research gaps that currently limit confident scaling of tri-gas-optimised management across global croplands.
3.7 Synthesis of tri-gas responses: summary tables
This subsection summarises, in a compact way, the patterns already described in the previous subsections and clarifies where mitigation co-benefits or trade-offs, dominate across the field evidence base. Table 1 aggregates typical directions of response in soil organic carbon (SOC), nitrous oxide (N₂O), and methane (CH₄) for the main management categories covered by recent global and regional meta-analyses, including conservation tillage, residue and nitrogen management, cover crops, organic amendments and biochar, and water management in flooded rice systems (Ogle et al., 2019; Shakoor et al., 2021a; Abalos et al., 2022; Li et al., 2023; Peng et al., 2023; Seitz et al., 2023; Shrestha et al., 2023; Kalu et al., 2022; Mirzaei et al., 2022; Zhao et al., 2024; Minamikawa, 2025; Cui et al., 2024; Akiyama, 2024; Chaplot & Smith, 2023; Meng et al., 2024). These syntheses emphasise the direction and consistency of responses rather than precise effect sizes, which are strongly modulated by climate, soil texture, baseline SOC, and experimental duration.
In temperate, non-flooded systems, no-till combined with residue retention tends to increase SOC where soils are fine-textured, moist, and under diverse rotations, but the same practice can have negligible or even negative SOC effects in coarse-textured, dry environments (Ogle et al., 2019; Meng et al., 2024). Across the database, N₂O responses to no-till are highly variable: some meta-analyses report small increases, particularly in humid climates, whereas others find neutral effects when residue loads and nitrogen rates are moderate (Shakoor et al., 2021a; Li et al., 2023). CH₄ in upland cropland is often a minor component of the global warming potential, and the meta-analyses consistently show no systematic penalty or benefit of conservation tillage for CH₄ uptake, so most of the climate signal is driven by SOC and N₂O changes (Shakoor et al., 2021b; Meng et al., 2024).
Cover crops and diversified rotations generally strengthen SOC gains under both conventional and conservation tillage, with multi-decadal experiments in North America and Europe reporting clear SOC accumulation when cover crops are integrated into rotations (Peng et al., 2023; Seitz et al., 2023). However, recent work has cautioned that SOC responses are smaller than previously claimed once equivalent soil mass and deeper sampling are accounted for, suggesting that cover crops reduce SOC losses rather than fully reversing long-term declines (Chaplot & Smith, 2023). In terms of gaseous fluxes, cover crops rarely produce large CH₄ effects but can either suppress or enhance N₂O, depending on their nitrogen content, termination method, and synchrony between residue N release and crop uptake (Li et al., 2023; Abalos et al., 2022).
Organic amendments and biochar consistently increase SOC stocks but show mixed effects on N₂O and CH₄. Synthesis of field trials indicates that biochar reduces N₂O emissions on average and has a small downward effect on CH₄, while modestly increasing CO₂ emissions as more labile fractions mineralise (Kalu et al., 2022; Shrestha et al., 2023). High-C, low-N residues or manures often shift the system toward improved SOC but can create transient N₂O peaks if incorporation coincides with wet, warm conditions (Abalos et al., 2022; Mirzaei et al., 2022). Table 1 therefore, distinguishes between amendments that are likely to provide robust tri-gas co-benefits and those that involve clear N₂O trade-offs.
In irrigated rice, patterns are dominated by CH₄–N₂O trade-offs. Meta-analyses of alternate wetting and drying (AWD) and related climate-smart water management strategies show consistent, often large reductions in CH₄ emissions and global warming potential relative to continuous flooding, yet these gains are partially offset by increased N₂O during drained periods (Zhao et al., 2024; Minamikawa, 2025). Synthesis of Japanese and other Asian field data suggests that integrating AWD with optimised nitrogen timing and deep placement mitigates much of this N₂O penalty while maintaining yield (Akiyama, 2024). Table 1 reflects these findings by indicating AWD as a net mitigation strategy with a co-benefit for water productivity but highlighting the persistent CH₄–N₂O trade-off signal.
To assist readers in translating these patterns into management portfolios, Table 2 summarises combinations of practices that are most likely to deliver net mitigation co-benefits (SOC increase plus net greenhouse-gas reduction) in major cropland archetypes. The combinations are derived from the same field meta-analyses and global mitigation scenario work that integrates practice-specific effect sizes with crop distribution and nitrogen use (Cui et al., 2024; Li et al., 2023; Peng et al., 2023; Shrestha et al., 2023). In temperate rainfed cereals, the weight of evidence supports “full” conservation agriculture—no-till, residue retention, cover crops, and diversified rotations with optimised nitrogen—one of the portfolios most likely to deliver tri-gas co-benefits at scale, while in tropical maize systems biochar is more consistently beneficial when combined with moderate nitrogen rates and residue return (Kalu et al., 2022; Shrestha et al., 2023; Ogle et al., 2019). For flooded rice, AWD coupled with mid-season drainage, improved fertiliser practices, and residue management appears to offer one of the strongest currently documented mitigation co-benefits without yield penalties, although careful site-specific tuning is required (Zhao et al., 2024; Minamikawa, 2025; Akiyama, 2024).
These tables are not intended as prescriptive recipes but rather as a synthesis of robust tri-gas patterns that emerge repeatedly across the literature. They underscore that no single practice uniformly optimises SOC, N₂O, and CH₄ in all contexts; instead, tri-gas mitigation depends on stacking practices that address both carbon inputs and nitrogen and water controls, while respecting climatic and edaphic constraints.
Table 1: Direction and consistency of SOC, N₂O, and CH₄ responses to major cropland management practices, based on recent field meta-analyses and syntheses

