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Abstract

Rice (Oryza sativa L.) feeds roughly half of the world’s population, yet flooded paddies are among the largest agricultural sources
of methane, a short-lived but potent greenhouse gas. Carbon farming, understood here as the deliberate management of farmland to
reduce greenhouse gas emissions or increase durable carbon storage under rules that allow those outcomes to be quantified and
rewarded, has recently been extended from soil carbon in upland systems to methane reduction in rice. This critical narrative review
examines whether the evidence base is strong enough to support that extension and how rice-based carbon farming interacts with the
Sustainable Development Goals. Peer-reviewed literature and authoritative institutional sources published from January 2000
onwards were identified through multidisciplinary scholarly databases, a regional index, citation chasing and targeted searches of
inventory, policy and crediting documents, and were appraised for design, measurement completeness and external validity. The
evidence is strongest for water management: field studies and several independent meta-analyses agree that alternate wetting and
drying and mid-season drainage reduce methane emissions by roughly half, with small average yield effects when soil drying is
mild. Confidence is weaker for the net climate benefit, because nitrous oxide responses, fallow-season emissions and long-term soil
carbon losses are measured inconsistently and are rarely captured together. Straw removal from the growing season, low-emission
cultivars, direct seeding and optimised nitrogen management show credible but context-dependent effects, whereas biochar and soil
carbon gains raise unresolved questions of permanence, scale and verification. Monitoring, reporting and verification remain the
principal bottleneck: emission factors, process models and satellite approaches disagree at regional scale, and farm-level verification
of water management is costly. Synergies with food security, water productivity and grain arsenic reduction are well documented,
but trade-offs involving nitrous oxide, cadmium, wetland biodiversity, unequal access to irrigation control and incentive design are
under-studied. Rice carbon farming is therefore best regarded as a promising but conditional mitigation pathway whose credibility
depends on full-season, multi-gas accounting, conservative crediting and explicit attention to social and ecological co-impacts.

Keywords: Alternate wetting and drying;, methane mitigation, paddy soil organic carbon; nitrous oxide trade-off; monitoring,
reporting and verification; carbon credits, sustainable intensification; smallholder adoption.

1. Introduction

Rice is the staple cereal for more than half of the global population, and most of it is grown in soils that remain flooded for much of
the season (Carrijo et al., 2017, Kumar & Ladha, 2011). Flooding suppresses weeds and stabilises yields, but it also creates the
anoxic conditions under which methane (CHa) is produced. Agriculture as a whole accounts for about half of anthropogenic CHa
emissions and most anthropogenic nitrous oxide (N20) emissions (Smith et al., 2008), and recent syntheses attribute roughly a tenth
of global anthropogenic CHa to rice cultivation, although published shares range from below 10% to above 15% depending on
period and method (Runkle ef al., 2019; Su et al, 2015; Xuan et al., 2025). The most recent global CH4 budget places total
emissions at around 575 Tg CHa yr' by atmospheric inversion and around 669 Tg CHa yr! by bottom-up accounting for 2010—
2019, with a top-down estimate of about 228 Tg CHa4 yr' for agriculture and waste combined (Saunois et al., 2025). Rice paddies
are estimated to contribute about 48% of greenhouse gas emissions from croplands, with CHa responsible for about 94% of the
global warming potential (GWP) of paddy emissions (Qian et al., 2023). A recent global analysis also linked long-term changes in
rice-paddy greenhouse gas emissions to cultivated-area expansion and residue incorporation, supporting the need to consider both
management and landscape-level drivers (Zhang et al., 2026).

Because CH4 has a short atmospheric lifetime, reducing its emission rate offers a comparatively rapid way to slow near-term
warming. International assessments have argued that a reduction of human-caused CH4 emissions of about 45% within the present
decade is needed to remain within agreed temperature limits (United Nations Environment Programme & Climate and Clean Air
Coalition, 2021), and land-based measures, including agricultural CHs management, have been estimated to contribute a substantial
share of cost-effective mitigation to mid-century (Roe et al., 2021). Rice is therefore a natural target. It is also a sector in which
mitigation must coexist with food security, rural livelihoods and water stewardship, which places it at the intersection of several
Sustainable Development Goals (SDGs) adopted under the 2030 Agenda (United Nations General Assembly, 2015).

The term “carbon farming” has historically referred to the sequestration of carbon in soils and vegetation, frequently with payments
linked to certified gains (Milne et al., 2024; Paul et al., 2023). In the European Union, a certification framework adopted in 2024
now formally recognises carbon farming activities alongside permanent removals and storage in products (European Parliament &
Council of the European Union, 2024). In rice systems the concept has been stretched in two directions. The first concerns soil
organic carbon (SOC), since paddy soils are known to accumulate organic carbon under long-term cultivation (Kogel-Knabner et
al., 2010; Yang et al., 2024). The second, and quantitatively more important, concerns emission avoidance, principally the reduction
of CHas through water, residue, cultivar and nutrient management. Voluntary carbon market methodologies for rice have
consequently shifted from narrowly defined water management towards broader “improved rice management” approaches that
allow model-based quantification (Verra, 2025).

This expansion has outpaced critical evaluation. Field and meta-analytic evidence on individual practices is now extensive,
particularly for alternate wetting and drying (AWD) and mid-season drainage (Carrijo et al., 2017; Jiang, Carrijo, et al., 2019; L. Li
et al., 2024; Zhao et al., 2024). Yet the same literature shows that CHa reductions can be partly offset by increased N-O emissions
(Kritee et al., 2018; Zou et al., 2005), that water-saving irrigation may increase soil carbon losses (Livsey et al., 2019) and that
emissions outside the rice-growing season can be a large share of the annual budget (Adviento-Borbe ef al., 2013; LaHue et al.,
2016). Verification raises further difficulties. Default emission factors and scaling factors used in inventories have been revised
repeatedly as new field data emerged (Jiang, Carrijo, et al., 2019; Tirol-Padre et al., 2018; Wang et al., 2018), and regional
estimates from satellites and process models can diverge from national inventories by large margins (R. Liang et al., 2024;
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Reavis et al., 2023). Satellite-based mapping of rice-field inundation has further demonstrated that uncertainty in paddy extent and
timing remains an important limitation in estimating regional methane emissions (Chen et al., 2025).

A global synthesis of rice cultivation practices found that relationships between grain yield and greenhouse gas emissions vary
across management practices and production contexts (Thai ez al., 2026). Similarly, a temperate field comparison showed that AWD
could reduce methane emissions while producing contrasting changes in grain contaminant concentrations, underscoring the need to
evaluate climate and food-safety outcomes together (Vitali et al., 2024).

Existing reviews have addressed parts of this landscape. Quantitative syntheses have characterised the drivers of paddy emissions
and the average effects of management (Nikolaisen et al., 2023; Qian et al., 2023), and broader reviews have catalogued mitigation
options and emerging incentive mechanisms (Xuan et al., 2025) or molecular and microbial approaches (Rajendran et al., 2024).
Assessments of soil carbon crediting have questioned the permanence and additionality of certified sequestration in upland
agriculture (Oldfield et al., 2022; Paul et al., 2023), while separate work has highlighted that water-saving rice practices can conflict
with wetland biodiversity (Pérez-Méndez et al., 2026). What remains lacking is an integrated appraisal that treats rice carbon
farming as a whole system: one that weighs the strength of evidence for each mitigation lever against the requirements of credible
accounting, distinguishes emission avoidance from removal, and evaluates outcomes against multiple SDGs rather than climate
metrics alone.