	Management category and context
	Typical SOC response
	Typical N₂O response
	Typical CH₄ response
	Main trade-offs and co-benefits

	No-till with residue retention in temperate, fine-textured dryland soils
	SOC tends to increase over the upper soil profile when implemented for ≥10 years
	N₂O often neutral to slightly higher, especially in humid climates
	CH₄ usually unchanged or small increase in uptake in upland soils
	Co-benefit of SOC gain and lower CO₂ offset by possible N₂O penalty; net mitigation depends on nitrogen rate and drainage (Ogle et al., 2019; Shakoor et al., 2021a; Meng et al., 2024).

	No-till with residue removal or low residue input in coarse-textured or dry environments
	SOC often unchanged or slightly lower relative to conventional tillage
	N₂O generally neutral or slightly lower
	CH₄ negligible change in uplands
	Weak mitigation effect; limited SOC benefit indicates that no-till alone is insufficient without adequate residue C input (Ogle et al., 2019; Meng et al., 2024).

	Cover crops under conventional or reduced tillage in temperate systems
	SOC generally increases or at least slows long-term decline, especially in long-term experiments
	N₂O variable; can increase with N-rich legumes or poor termination synchrony, but neutral under grass or mixed species
	CH₄ largely unaffected in upland systems
	Clear SOC benefit with context-dependent N₂O trade-offs; careful species choice and nitrogen management crucial (Peng et al., 2023; Seitz et al., 2023; Li et al., 2023; Chaplot & Smith, 2023).

	High C:N residue retention and moderate mineral N inputs
	SOC increases due to greater carbon return
	N₂O can increase immediately after incorporation but often declines later in the season
	CH₄ effect minimal except in periodically waterlogged soils
	SOC co-benefit often outweighs transient N₂O pulses, but timing of incorporation relative to wet periods is critical (Abalos et al., 2022; Mirzaei et al., 2022).

	Organic amendments (manure, compost, digestate) in non-flooded systems
	SOC increases, especially under repeated applications
	N₂O variable; highest under wet, compacted conditions and when rates oversupply N
	CH₄ usually negligible in uplands
	Strong SOC gains but risk of N₂O trade-offs at high application rates; best performance when rates align with crop N demand (Abalos et al., 2022; Mirzaei et al., 2022).

	Biochar additions in non-flooded systems
	SOC clearly increases and is more stable than plant-derived C
	N₂O reduced in many trials, particularly in acidic or coarse-textured soils
	CH₄ modestly reduced or unchanged
	Strong co-benefit pattern, with net mitigation driven by N₂O abatement and durable SOC storage (Kalu et al., 2022; Shrestha et al., 2023).

	Continuous flooding in rice
	SOC often stable or slightly increasing in surface layers
	N₂O comparatively low due to strongly reducing conditions
	CH₄ very high relative to upland systems
	High CH₄ dominates climate impact; continuous flooding offers little scope for net mitigation despite stable SOC (Akiyama, 2024).

	Alternate wetting and drying (AWD) or other climate-smart water management in rice
	SOC change small over decadal scales, context-dependent
	N₂O consistently higher than under continuous flooding, especially during drying phases
	CH₄ strongly reduced, leading to lower overall global warming potential
	Clear CH₄ reduction and global warming potential benefit, but N₂O penalty requires integrated nitrogen management (Zhao et al., 2024; Minamikawa, 2025; Akiyama, 2024).

	Integrated conservation agriculture (no-till, residues, cover crops, diversified rotation, optimised N) in temperate rainfed cereals
	SOC increases or is maintained at higher levels than under conventional systems
	N₂O often neutral or modestly reduced at a given yield level when N rates are optimised
	CH₄ minor component; little change in upland systems
	Net co-benefit is common where all three pillars are implemented together, and nitrogen is optimised rather than reduced (Li et al., 2023; Peng et al., 2023; Cui et al., 2024).



Table 2: Examples of practice portfolios likely to deliver tri-gas co-benefits in major cropland archetypes

	Cropland archetype
	Example management portfolio
	Expected SOC outcome
	Expected N₂O outcome
	Expected CH₄ outcome
	Overall mitigation co-benefits and notes

	Temperate rainfed cereal systems (wheat–maize)
	No-till with residue retention, winter cover crops, diversified rotation (including deep-rooted species), and nitrogen optimisation using split application and, where appropriate, inhibitors
	SOC increases in upper soil profile over decadal timescales
	N₂O reduced per unit yield when total N is optimised, with no systematic penalty from no-till
	CH₄ negligible component, little change
	Strong co-benefit: SOC gain plus lower yield-scaled N₂O and CO₂, especially in fine-textured, moist soils (Ogle et al., 2019; Li et al., 2023; Peng et al., 2023; Cui et al., 2024).

	Sub-tropical and tropical maize-based systems on degraded soils
	Reduced or no-till with residue retention, biochar co-application, moderate mineral N rates aligned with realistic yield targets, and drought-tolerant varieties
	SOC substantially increases due to combined residue and biochar inputs
	N₂O decreases or remains neutral where biochar improves aeration and nitrogen retention
	CH₄ negligible in uplands, sometimes slightly increased uptake
	Particularly strong co-benefit where baseline SOC is low and soils are acidic or coarse-textured; biochar helps buffer N₂O trade-offs associated with residue return (Kalu et al., 2022; Shrestha et al., 2023; Ogle et al., 2019).

	Temperate high-input horticultural systems (vegetables)
	Raised beds with organic mulches of moderate C:N, fertigation or banded N placement, and limited tillage between crop cycles
	SOC modestly increases under sustained organic inputs
	N₂O reduced relative to broadcast N due to better synchrony with crop uptake and reduced surplus nitrogen
	CH₄ largely unaffected
	Co-benefits realised mainly through improved nitrogen use efficiency and modest SOC sequestration; important for systems with historically high N₂O intensities (Li et al., 2023; Abalos et al., 2022; Mirzaei et al., 2022).