1.1 Scope, Research Gap and Objectives

This review focuses on lowland rice systems, including irrigated and rainfed paddies, rice—wheat rotations and rice—aquatic animal
co-culture, in which management can alter CHa, N2O and SOC dynamics. Carbon farming is interpreted broadly to include practices
that reduce greenhouse gas emissions or increase durable carbon storage, together with the quantification and incentive
arrangements through which those outcomes may be rewarded. Upland rice, post-harvest processing, milling, transport and the
energy use of irrigation pumping are discussed only where they affect the interpretation of field-level outcomes. The review does
not attempt a new meta-analysis, and it does not evaluate individual commercial carbon projects.

The knowledge gap addressed here is the absence of a critical synthesis that links three bodies of evidence that are usually treated
separately: agronomic and biogeochemical evidence on mitigation practices, the methodological basis for measuring and crediting
their effects, and their interactions with food, water, health, biodiversity and livelihood goals. The objectives are to define the
conceptual boundaries of carbon farming in rice systems; to appraise the strength and consistency of evidence for the main
mitigation levers; to identify sources of disagreement among studies; to evaluate the adequacy of current approaches to monitoring,
reporting and verification (MRV); to assess synergies and trade-offs with the SDGs; and to set out research priorities that would
make rice carbon farming more credible and more equitable.

2. Methods for Literature Selection
2.1 Review Design and Rationale

A critical narrative review design was adopted because the questions of interest span biogeochemistry, agronomy, inventory
science, remote sensing, economics and policy. The relevant evidence includes field experiments, meta-analyses, process modelling,
atmospheric inversions, farm surveys, randomised trials of incentives and regulatory documents. These sources measure different
outcomes on different scales and cannot be combined meaningfully in a single quantitative synthesis. A systematic review or meta-
analysis would have required a narrower question and a homogeneous outcome, whereas the purpose here was to interpret
convergence and divergence across heterogeneous evidence and to judge how much confidence each conclusion deserves. The
quality criteria of the Scale for the Assessment of Narrative Review Articles were used as a guide to transparency, in particular the
explicit statement of aims, the description of the literature search, appropriate referencing and the presentation of evidence levels
(Baethge et al., 2019). A narrative design does not remove the need for a documented search or for critical appraisal, and both are
described below.

2.2 Information Sources

Literature was identified through Crossref, Europe PMC, OpenAIRE, the Directory of Open Access Journals (DOAJ), Semantic
Scholar and Google Scholar. Because a large share of field research on paddy emissions and water management originates in Japan
and in Japanese-supported programmes in South-East Asia, J-STAGE was searched as a regional scholarly platform to reduce
geographical and language bias. Authoritative institutional sources were consulted for inventory methods, policy frameworks and
crediting rules, namely the Intergovernmental Panel on Climate Change (IPCC) task force publications, United Nations
documentation on the 2030 Agenda, the United Nations Environment Programme, the official legal database of the European Union
and the methodology pages of the Verified Carbon Standard. Database searching was supplemented by backward citation searching
of recent meta-analyses and reviews, forward citation searching of influential field studies, related-article searching and checks for
corrections, expressions of concern and retractions.

2.3 Search Strategy and Search Period
Search concepts were built from five blocks: the production system; greenhouse gases and carbon pools; mitigation practices;

quantification, accounting and finance; and sustainability outcomes. Blocks were combined with Boolean operators, and truncation
was used where supported. A representative core search in Europe PMC was: (TITLE:(rice OR paddy OR "Oryza sativa") OR
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ABSTRACT:(rice OR paddy OR "Oryza sativa")) AND ABSTRACT:(methane OR CH4 OR "nitrous oxide" OR N20O OR "soil
organic carbon" OR "global warming potential") AND ABSTRACT:("alternate wetting and drying" OR "mid-season drainage" OR
"intermittent irrigation" OR straw OR residue OR biochar OR "direct seed*" OR cultivar* OR nitrogen OR "co-culture" OR
"carbon credit*" OR "carbon farming"). Equivalent strings were adapted to the field structures of the other platforms by mapping
title and abstract fields to the closest available bibliographic or keyword fields, by splitting long strings into shorter block-specific
queries where a platform did not support nested Boolean logic, and by using title-only searches in J-STAGE and DOAJ to maintain
specificity. Additional targeted queries combined Block A with Blocks D and E to retrieve work on emission factors, satellite
monitoring, carbon credits, adoption and SDG interactions.

Candidate records were appraised qualitatively against a rubric with five criteria: relevance to rice-system mitigation or its
accounting; strength of design, ranked from meta-analyses of side-by-side field comparisons, through multi-site and multi-season
field studies, single-site field studies and controlled pot or incubation studies, to unvalidated modelling; completeness of
measurement, judged by whether both CHa and N>O were measured, whether the whole season or year was covered, and whether
yield was reported; transparency of methods and uncertainty; and external validity in terms of soils, climates and farming
conditions. Pot and incubation studies were used mainly to interpret mechanisms rather than to estimate field effect sizes. Eligibility
was determined by the first public journal publication date, meaning the online-first or version-of-record date where available,
rather than a later issue-assignment date.

The search period extended from 1 January 2000 to 14 August 2026. The starting year reflects the point at which multi-country field
measurement programmes and the first syntheses of controlling variables had established the empirical basis for rice CHa
mitigation, so that later work on management, inventories and incentives could build on comparable methods. Foundational earlier
studies were consulted where needed to explain mechanisms. The last search date was 15 August 2026. Minor literature refinements
were made during the review and revision stage. The query architecture is summarised in Table 1.

2.4 Eligibility Criteria

Eligible sources were peer-reviewed journal articles, peer-reviewed review articles and meta-analyses, and authoritative institutional
documents that addressed CHa, N2O or SOC outcomes of rice management, the quantification of those outcomes, or their economic,
social, health or ecological consequences. Field studies were required to compare a mitigation practice with an appropriate
conventional control. Studies of upland rice, of non-agricultural wetlands and of rice processing were excluded unless they informed
a mechanism or an accounting issue directly relevant to lowland paddies. Only English-language publications were included.
Preprints, theses, conference abstracts, trade and promotional material, and webpages without identifiable institutional authorship
were excluded. Studies published after the search end date were excluded even when they appeared during manuscript preparation.

Table 1. Query blocks used for evidence discovery and the principal evidence domains they were intended to interrogate

Query block Representative terms combined with Boolean operators Principal evidence domains interrogated
A. Production system  rice OR paddy OR "Oryza sativa" OR "rice-wheat" OR "rice—fish" Irrigated and rainfed lowland rice, rice-based
OR "co-culture" OR lowland rotations and integrated rice—aquatic animal
systems
B. Gases and carbon methane OR CH4 OR "nitrous oxide" OR N20O OR "soil organic ~ Emission magnitudes, controlling variables,
pools carbon" OR "global warming potential" OR "yield-scaled" soil carbon change, multi-gas balances and
climate metrics
C. Mitigation practices "alternate wetting and drying" OR "mid-season drainage" OR Effect sizes, moderators, agronomic
"intermittent irrigation" OR straw OR residue OR burning OR performance and side effects of management

biochar OR "direct seed*" OR cultivar* OR "nitrogen management" levers
OR "deep placement" OR "nitrification inhibitor"

D. Quantification, "carbon farming" OR "carbon credit*" OR offset OR "emission Inventory methods, field measurement,
accounting and finance factor" OR "scaling factor" OR "eddy covariance" OR "closed modelling, satellite monitoring, crediting
chamber" OR "remote sensing" OR satellite OR DNDC OR rules, additionality and permanence
"process model" OR inventory
E. Sustainability "Sustainable Development Goal*" OR "water productivity" OR Food security, water, food safety, air quality,
outcomes arsenic OR cadmium OR biodiversity OR adoption OR income OR biodiversity, livelihoods, adoption barriers
smallholder* OR incentive* OR equity and policy