	Irrigated rice systems in Asia and similar climates
	AWD with well-defined thresholds, mid-season drainage, optimised N timing and deep placement, straw management (e.g., off-season composting or strategic incorporation), and, where feasible, co-applied biochar
	SOC broadly maintained; small changes depend on residue and biochar inputs
	N₂O higher than continuous flooding but moderated by careful nitrogen scheduling and deep placement
	CH₄ substantially reduced, delivering large reduction in global warming potential
	Net mitigation is usually positive, with CH₄ reductions outweighing extra N₂O; yield and water productivity are maintained where AWD is properly implemented (Zhao et al., 2024; Minamikawa, 2025; Akiyama, 2024; Shrestha et al., 2023).

	Mixed upland–paddy landscapes with limited resources
	Strategic targeting of conservation tillage and cover crops to erosion-prone uplands, combined with AWD in rice and moderate biochar use where local feedstocks exist
	SOC stabilised on vulnerable upland slopes and maintained in paddies
	N₂O reduced or neutral in uplands through optimised N; increased but manageable in AWD rice
	CH₄ reduced in rice; negligible in uplands
	Landscape-scale co-benefits arise from stacking interventions where they are biophysically most effective and socially feasible (Cui et al., 2024; Ogle et al., 2019; Zhao et al., 2024).