Note. CH4, methane; N2O, nitrous oxide; DNDC, Denitrification—Decomposition model. Blocks were combined as A AND B AND C for practice-level evidence,
and A AND (D OR E) for accounting, finance and sustainability evidence. Field names and truncation were adapted to each platform as described in Section 2.3

2.5 Screening, Duplicate Handling and Study Selection

Titles and abstracts were screened for relevance, and full texts or complete abstracts were examined for records that passed the first
stage. Duplicate records arising from overlapping databases, from versions held in repositories and from supplementary-material
identifiers were removed by comparing Digital Object Identifiers, titles, author lists and publication years, and the version of record
was retained. Records for which bibliographic metadata could not be confirmed, or whose abstracts and full texts could not be
accessed sufficiently to verify the claims for which they would be cited, were excluded. Bibliographic details were checked against
registration-agency metadata and publisher records, and each source was checked for retraction or correction notices. A narrative
review does not require the procedural elements of a systematic review, such as reported screening counts, deduplication counts,
dual independent screening or formal inter-reviewer agreement, and no such counts are reported. Selection remained bounded by the
eligibility criteria and appraisal rubric described above.

669



Harisha et al.; Int. J. Plant Soil Sci., vol. 38, no. 10, pp. 666-688, 2026, Article no.IJPSS.164564

2.6 Critical Appraisal and Evidence Synthesis

Evidence was organised thematically around mitigation levers, accounting methods and sustainability outcomes rather than by
individual study. For each theme, convergent findings across independent syntheses were identified first, after which divergent
results were examined for plausible explanations, such as differences in soil drying severity, soil carbon status, climate, organic
inputs, measurement period or the global warming metric used. Greater weight was given to meta-analyses based on paired field
comparisons and to multi-site field studies, while recognising that meta-analyses inherit the geographical and methodological biases
of their primary studies. Confidence in each conclusion was described qualitatively according to the consistency, quantity and
design quality of supporting evidence. No formal risk-of-bias scores were assigned, because no single validated tool fits the
diversity of designs considered. Where evidence was mixed, the disagreement is reported explicitly rather than resolved artificially.

The query blocks listed in Table 1 define the search architecture and the evidence domains each block was designed to interrogate.
The table shows that the strategy deliberately extended beyond agronomic mitigation into accounting, finance and sustainability
outcomes, which is where most existing syntheses are thinnest. It records the structure of evidence discovery rather than database-
specific yields, which are not required for a narrative review.

3. Conceptual and Biogeochemical Foundations of Carbon Farming in Rice Systems

3.1 Emission Avoidance, Carbon Removal and the Meaning of Carbon Farming in Paddies

Carbon farming in upland systems is usually framed as carbon removal: management increases SOC or woody biomass, and the
incremental stock is credited as a removal of carbon dioxide (CO:) from the atmosphere (Paul ef al., 2023). Rice systems differ
because their dominant climate impact is CH4 emission rather than net CO: exchange (Qian et al., 2023). Most rice mitigation is
therefore emission avoidance, in which each season of improved management prevents a flow of CHa that would otherwise have
occurred. Avoided CHa cannot be reversed in the way that sequestered carbon can be lost, but it also does not accumulate as a stock;
the benefit persists only as long as the practice continues. This distinction matters for crediting, since the permanence concerns that
dominate debates on soil carbon certificates (Oldfield et al., 2022; Paul et al., 2023) apply to SOC gains in paddies but not directly
to avoided CHa, whereas additionality and baseline definition matter for both.

Recent policy instruments reflect this hybrid character. The European certification framework distinguishes permanent removals,
carbon farming and carbon storage in products (European Parliament & Council of the European Union, 2024), while the main
voluntary-market methodology for rice treats CH4 reduction, N2O reduction and avoided residue burning as eligible activities and
requires safeguards against SOC losses (Verra, 2025). Analyses of carbon farming in other regions have argued that “co-benefits”
should be understood more neutrally as co-impacts, because the same activity can generate gains for some actors and costs or risks
for others (Milne ef al., 2024). That framing is particularly apt for rice, where a practice that reduces CHs may increase N-O, alter
grain contaminant levels, change water availability downstream or affect wetland species.

3.2 Methane Production, Oxidation and Transport in Paddy Soils

Paddy soils are the largest anthropogenic wetlands on Earth (Kogel-Knabner et al., 2010). After flooding, microbial respiration
depletes oxygen and successively uses nitrate, manganese, ferric iron and sulphate as electron acceptors, after which
methanogenesis becomes the terminal step of organic matter decomposition (Kogel-Knabner et al., 2010). Methane is produced
mainly from acetate and from hydrogen plus CO:, and when organic matter such as straw is completely degraded the stoichiometry
of fermentation constrains acetate-derived methanogenesis to about two-thirds of production (Conrad, 2020). The supply of labile
carbon, whether from incorporated residues, manures or root exudates, therefore exerts first-order control on CHa production, which
is why organic amendment and water regime consistently emerge as the two strongest predictors of field emissions in statistical
syntheses (Nikolaisen et al., 2023; Wang et al., 2018; Yan et al., 2005).

Net emission is the balance between production and oxidation. Methanotrophic bacteria oxidise a substantial fraction of the CHa
produced in the oxic surface layer and the rhizosphere, where oxygen transported through the aerenchyma of rice plants creates
microsites favourable to oxidation (Kogel-Knabner et al., 2010). Rice plants thus act both as conduits and as regulators of CHa.
Early in the season CHa4 escapes mainly by ebullition and diffusion from flooded soil, but once the canopy develops most is
transported through the plant (Aulakh ef al., 2001). Differences among cultivars in exudation, root porosity and transport capacity
provide the mechanistic basis for cultivar-based mitigation (Aulakh et al., 2001; Jiang et al., 2017; Rajendran et al., 2024). Drying
cycles also change methanotroph activity, and laboratory work has shown that conventional methanotrophs in paddy soil can
acquire the capacity to oxidise atmospheric CHa after exposure to high CHas concentrations (Cai et al., 2016). That finding is
mechanistically interesting, but it was obtained in microcosms and does not establish that drained paddies act as net CHa sinks under
field conditions.

The mechanistic picture is well established in broad terms. Less certain is how processes scale from microsites to fields, which
explains why field fluxes vary over orders of magnitude among sites with apparently similar management (Itoh et al., 2011; Tirol-
Padre et al., 2018). Statistical models based on soil, climate, water regime and organic inputs explain only part of this variation, and
a recent global model fitted to independent data achieved an R? of 0.47, compared with values of 0.01 to 0.09 for previously
published models (Nikolaisen et al., 2023). These figures indicate both that management variables matter greatly and that a large
share of site-level variance remains unexplained.
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3.3 Soil Organic Carbon in Paddies and the Permanence Problem

Long-term flooding slows decomposition, and paddy soils often accumulate more organic carbon than comparable upland soils.
Chronosequence studies have documented accelerated decalcification and greater accumulation of modern organic carbon on
mineral surfaces under paddy management (Wissing et al., 2014), and redox oscillation is thought to promote the retention of
dissolved organic matter by iron oxyhydroxides (Kogel-Knabner et al., 2010). A resurvey of 104 continuously cultivated sites
across China found that topsoil SOC content increased by 48% and SOC density by 39% between the 1980s and the 2010s, with
recalcitrant fractions increasing faster than labile fractions (Yang et al., 2024). These data support the view that paddies can store
carbon, but the observed increase reflects multiple simultaneous changes in yields, residue return and fertilisation, and it cannot be
attributed to any single practice that might be credited.