4. Discussion
4.1. Mechanistic interpretation of soil C–N–CH₄ interactions
Across the compiled field studies, practices that increase carbon inputs and reduce physical soil disturbance—such as conservation tillage, residue retention, cover cropping, and biochar application—tended to raise soil organic carbon while having more variable effects on nitrous oxide and methane. These patterns are broadly consistent with previous global syntheses, which report that reduced or no tillage increases topsoil carbon stocks but can sometimes enhance nitrous oxide emissions in cool, moist environments where denitrification “hot moments” occur near the surface (Shakoor et al., 2021a; Meng et al., 2024). From a process perspective, enhanced soil organic carbon increases substrate availability for both nitrifiers and denitrifiers, potentially raising nitrous oxide emissions when nitrogen inputs are not simultaneously optimised. The residue-focused meta-analysis by Abalos et al. (2022) showed that strategies that lower the effective nitrogen load of residues—such as adjusting carbon-to-nitrogen ratio, reducing residue nitrogen content, or better synchronising residue incorporation with crop uptake—systematically reduced nitrous oxide emissions without compromising yields. Our tri-gas synthesis corroborates this pattern: management combinations that couple increased carbon inputs (for soil organic carbon gains) with improvements in nitrogen use efficiency display the most favourable multi-gas balances.
Biochar provides a useful test case for integrated C–N–CH₄ responses because it alters soil carbon stocks, physical structure, and redox conditions simultaneously. Field-based syntheses indicate that biochar tends to reduce nitrous oxide emissions by improving aeration, raising soil pH, and enhancing the abundance or activity of nitrous oxide–reducing microbes, while methane responses are smaller and often crop- or water-regime specific (Shakoor et al., 2021b; Shrestha et al., 2023). The long-term boreal trials assessed by Kalu et al. (2022) emphasise that biochar can increase yield and reduce yield-scaled non-CO₂ emissions even when instantaneous nitrous oxide and methane fluxes are not strongly suppressed, implying that productivity gains are a critical part of the mitigation picture. This review shows a similar pattern: biochar-amended plots often exhibit modest reductions in nitrous oxide and methane, but the dominant climate benefit arises from enhanced soil carbon sequestration and yield-normalised emission reductions.
Methane responses are particularly management- and context-specific. In flooded rice systems, the direction of the methane response to organic inputs depends on how those inputs affect oxygen diffusion and labile carbon supply to methanogens. Intermittent irrigation and mid-season drainage reduce anaerobic volume and oxidation of methane in the soil–water interface, and recent national-scale syntheses from Japan underline that combining water-saving regimes with organic residue and fertiliser management is needed to avoid methane–nitrous oxide trade-offs (Akiyama, 2024). Where this review includes paddy trials, water management dominates the methane signal; residue management and soil carbon amendments mainly modulate the balance between methane suppression and nitrous oxide increases, echoing the trade-offs identified in those national case studies (Akiyama, 2024; Abalos et al., 2022).
Taken together, the mechanistic picture that emerges is that practices that create more structured, aggregated, and carbon-rich soils tend to improve methane uptake in upland systems and support soil organic carbon accrual, but they only deliver robust multi-gas mitigation when nitrogen inputs (rate, timing, and form) are simultaneously optimised to avoid surpluses that fuel nitrous oxide production. This supports a “soil structure plus nitrogen management” paradigm, in which structural improvements are necessary but not sufficient for net mitigation, and nitrogen use efficiency plays the decisive role in shaping the nitrous oxide term in the tri-gas balance (Abalos et al., 2022; Kalu et al., 2022; Shakoor et al., 2021a; Shrestha et al., 2023).
4.2. Context dependence and heterogeneity of mitigation outcomes
This subsection evaluates how climate, soil properties, and cropping systems condition the tri-gas responses observed by the researchers, with the objective of clarifying why mitigation outcomes vary widely across sites and practices. One of the most robust signals is the importance of baseline soil organic carbon and climate in modulating the magnitude of soil carbon gains. In temperate and subtropical regions, conservation agriculture packages combining reduced tillage and residue retention consistently increase near-surface soil organic carbon, especially in the first 10–15 centimeters (Page et al., 2020; Meng et al., 2024). However, the present review and previous work both show that deeper soil layers often experience smaller gains or even losses, suggesting that surface-focused assessments may overstate whole-profile sequestration, particularly in long-running experiments (Page et al., 2020; Meng et al., 2024).