The more pressing question for carbon farming is whether CHs-reducing practices erode this stock. A meta-analysis of water-saving
irrigation found that AWD and mid-season drainage reduced CHa emissions by 52.3% and increased CO: emissions by 44.8%,
reducing combined CO:-equivalent emissions by 18.6% while increasing the soil-to-atmosphere carbon flux by 25% (Livsey et al.,
2019). Only 12 studies provided data adequate to constrain the soil carbon balance in both irrigation regimes (Livsey et al., 2019),
so this conclusion rests on thin evidence. By contrast, multi-season trials at four South-East Asian sites found no significant decline
in soil carbon content under AWD (Tirol-Padre et al., 2018), although three years is far too short to detect slow changes in SOC.
The available evidence therefore does not show that water-saving irrigation depletes paddy SOC, but neither does it rule out a
gradual loss that could offset part of the CHa benefit over decades. The inclusion of SOC safeguards in recent crediting
methodology implicitly acknowledges this uncertainty (Verra, 2025).

3.4 Climate Metrics, Baselines and the Methane—Nitrous Oxide Trade-off

The net climate effect of a rice practice depends on how CHa4 and N2O are combined. Most field studies express outcomes as 100-
year GWP or as yield-scaled GWP, which normalises emissions by grain output (Pittelkow et al., 2014; van Groenigen ef al., 2013).
The choice of metric is not neutral. Because CHa is short-lived and N:O is long-lived, a practice that reduces CHa but increases N-O
can appear beneficial on a 100-year basis while having a smaller or different long-term warming effect (Kritee et al., 2018).
Warming-equivalent approaches such as GWP* have been proposed to represent the different temperature responses to sustained
changes in short-lived and long-lived pollutants (Lynch ez al., 2020). For crediting, such metrics raise unresolved questions about
how avoided CHa should be valued relative to permanent CO: removal.

Baselines raise a related issue. Emissions depend strongly on the water status and organic inputs of the preceding season, and fields
flooded during the previous season can emit more than twice as much CHa as fields drained for a long fallow (Wang et al., 2018;
Yan et al., 2005). Fallow-season emissions can account for between 7% and 53% of annual CHs or GWP in direct-seeded systems
(Adviento-Borbe et al., 2013; LaHue ef al., 2016), and flooding during the fallow raised CH4 emissions in the subsequent rice crop
in tropical field trials (Sander et al., 2014). Crediting systems that measure only the growing season, or that define the baseline
without reference to fallow management, may therefore misstate the effect of a practice.

Table 2. Conceptual distinctions among rice carbon-farming pathways, their mechanisms and principal uncertainties

Pathway Dominant mechanism Main gases or pools Reversibility and Principal uncertainty Supporting
affected permanence references
Water-regime Periodic aeration CH. decreases; N2O  Avoided flow; Magnitude of N-O offset (Jiang, Carrijo, et al.,
change (alternate suppresses often increases; soil ~ benefit lasts only and long-term SOC loss; 2019; Kogel-Knabner
wetting and drying, = methanogenesis and CO: efflux may while practice drying severity in etal., 2010; Livsey et
mid-season stimulates CHa4 increase continues practice al.,2019; Zhao et al.,
drainage) oxidation 2024)
Organic input Reduces labile carbon CH. decreases; residue Avoided flow; Fate of removed (Jiang, Qian, et al.,
management (straw  available to burning adds CHs and SOC effects residues; acclimation of 2019; Romasanta et
timing, removal, methanogens during ~ N20; SOC may decline reversible emissions over time al.,2017; Wang et al.,
composting) flooding if residues are exported 2018; Yan et al., 2005)
Biochar application ~ Stable carbon addition; SOC increases; CHs  Stock change with Field persistence, (Huang et al., 2026;
altered redox and effects variable long residence time interaction with nitrogen Jeffery et al., 2016;
microbial communities inputs and lifecycle Wang et al., 2016)
emissions of production
Cultivar selection Changes in root CHa4 decreases in some Avoided flow Soil dependence of (Aulakh et al., 2001;
and breeding exudation, aerenchyma soils cultivar effects; Jiang et al., 2017; Su e
oxygen supply and generalisability beyond al., 2015)
carbon allocation tested environments
Nitrogen source, Sulphate and N20 and CH4; yield-  Avoided flow Trade-off between (Linquist et al., 2012;
rate and placement  nitrification inhibition scaled emissions sources that lower CHa  Pittelkow ez al., 2014)
alter redox chemistry; and those that raise N.O
rate controls N.O
Paddy soil carbon Slow decomposition ~ SOC Stock change; Attribution to specific  (Wissing et al., 2014;
accrual and mineral stabilisation reversible with practices; detectability  Yang et al., 2024)
under flooding drainage or land-  within crediting periods
use change

Note. CHa, methane; N:O, nitrous oxide; CO., carbon dioxide; SOC, soil organic carbon. Directions indicate the predominant response reported in the cited
syntheses and are not invariant across sites
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The conceptual distinctions and mitigation pathways discussed in this section are summarised in Table 2. Its central message is that
rice carbon farming combines avoided flows, with no reversal risk but no accumulation, and stock changes, with permanence risk,
and that each pathway has a characteristic uncertainty that determines how it should be quantified and rewarded.

4. Water Management as the Principal Mitigation Lever
4.1 Convergent Evidence on Methane Reduction

Water management is the most intensively studied and the most consistently effective rice mitigation option. Independent meta-
analyses using different but overlapping sets of paired field comparisons have reached similar conclusions. One synthesis of 52
studies found that non-continuous flooding reduced CHa emissions by 53% relative to continuous flooding (CF), increased N.O
emissions by 105% and reduced GWP by 44% (Jiang, Carrijo, et al., 2019). A later synthesis of 72 studies reported CH4 reductions
of 43% and GWP reductions of 37% under AWD (L. Li et al., 2024), and another reported reductions of 51.6% in CHa and 46.9%
in GWP, together with a 44.0% increase in N2O (Zhao et al., 2024). A broad review attributed average CHa reductions of about 41%
to AWD and about 24% to mid-season drainage (Xuan ef al., 2025), while a global review of rice emissions estimated an average
GHG reduction of 44% from non-continuous flooding (Qian et al., 2023). Statistical analyses of emission databases similarly show
that single and multiple drainage events reduce CHa flux to roughly 55-71% of that under CF (Wang et al., 2018; Yan et al., 2005).

Field studies using contrasting methods corroborate these averages. Eddy covariance measurements over production-scale fields in
the mid-southern United States estimated a 64.5% reduction in seasonal CHs under AWD (Runkle ef al., 2019), which is important
because it avoids the small-plot artefacts of chamber methods. Multi-site trials in Japan showed that prolonging mid-season drainage
reduced seasonal CH4 emissions to about 70% of conventional management while maintaining yields (Itoh ef al., 2011), and a two-
year Californian study found that a single mid-season drainage reduced CHa emissions by 38—66%, with each 1% reduction in
gravimetric soil water during drainage associated with a 2.5% decrease in seasonal CHa (Perry et al., 2022). In tropical Colombia,
AWD reduced cumulative CH4 by 72—-100% over four seasons (Loaiza et al., 2024).

The convergence of these results across continents, methods and decades supports high confidence that well-implemented periodic
drainage reduces CHa4 emissions substantially. The more important questions concern the conditions under which the reduction is
achieved, its size in farmers’ fields and the extent to which it is offset by other changes.

4.2 Moderators of Effectiveness

The size of the CHa reduction varies widely. Meta-regression indicates that it increases with the number of drying events, the
severity of soil drying and the number of unflooded days (Jiang, Carrijo, et al., 2019), and that it is moderated by precipitation, SOC
content, crop duration and nitrogen input (Zhao et al., 2024). Timing matters as well. Modelling combined with field observations
suggests that the optimal time to drain is earlier in organically amended fields than in unamended fields, around 20 and 50 days after
transplanting respectively, with mean potential reductions of about 45% and 35% (Souza et al., 2021). Prolonged drainage is
particularly effective where organic matter has been incorporated before cultivation, because it suppresses the early-season emission
peak (Itoh et al., 2011).

Climate and hydrology often limit implementation. In multi-site trials in Vietnam, Indonesia, Thailand and the Philippines, AWD
reduced CHa by 25-37% overall, but at two sites reductions occurred only in the dry season, because rainfall kept fields flooded
during the wet season (Tirol-Padre et al., 2018). The same synthesis estimated a mean AWD scaling factor of 0.69, appreciably
higher (implying less mitigation) than the IPCC multiple-aeration factor of 0.52 (Tirol-Padre ez al., 2018). By contrast, the global
meta-analysis of paired studies suggested that the multiple-drainage scaling factor should be lowered to 0.36 (Jiang, Carrijo, et al.,
2019). The two estimates are not contradictory so much as indicative of the different evidence they draw on: field trials under
monsoon conditions in which drainage could not always be imposed, as opposed to experiments in which drying was controlled. For
inventory and crediting purposes, this disagreement means that default scaling factors should be applied with caution and supported,
where possible, by evidence that drying actually occurred.

Regional evidence from Asia adds historical depth. Process modelling indicated that the shift from CF to mid-season drainage in
China reduced national paddy CHa4 by about 40% but increased N.O by about 50% (C. Li et al., 2005), and a recent long-term
inventory concluded that Chinese rice CHa emissions peaked in 1976, fell by 42% over the following two decades and have
remained near 5.8 Tg yr! since 2003, with water-saving irrigation a major cause of decoupling from production (Y. Li ef al., 2025).
The same analysis noted that the influence of most drivers has plateaued (Y. Li ef al., 2025), suggesting that further reductions in
already-drained systems will be harder to achieve than first-generation gains.

4.3 The Nitrous Oxide Counter-Signal and Yield-Scaled Outcomes

Nearly every synthesis shows that drainage increases N2O, typically by 40-105% on average (Jiang, Carrijo, et al., 2019; L. Li et
al., 2024; Zhao et al., 2024). In most temperate and subtropical datasets the absolute increase is small relative to the CHa reduction,
and N2O contributes on average about 12% of combined GWP under non-continuous flooding (Jiang, Carrijo, et al., 2019). Field
studies in California found that N2O accounted for less than 15% of annual GWP even under AWD (LaHue et al., 2016), and
Colombian trials reported reductions in N-O when soil moisture was managed around fertiliser application (Loaiza et al., 2024).

The principal challenge to this reassuring picture comes from southern India, where field measurements under intermittent flooding
indicated N2O emissions 30—45 times higher than previously reported under continuous flooding, with the implication that the net
climate benefit of drainage could be much smaller than commonly assumed (Kritee ef al., 2018). These measurements came from a
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limited number of sites with particular soils and management regimes, and their representativeness of wider South Asian conditions
is uncertain. They are nonetheless consistent with evidence that N>O responses are larger in soils with high organic carbon or after
manure additions (Jiang, Carrijo, et al., 2019) and with the event-driven nature of N2O pulses after fertiliser application, drying and
re-flooding (Gaihre et al., 2015; Zou et al., 2005). The same study estimated that net climate impacts could be reduced by up to 90%
if water, nitrogen and carbon were managed jointly (Kritee et al., 2018). The defensible conclusion is that N2O does not usually
negate the benefit of drainage, but it can do so under certain combinations of soil, nitrogen management and drying severity, and the
sparse measurement of N>O at the necessary temporal resolution in South Asia makes it impossible to say how common those
combinations are.

Yield matters because emissions per unit of food are more relevant to food security than emissions per hectare. Across 56 studies,
AWD reduced yields by 5.4% on average, but mild AWD, in which soil water potential stayed at or above —20 kPa or the field
water level did not drop more than 15 cm below the surface, generally had no significant yield penalty and reduced water use by
23.4%, whereas severe AWD reduced yields by 22.6% (Carrijo et al., 2017). Other syntheses report average yield changes from
—3.6% to +1.5% (Jiang, Carrijo, et al., 2019; L. Li et al., 2024). An analysis of 1,187 paired observations concluded that variation in
the yield response was explained mainly by the lowest soil water potential reached during drying (Bo et al., 2024). Yield-scaled
GWP therefore falls by roughly the same proportion as area-scaled GWP under mild AWD (Jiang, Carrijo, et al., 2019). Under
future atmospheric conditions, however, the greenhouse gas intensity of rice is projected to rise because elevated CO: stimulates
CHa more than yield and warming reduces yield (van Groenigen et al., 2013), so practices that seem adequate today may need to
deliver larger reductions simply to hold intensity constant.

4.4 Water Productivity, Food Safety, Soil Carbon and Biodiversity

Water saving is the original rationale for AWD and remains its most immediate benefit to farmers. Field trials have shown
improvements in water-use efficiency of 18—63% (Linquist et al., 2015) and water savings of 19-56% in Colombia (Loaiza et al.,
2024), and modelling indicates that soil water potential-guided AWD could increase water productivity across 37% of the global
irrigated rice area, with the greatest potential in India, Bangladesh and central China (Bo et al., 2024).

Effects on grain contaminants are more complex. Aerobic periods reduce arsenic mobility, and AWD has reduced grain arsenic by
up to 64% (Linquist et al., 2015) and by 59-65% in direct-seeded systems (LaHue et al., 2016). The effect depends on drying
severity: in a two-year field study, AWD regimes that dried the root zone substantially reduced grain total arsenic by 41-68%,
whereas a “safe” AWD regime that kept the root zone saturated produced no reduction (C. Li et al., 2019). The same work
cautioned that soil drying can increase cadmium bioavailability (C. Li et al., 2019), so the food-safety outcome depends on which
contaminant is limiting in a given soil. Severity thus links three outcomes in tension: deeper drying increases CHa and arsenic
reduction but raises yield risk (Carrijo et al., 2017; Linquist et al., 2015), potentially increases N.O (Zhao et al., 2024) and may
increase cadmium uptake (C. Li et al., 2019).

Biodiversity is the least considered dimension. Flooded paddies provide habitat for amphibians, invertebrates and waterbirds, and a
recent analysis argued that widely promoted water-saving practices can harm freshwater biodiversity, calling for spatially and
seasonally targeted strategies rather than blanket promotion (Pérez-Méndez et al., 2026). Evidence on the magnitude of such effects
remains limited, and it is not yet possible to say which drying regimes are compatible with which taxa.

4.5 From Field Trials to Farms: Adoption and Incentives

The gap between experimental potential and achieved mitigation is substantial. AWD was developed and promoted with a simple
perforated field water tube, and in early dissemination programmes it reduced irrigation inputs by up to 38% without yield
reductions when correctly implemented, increased farm income by 17-38% in Bangladesh, the Philippines and southern Vietnam,
and generated an estimated benefit—cost ratio of 7:1 for research investment (Lampayan et al., 2015). Quasi-experimental analysis in
the Philippines found that safe AWD reduced irrigation hours by about 38% without significant losses in yield or profit, but the
authors warned that unobserved selection bias might account for part of the apparent impact (Rejesus et al., 2011).