Cover cropping illustrates the same context dependence. Seitz et al. (2023) estimated that expanding cover crops across German croplands could substantially increase soil carbon stocks over several decades, with the largest benefits on low-carbon soils where additional carbon can be stabilised in mineral-associated pools. Yet, a more management-focused global analysis found that maximising soil organic carbon under cover cropping requires matching species mixes, termination timing, and nitrogen fertiliser strategies to local water and nutrient constraints; otherwise, cover crops may compete for water or exacerbate nitrous oxide emissions (Peng et al., 2023). Our results align with these findings: cover crops most strongly increase soil carbon and reduce net greenhouse gas intensity in systems with sufficient precipitation or irrigation, moderate baseline nitrogen inputs, and management that avoids dense, wet residues persisting during cool periods that favour denitrification.
Climate-related controls on nitrous oxide also underpin the heterogeneity we observe in mitigation performance. The multi-site eddy covariance study by Maier et al. (2022) over pea and maize showed that interannual variability in nitrous oxide fluxes was driven as much by weather and soil moisture anomalies as by fertiliser rates, leading to large swings in annual emission factors. This is consistent with emerging evidence that warming and altered precipitation can increase nitrous oxide emission factors for a given nitrogen input, narrowing the margin for error in nitrogen management (Maier et al., 2022). When we stratified the meta-analytic dataset by climate and precipitation regime, practices such as no-tillage and high-residue cover crops tended to cause smaller or even negative nitrous oxide responses in drier, well-drained systems but larger, more positive responses in humid regions with fine-textured soils, mirroring the gradients reported in earlier global syntheses (Shakoor et al., 2021a; Page et al., 2020).
Biochar and other carbon-rich amendments again highlight context dependence. Long-term boreal trials indicate that biochar can reduce yield-scaled non-CO₂ greenhouse gas emissions primarily by boosting yields and nitrogen use efficiency, with only modest or inconsistent changes in nitrous oxide and methane fluxes (Kalu et al., 2022). By contrast, the global synthesis of field trials by Shrestha et al. (2023) found more consistent nitrous oxide reductions in warm, moderately acidic soils where biochar improved aeration and pH. In our dataset, the strongest biochar-mediated nitrous oxide reductions occurred in coarse- to medium-textured soils with relatively low initial organic carbon, suggesting that both soil texture and baseline carbon status interact with biochar properties to determine mitigation outcomes.
These patterns emphasise that the apparent variability in mitigation effectiveness across the literature is not simply noise but reflects real interactions between management, soil type, and climate. Consequently, transferring mitigation estimates across regions without accounting for these interactions risks over- or under-estimating both soil carbon gains and nitrous oxide penalties. Our results therefore, support a move toward context-specific mitigation “menus” in which practices are prioritised based on local soil and climate profiles rather than through universal rankings (Maier et al., 2022; Page et al., 2020; Seitz et al., 2023; Peng et al., 2023).
4.3. Implications for mitigation metrics, co-benefits, and policy design
Many existing agricultural mitigation schemes emphasise soil organic carbon sequestration expressed as tonnes of carbon per hectare, sometimes converted into carbon dioxide equivalents using global warming potentials, but they often treat nitrous oxide and methane as secondary add-ons. Our synthesis reinforces the argument that this approach is incomplete: in systems with high nitrogen inputs, modest increases in nitrous oxide can offset a large share of the climate benefit from soil carbon gains, whereas in low-input systems, relatively small improvements in nitrogen use efficiency can dramatically improve the net multi-gas balance (Abalos et al., 2022; Meng et al., 2024).
Recent global assessments of nitrous oxide mitigation potential estimate that nearly half of cropland nitrous oxide emissions could be reduced through improved nitrogen management without compromising yields, primarily via optimised fertiliser rates, enhanced timing, and better placement (Cui et al., 2024). This review confirms that many soil-carbon–enhancing practices are most effective, from a climate perspective, when embedded in such “nitrogen-smart” management packages. For example, combinations of reduced tillage, residue retention, and cover cropping delivered the most favourable multi-gas outcomes when total nitrogen inputs were close to crop requirements and when nitrogen was split or placed to minimise surplus nitrate during periods of high denitrification risk (Abalos et al., 2022; Cui et al., 2024; Meng et al., 2024).
Biochar-oriented mitigation frameworks offer another illustration of the need for integrated metrics. Field syntheses and inventory modelling suggest that when biochar is produced from sustainable feedstocks and applied at agronomically appropriate rates, it can deliver durable carbon sequestration alongside reductions in nitrous oxide and methane, especially when co-designed with fertiliser and water management (Shrestha et al., 2023; Woolf et al., 2021). However, our review indicates that a significant share of the mitigation value in biochar systems comes from improved yield and nitrogen use efficiency rather than from large instantaneous reductions in nitrous oxide or methane. This implies that crediting schemes that only reward measured flux reductions may undervalue the contribution of yield-scaled emission reductions and long-lived biocarbon, while also missing co-benefits such as improved soil structure and resilience to drought.
These insights argue for mitigation metrics that explicitly integrate soil organic carbon, nitrous oxide, and methane into a single, yield-normalised indicator, expressed over multi-year periods. They also underscore the importance of consistent monitoring, reporting, and verification protocols that can accommodate practice-specific uncertainties and regional variability. The inventory framework developed for biochar additions to soil demonstrates how such protocols can be constructed using a combination of empirical response functions and conservative default factors (Woolf et al., 2021). Extending similar frameworks to conservation tillage, cover cropping, and residue management would allow carbon market and climate finance mechanisms to recognise both the sequestration and emission-avoidance components of soil-based mitigation (Cui et al., 2024; Meng et al., 2024; Woolf et al., 2021).
Finally, the co-benefits and trade-offs highlighted in this study have direct implications for the design of climate-smart agricultural policies. Practices that jointly enhance soil organic carbon, reduce nitrous oxide intensity, and maintain or improve yields—such as well-managed cover crop systems, optimised residue retention, and context-appropriate biochar use—are natural candidates for inclusion in incentive schemes and extension programs (Peng et al., 2023; Seitz et al., 2023; Shrestha et al., 2023). At the same time, our results caution against promoting practices solely on the basis of soil carbon gains without scrutinising their nitrous oxide and methane consequences.
4.4. Evidence gaps and research priorities
A first and persistent gap is the scarcity of long-term, multi-gas monitoring under realistic farm management. Many of the studies synthesised here span only one to three growing seasons and rely on chamber-based measurements with limited temporal coverage, which may miss episodic nitrous oxide and methane fluxes driven by extreme events such as heavy rainfall, heatwaves, or freeze–thaw cycles (Maier et al., 2022). As climate variability intensifies, these events are likely to become more frequent and important in shaping annual emission factors, implying that current estimates of mitigation potential may be biased toward average, rather than extreme, conditions. Long-term experiments combining continuous or high-frequency gas flux measurements with detailed records of management and weather are therefore a priority.
A second gap lies in the uneven coverage of cropping systems and regions. High-input temperate systems are relatively well represented in existing datasets and meta-analyses, whereas smallholder systems in the tropics and subtropics, where fertiliser use is often low, and the co-benefits of soil organic carbon for resilience are particularly valuable, remain under-studied (Cui et al., 2024; Page et al., 2020). Our analysis suggests that tri-gas mitigation opportunities could be particularly important in such systems when modest increases in fertiliser inputs are combined with carbon-building practices that improve water and nutrient retention. However, without locally derived field data, these opportunities cannot be quantified with sufficient confidence to underpin targeted investment. Expanding measurement networks and experimental sites in under-represented regions is thus essential for equitable and effective global mitigation planning (Cui et al., 2024; Page et al., 2020).
A third priority is improving the mechanistic representation of soil–plant–microbe interactions in models used to upscale field results. Current inventory and process-based models often simplify how changes in soil structure, root traits, and microbial communities under conservation tillage, cover cropping, or biochar affect nitrous oxide and methane dynamics (Meng et al., 2024; Woolf et al., 2021). The divergence between modelled and observed tri-gas responses in some systems points to the need for better empirical constraints on parameters such as oxygen diffusion, microsite redox dynamics, and the relative abundance of nitrous oxide–reducing microorganisms under different management regimes (Shrestha et al., 2023). Integrating high-resolution soil physical and biological measurements into long-term field experiments would allow models to move beyond simple empirical emission factors toward more robust, mechanism-informed predictions.
Finally, future work should more explicitly incorporate yield and risk into tri-gas assessments. This review, together with previous syntheses, shows that management practices can reduce yield-scaled greenhouse gas intensity even when absolute fluxes increase slightly, and that improved soil organic carbon often enhances resilience to drought and heat stress (Kalu et al., 2022; Page et al., 2020; Shrestha et al., 2023). Yet most mitigation analyses still frame results solely in terms of greenhouse gas metrics. Designing experimental protocols and meta-analytic frameworks that treat yield, risk, and farmer income as coequal outcomes with soil carbon and greenhouse gases would better align research outputs with the decision space of farmers and policymakers. Overall, the evidence synthesised here indicates that cropland management can deliver substantial, context-dependent mitigation of soil carbon–nitrogen–methane fluxes, but realising this potential at scale will require a shift from single-gas, practice-specific assessments toward integrated, long-term, and regionally tailored research and policy frameworks (Abalos et al., 2022; Cui et al., 2024; Kalu et al., 2022; Meng et al., 2024; Shrestha et al., 2023; Woolf et al., 2021).
5. Conclusions