Despite such evidence, adoption has been uneven. In Bangladesh, AWD has been promoted by the government for more than a
decade, yet it has not been widely adopted (Pearson et al., 2018). Survey-based analysis identified household education, access to
weather information, landownership, topography and soil type as determinants of adoption (Alauddin et al., 2020). The decisive
constraint, however, may be the structure of water charges. Two randomised controlled trials in Bangladesh showed that AWD
saved water only when farmers faced marginal prices for irrigation, and that offering farmers the option to switch voluntarily to
hourly pumping charges did not reduce water use (Chakravorty et al., 2023). Where farmers pay a fixed seasonal fee, they have
little private incentive to reduce irrigation, so the water-saving benefit that underpins the economic case for AWD disappears. A
twenty-year review of AWD scaling in the Philippines reached a complementary conclusion: national policy adoption was achieved,
but a focus on technology transfer neglected contextual factors, and mismatches between incentives, institutions and the scale of
gravity-fed irrigation systems diminished impact (Enriquez et al., 2021). In gravity-fed systems, individual farmers often cannot
control when their fields are drained.

Field and institutional context therefore shapes mitigation as much as agronomy. In Nepal, AWD maintained yields with 57% less
irrigation water, yet local social research suggested that adoption was unlikely under prevailing conditions (Howell et al., 2015). In
An Giang Province in the Mekong Delta, AWD users reported water savings and reduced lodging, and mid-elevation fields were
judged most suitable because higher fields drained too quickly and lower fields drained poorly (Yamaguchi et al., 2017). In the
United States, by contrast, some AWD regimes were economically competitive without any payment for emission reduction or
water conservation (Nalley ef al., 2015). In Thailand, water shortages forced AWD-like management on all treatments in the dry
season, irrespective of extension advice (Stuart et al., 2018).
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Table 3. Representative evidence on water-regime management in rice systems

Evidence and setting Design CHa response N:0 and GWP response Yield and co-outcomes Main limitations Supporting references

Global paired field Meta-analysis, 52 studies —53% vs CF N20 +105%; GWP —44%;  Yield —3.6% Heterogeneous drying regimes; (Jiang, Carrijo, et al.,

studies yield-scaled GWP —42% bias towards East Asia 2019)

Global paired field Meta-analysis, 72 studies —43% N20 +43%; GWP —37% Yield +1.5% Overlapping primary studies (L. Li et al., 2024)

studies with other syntheses

Global paired field Meta-analysis -51.6% N20 +44.0%; GWP —46.9% Moderated by soil, climate and nitrogen Same (Zhao et al., 2024)

studies

Global yield and water ~ Meta-analysis, 56 studies Not assessed Not assessed Mild AWD: no significant yield loss, Yield effects depend on soil (Carrijo et al., 2017)

studies water —23.4%; severe AWD: yield —22.6% pH and carbon

Mid-southern United Eddy covariance, three ~ —64.5% Not reported Large-footprint measurement Two fields only (Runkle et al., 2019)

States, production fields  years

Japan, nine sites Multi-site field trials Reduced to about 70% of GWP about 72% of Yields maintained Temperate single-crop systems (Itoh et al., 2011)

conventional conventional

South-East Asia, four Multi-site, multi-season  —25% to —37%; some GWP reduced significantly at No significant yield or soil carbon decline  Three years; rainfall limited (Tirol-Padre et al.,

sites trials sites only in dry season  two sites drainage 2018)

Southern India, field sites Intensive field Reduced N:0 30-45 times higher than Net climate impact strongly management-  Limited sites; (Kritee et al., 2018)
measurement reported under CF dependent representativeness uncertain

California and Arkansas, Multi-site field trials Reduced with drying GWP —45% to —90% Yield —1% to —13%; grain arsenic up to Severity—yield trade-off (Linquist et al., 2015)

United States severity —64%

Colombia, tropical Four-season field trial —72% to —100% N0 —12% to —=70%; GWP ~ Water —19% to —56% Single region (Loaiza et al., 2024)

lowland —25%to —73%

Global soil carbon Meta-analysis, 12 studies —52.3% CO: +44.8%; COz-equivalent Soil-to-atmosphere carbon flux +25% Very few studies with carbon  (Livsey et al., 2019)

balance —18.6% balances

Note. AWD, alternate wetting and drying; CF, continuous flooding; CHs, methane,; N:O, nitrous oxide; CO:, carbon dioxide; GWP, global warming potential of CHs and N:O. Percentages are mean or reported ranges relative to CF controls as
stated in each source and are not directly comparable because of differences in design, metric and period
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These observations bear directly on carbon farming. Payments for CHa reduction are most likely to change behaviour where farmers
control drainage and where the private cost of AWD is positive but modest; they are least likely to matter where drainage is already
practised for water or pumping reasons, which raises additionality concerns, or where hydrological and institutional conditions
prevent drainage regardless of incentives. The evidence on adoption is drawn largely from observational surveys and a small
number of randomised trials, and confidence in generalising any particular adoption model across countries is low.

Table 3 brings together representative evidence on water management, illustrating the consistency of CHa4 reductions across designs
and regions alongside the variable N:O, yield and food-safety responses discussed above. The limitations column highlights that
most estimates derive from controlled experiments in which drying was deliberately imposed, which may overstate reductions
achievable on farms.

5. Organic Inputs, Residue Management and Biochar

5.1 Straw Incorporation, Timing and Acclimation

Organic amendment is the second major control on paddy CHa and arguably the most tractable after water. Statistical analysis of
Asian field data indicated that incorporating rice straw at 6 t ha™' shortly before transplanting increased seasonal CHa emissions
about twofold (Yan et al., 2005), and a later global analysis estimated that applying the same amount in the preceding off-season
halved emissions compared with application shortly before transplanting (Wang et al., 2018). A more recent global model estimated
that applying straw off-season rather than in-season decreased emissions by 48% (Nikolaisen et al., 2023), and a global review
estimated that straw removal strategies reduced GHG emissions by 46% on average (Qian et al., 2023). Field experiments confirm
the direction and scale of these responses. In a three-year study in Jiangsu Province, China, evenly incorporating wheat straw before
rice increased CH4 emissions by a factor of 3.9 to 10.5 relative to no straw, while ditch or strip mulching reduced CHa by 23-32%
compared with incorporation (Ma et al., 2009). In another Chinese field trial, residue incorporation increased CH4 emissions by
252% under one of the water regimes tested (Zou et al., 2005).

These effects are well established, yet two complications limit their direct translation into credited mitigation. First, CH4 responses
to straw may diminish over time. Evidence from fields with repeated straw return indicates that the stimulatory effect of straw
incorporation on CHa emissions declined with years of continued straw return, because CHa consumption in the soil increased
(Jiang, Qian, et al., 2019). Short-term experiments, which dominate the literature, may therefore overstate the long-run emission
penalty of straw return and, by extension, the long-run benefit of removing it. Second, the alternatives are not neutral. Straw
mulching that lowered CHa increased N2O by factors of 1.4 to 5.1 relative to incorporation in the Jiangsu study (Ma et al., 2009),
and the fate of removed straw determines whether emissions are avoided or simply displaced.

5.2 Residue Burning and Its Alternatives

Open burning is the most problematic alternative to incorporation. It is widespread in India, Thailand and the Philippines and is a
major source of air pollutants (Gadde et al., 2009). Although CO: released by burning is usually treated as part of the annual
biogenic carbon cycle, burning also emits CHs4 and N2O; combustion experiments estimated emission factors of 4.51 g CHa and
0.069 g N2O per kg of dry straw (Romasanta et al., 2017). In India, national inventory estimates attributed about 250 Gg CH4 and
6.5 Gg N0 in 2007 to field burning of agricultural residues (Bhatia et al., 2013). In the rice—wheat systems of north-western India,
burning persists because the interval between rice harvest and wheat sowing is short. Economic analysis of alternatives has
indicated that in-field residue management combined with direct sowing of the following crop can raise farm profits and improve air
quality relative to burning (Shyamsundar et al., 2019).

For carbon farming, the policy implication is that avoided burning is an eligible activity in recent rice methodologies (Verra, 2025),
but its net climate effect depends on the counterfactual and on what replaces burning. If burning is replaced by incorporation before
a flooded rice crop, CH4 emissions from the soil may increase; if it is replaced by surface retention before an upland crop such as
wheat, they may not. The climate case for avoided burning is therefore strongest where it is coupled with residue retention in
aerobic phases of the rotation, whereas its public health case is strong irrespective of the greenhouse gas balance.

5.3 Biochar: Methane Suppression Versus Carbon Removal

Biochar occupies a distinctive place because it is simultaneously proposed as a CHa mitigation measure and as a durable carbon
removal. A meta-analysis across soils found that biochar tended to reduce CHa emissions from flooded paddy soils and acidic soils,
but could weaken the CHa sink of non-flooded neutral or alkaline soils (Jeffery et al., 2016). A broad review attributed an average
CHa reduction of about 29% to biochar in rice (Xuan et al., 2025). More recent evidence qualifies this optimism. A network meta-
analysis of 146 observations from 51 studies, supported by a field experiment, found that biochar produced the lowest CHs4
emissions among organic materials but that the effect depended strongly on mineral nitrogen input; above an input of about 291 kg
N ha™, biochar tended to increase rather than decrease CHs emissions (Huang et al., 2026). In a pot experiment on an Andosol
paddy soil in Japan, rice husk charcoal did not significantly increase CH4 emissions, increased soil carbon in proportion to the
application rate and, at the highest rate, resulted in a net sink on a 100-year GWP basis (Koyama ez al., 2016). Pot results of this
kind are useful for mechanism but cannot establish field-scale effects.

The removal argument rests on persistence. A meta-analysis of isotopically traced biochar decomposition estimated mean residence

times of about 108 days for a labile pool comprising about 3% of biochar carbon and about 556 years for the remaining 97%, with
slightly negative average priming of native soil organic matter (Wang et al., 2016). The global technical potential of sustainable
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biochar systems has been estimated at up to 1.8 Pg CO:-carbon equivalent per year, under constraints intended to protect food
security and habitats (Woolf ez al., 2010). Inventory guidance now includes a method, presented as a basis for future development,
for estimating changes in mineral soil carbon stocks from biochar amendments (Intergovernmental Panel on Climate Change, 2019).
Interest has also turned to biochar’s capacity to address co-contamination; machine-learning analysis has been used to tailor biochar
properties to reduce cadmium uptake and CHa4 emissions simultaneously in paddy soils (Yin et al., 2024).

The critical gaps for rice carbon farming are scale and accounting rather than mechanism. Decomposition estimates are derived
largely from incubation and short-term studies extrapolated over centuries (Wang et al., 2016). Field data on CHa responses are
heterogeneous and sensitive to nitrogen management (Huang et al., 2026), the feedstock is usually crop residue whose alternative
uses must be considered, and the supply chain emissions of pyrolysis are rarely included in field studies. Biochar is plausibly the
only rice-system intervention capable of generating a durable carbon stock on a meaningful scale, but the evidence does not yet
support confident claims of net benefit across typical smallholder conditions.

5.4 Manures and Organic Fertilisers

Replacing mineral nitrogen with manure is often presented as a soil-building, circular practice. In paddies it carries a CHa cost. In a
six-year field study, combining pig manure with urea increased GWP by almost 60% relative to urea alone, because both CH4 and
N:20 emissions increased, and the lowest yield-scaled GWP was obtained with urea at the rate needed for maximum yield (X. Q.
Liang et al., 2013). Manure additions also amplify the N-O response to drainage (Jiang, Carrijo, ef al., 2019). Organic inputs that
build SOC in upland systems can therefore increase net emissions in flooded systems, and any carbon farming claim based on
organic amendments in rice needs to account for the CHa4 generated by the added labile carbon. Composting before application or
application during aerobic phases are plausible ways to reduce this penalty, but they have not been tested widely enough to support
general recommendations.

6. Crop Establishment, Cultivars, Nutrients and Integrated Systems
6.1 Direct Seeding and Conservation Agriculture

Puddled transplanting is labour-, water- and energy-intensive and contributes to CH4 emission, which has motivated a shift towards
direct-seeded rice (DSR) in many parts of Asia (Kumar & Ladha, 2011). A global meta and mixed-model analysis of 3,878 paired
observations found that direct seeding under wet tillage increased yields by 1.3—4.7%, increased net returns by 13% and saved 15%
of water relative to puddled transplanting, and that alternative establishment practices reduced CHa emissions but increased N.O
emissions (Chakraborty et al., 2017). Soil texture strongly influenced the relative yield advantage, implying that DSR must be
tailored to local conditions (Chakraborty et al., 2017).

Evidence from the Indo-Gangetic Plains illustrates both the promise and the system-level complexity. In Haryana in the north-west,
field measurements suggested that switching rice establishment from conventional to conservation agriculture-based practices could
reduce the GWP of rice by 23%, equivalent to about 1.26 Tg CO:-equivalent per year across the state, and that N>O emissions could
be avoided by applying nitrogen to wet soil or irrigating within a day of application (Tirol-Padre ef al., 2016). Medium-term trials in
the same region showed that sustainable intensification scenarios combining zero tillage, diversification and precision management
could be more productive than business-as-usual rice—wheat systems (Kumar et al., 2018). In the eastern Indo-Gangetic Plains, DSR
yielded 16.2% less than transplanted rice in the first two years but caught up by the fourth year, used 6.8% less water and
contributed to 10.8% higher net returns at the system level (Mishra ez al., 2021). These results indicate that yield penalties during
the transition, weed pressure and uneven crop establishment are real constraints (Kumar & Ladha, 2011), and that carbon farming
schemes rewarding DSR need multi-year commitments and support during the transition.

The CHa benefit of DSR is mechanistically plausible because the crop spends fewer days flooded, but the evidence is weaker than
for AWD, because many DSR studies report yield and water outcomes without full-season multi-gas measurements, and because the
N:O increase may be substantial where the crop experiences repeated wetting and drying (Chakraborty et al., 2017).

6.2 Cultivar Selection and Breeding for Lower Emissions

Rice cultivars differ in their capacity to transport CHa4 and in the quantity of carbon they release to the rhizosphere (Aulakh et al.,
2001). Experiments with 33 cultivars in China showed that, in a high-carbon soil, a 10% increase in biomass was associated with a
10.3% decrease in CHa4 emissions, apparently because high-yielding cultivars with larger and more porous root systems promoted
CHa4 oxidation; a supporting meta-analysis found that high-yielding cultivars strongly reduced emissions from soils with high
organic carbon (Jiang ef al., 2017). A global review estimated an average GHG reduction of 24% from new variety selection (Qian
et al., 2023). Genetic engineering has provided proof of concept: rice expressing the barley transcription factor SUSIBA?2 allocated
more photosynthate to above-ground biomass and seeds and reduced CH4 emissions in three years of field trials in China, possibly
through reduced root exudation (Su et al., 2015).