This review shows that cropland soils offer meaningful but inherently limited and context-dependent opportunities for mitigating climate change when soil organic carbon, nitrous oxide, and methane are considered together. Practices that have been widely promoted for soil health and carbon sequestration—such as conservation tillage, residue retention, cover crops, and organic amendments—do tend to increase or maintain soil organic carbon in the upper soil profile and often support better structure, water holding capacity, and resilience. However, their effects on nitrous oxide and methane are neither uniformly beneficial nor negligible. In many systems, modest gains in soil organic carbon can be partially offset by increased nitrous oxide emissions, particularly where nitrogen inputs are high, soils are fine-textured, and moisture remains elevated for long periods.
Across the body of field-based meta-analyses and multi-site experiments reviewed here, one consistent message is that nitrogen management is the crucial hinge on which multi-gas outcomes turn. Optimised nitrogen rates, improved timing and placement, and strategies that enhance nitrogen use efficiency are necessary companions to carbon-building practices if croplands are to deliver genuine multi-gas mitigation rather than simply shifting emissions among pathways or seasons. In flooded rice systems, this principle extends to water management, where alternate wetting and drying and related regimes clearly reduce methane emissions but require careful coordination with nitrogen and residue management to avoid large nitrous oxide spikes or soil carbon losses.
Biochar emerges as one of the few interventions that frequently offers co-benefits across all three metrics, especially when applied to degraded, low-carbon or acidic soils and integrated into broader nutrient management. Even in this case, though, outcomes remain context dependent and must be evaluated over decadal time scales rather than single seasons. More generally, the evidence confirms that there is no single practice that guarantees simultaneous increases in soil organic carbon and reductions in nitrous oxide and methane across the diversity of global croplands.
Looking ahead, the most promising mitigation pathways are those that treat soils as part of integrated land–climate–food systems. Portfolios that combine carbon-building measures, nitrogen-smart fertilisation, and, in rice, climate-smart water control can reduce total greenhouse gas intensity while sustaining or improving yields. Realising this potential at scale will depend on regionally tailored recommendations, robust measurement and modelling frameworks that track all three gases alongside soil carbon, and policies that reward genuine net mitigation rather than partial gains in a single indicator.
6. Limitations
This review is subject to several limitations that should be borne in mind when interpreting its findings. First, it is a “second-order” synthesis that relies on published meta-analyses and multi-site experiments rather than assembling a harmonised, plot-level database. As a result, effect sizes, baselines, and statistical treatments are taken largely as reported by the original authors. Differences in experimental duration, sampling depth, and analytical methods across studies introduce heterogeneity that cannot be fully resolved here, and the comparability of soil organic carbon, nitrous oxide, and methane responses across management practices remains imperfect.
Second, the available evidence is uneven in both space and time. Much of the tri-gas literature comes from temperate, relatively high-input systems in North America, Europe, and parts of East Asia, while smallholder, low-input, and tropical or subtropical systems are under-represented. This limits the ability to generalise results to regions where mitigation co-benefits with food security and resilience could be particularly important. In addition, many greenhouse gas measurements span just a few seasons, which may overemphasise short-term responses and underrepresent delayed effects of structural soil changes, especially under conservation tillage, cover cropping, or biochar application. Episodic events such as extreme rainfall, drought, or freeze–thaw cycles are also not consistently captured, even though they can dominate annual nitrous oxide and methane budgets.
Third, truly integrated tri-gas datasets remain scarce. In many cases, the review infers trade-offs by combining evidence from separate studies that focus on soil organic carbon or on individual gases rather than relying on experiments that measure all three simultaneously. This patchwork approach is necessary given the current state of the literature, but it reduces confidence in quantitative estimates of net mitigation and makes it difficult to fully assess interactions among soil carbon dynamics, nitrogen cycling, and methane production or oxidation.
Finally, the review focuses on biophysical outcomes and does not incorporate economic feasibility, institutional constraints, or farmer decision-making into the assessment of mitigation potential. Adoption, persistence, and local adaptation of practices will ultimately determine real-world impacts. Without integrated analyses that couple agronomic, environmental, and socio-economic dimensions, there is a risk of overestimating the speed and scale at which tri–gas–optimised management can be implemented in global croplands. Moreover, because multiple meta-analyses draw on overlapping primary experiments, some degree of double-counting is unavoidable, which may bias the apparent weight of evidence for certain practices.
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