These findings are encouraging but conditional. The cultivar—CHa4 relationship in the Chinese study was strongest in soils rich in
organic carbon (Jiang et al., 2017), and molecular reviews emphasise that microbial communities associated with methanogenesis
and methanotrophy vary with cultivar in ways that are not yet predictable (Rajendran et al., 2024). Transgenic approaches face
regulatory and acceptance barriers that differ widely among rice-producing countries. For carbon farming, cultivar-based mitigation
is attractive because it requires little change in farm practice and is easy to verify through seed records, but it is difficult to credit
without robust, soil-specific emission coefficients for each cultivar.
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Table 4. Comparative appraisal of non-water mitigation levers in rice systems

Lever

Reported greenhouse gas effect

Strength and consistency
of evidence

Principal trade-offs or risks

Verification feasibility

Supporting references

Off-season straw
application or removal

Off-season application roughly halves CHa
relative to application shortly before
transplanting; removal strategies reduce
GHG by 46% on average

High for direction; moderate
for long-term magnitude

Emissions displaced if straw is
burned; possible SOC decline;

acclimation reduces long-run benefit

Moderate; timing
observable, but quantity
incorporated hard to verify

(Jiang, Qian, et al., 2019;
Nikolaisen et al., 2023; Qian et
al.,2023; Wang et al., 2018)

Avoided residue Avoids combustion CHs and N2O High for air pollution; Incorporation before flooding may Moderate; burning events (Bhatia et al., 2013; Romasanta et
burning moderate for net greenhouse  raise soil CHa observable, counterfactual al., 2017; Shyamsundar ef al.,

gas balance uncertain 2019)
Biochar CHa reduction in many paddy studies; Moderate; strongly Feedstock competition, production ~ Moderate for application; (Huang et al., 2026; Jeffery et al.,

durable carbon stock

moderated by nitrogen input

emissions, field persistence uncertain

low for long-term stock

2016; Wang et al., 2016)

Manure or organic
fertiliser

Increases CHa and GWP relative to urea in
flooded soils

Moderate

Higher N:O after drainage; conflict
with SOC-building aims

Moderate

(Jiang, Carrijo, et al., 2019; X. Q.
Liang et al., 2013)

Direct seeding and
conservation agriculture

Reduced CHa4, increased N2O; rice GWP
reduction of about 23% estimated for
Haryana

Moderate; few full-season
multi-gas studies

Weed pressure, transition yield
penalty, N-O increase

High for establishment
method

(Chakraborty et al., 2017; Mishra
et al., 2021; Tirol-Padre et al.,
2016)

Low-emission cultivars

CHa reduction of about 24% on average;
larger in high-carbon soils

Moderate; soil-dependent

Unclear generalisability; regulatory
barriers for transgenic lines

High for cultivar identity,
low for cultivar-specific
factors

(Jiang et al., 2017; Qian et al.,
2023; Su et al., 2015)

Nitrogen source and Ammonium sulphate —40% CHa; Moderate Ammonium sulphate may raise N2O; Moderate (Linquist et al., 2012)
inhibitors dicyandiamide —18% CHa and —29% N-O cost
Optimised nitrogen rate  Yield-scaled GWP minimised at yield- Moderate to high for yield- N:O pulses after drying and re- Moderate (Islam et al., 2018; Pittelkow et
and placement maximising rate; urea deep placement scaled outcomes flooding al.,2014)
raises yield without raising N-O under
AWD
Rice—aquatic animal co- ~ CHa per hectare often increases; SOC Moderate; site-specific Higher area-based CHas; outcome Moderate (Bhattacharyya et al., 2013; Datta

culture

+11.6%; lower agrochemical use

depends on functional unit

etal.,2009; S. Li et al., 2024,
Xie et al., 2011)

Note. AWD, alternate wetting and drying; CHs, methane; N:O, nitrous oxide; GHG, greenhouse gas; GWP, global warming potential; SOC, soil organic carbon. Evidence strength is a qualitative judgement based on the number, design and
consistency of field studies and syntheses reviewed here
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6.3 Nitrogen Source, Rate and Placement

Nitrogen management affects both gases. A quantitative review found that replacing urea with ammonium sulphate at the same
nitrogen rate reduced CH4 emissions by 40%, consistent with the role of sulphate as a competing electron acceptor in reduced soils
(Kogel-Knabner et al., 2010), but could increase N-O; the nitrification inhibitor dicyandiamide reduced both CH4 and N:O, by 18%
and 29% respectively (Linquist et al., 2012). Fertiliser rate had smaller and more variable effects on CH4 (Linquist ef al., 2012), and
a synthesis of yield-scaled GWP showed that N>O increased exponentially at nitrogen surpluses, while yield-scaled GWP was
minimised at the nitrogen rate that maximised yield, being 21% lower than without nitrogen (Pittelkow e? al., 2014). Field trials in
drill-seeded systems in the United States likewise found that CHs dominated GWP and that increasing nitrogen rate contributed to
N:0 emissions mainly during non-flooded periods (Adviento-Borbe et al., 2013).

Urea deep placement (UDP) has been promoted in South Asia to improve nitrogen use efficiency. In Bangladesh, N.O emissions
were sporadic and event-driven, with peaks after broadcast urea application, during dry periods and after re-flooding (Gaihre et al.,
2015). When UDP was combined with AWD, seasonal N-O emissions did not differ from broadcast urea, while yields increased by
28% and nitrogen recovery efficiency by 167% (Islam et al., 2018). Large-scale programmes for maize, rice and wheat in China
have demonstrated that integrated soil-crop management can raise rice yields without additional nitrogen while lowering
environmental costs (Chen et al., 2014), and that millions of smallholders can adopt such practices, increasing average cereal yields
by about 11% while reducing nitrogen application by about 15-18% (Cui et al., 2018). These programmes show that nutrient
optimisation can deliver food security and emission benefits together, but they reported reactive nitrogen
and integrated environmental indicators rather than field-measured CHa, so their direct relevance to CHa-centred carbon farming is
limited.

6.4 Integrated Packages and the System of Rice Intensification

Integrated management packages often combine intermittent irrigation with changes in planting density, seedling age and organic
inputs. The system of rice intensification (SRI) is the best known, but early critical assessments concluded that SRI-type techniques
are not necessary for achieving yields near the potential in favourable environments, that the reported extraordinary yields were
likely to reflect error, and that its benefits may be confined to resource-poor farmers on poor soils (Dobermann, 2004; Sheehy et al.,
2004). Because SRI combines several practices, any CHa benefit is likely to derive mainly from its water regime, and the presence
of organic amendments may offset part of that benefit. In Thailand, a package of cost-reducing best management practices reduced
fertiliser use by 50-64% without yield penalty and increased net income by 26% (Stuart et al., 2018), illustrating that integrated
packages can be economically attractive even when their greenhouse gas outcomes are not measured directly.

6.5 Rice—Aquatic Animal Co-culture and Rotational Systems

Co-culture of rice with fish, crustaceans, amphibians or ducks is an established practice in parts of Asia, and the rice—fish system of
southern China has been maintained for more than a millennium. Field surveys and experiments showed that rice—fish co-culture
required 68% less pesticide and 24% less chemical fertiliser than rice monoculture while maintaining yield and yield stability (Xie
et al., 2011). A meta-analysis of 200 field experiments found that co-culture increased SOC content by 11.6% on average, with
larger effects in temperate regions and with japonica than indica rice (S. Li et al., 2024).

The CHa consequences are less favourable. In rainfed lowlands of eastern India, stocking Indian major carps, Catla catla, Labeo
rohita and Cirrhinus mrigala, together with Puntius gonionotus, increased CHa emissions by 74—112% depending on the rice
cultivar, while reducing N>O emissions (Datta et al., 2009). A subsequent study found that rice—fish co-culture increased seasonal
CHa4 by 26% overall and by 36% with common carp (Cyprinus carpio L.), although emissions per unit of combined rice and fish
yield were similar to or lower than those of rice alone (Bhattacharyya et al., 2013). Co-culture therefore illustrates the importance of
the functional unit: per hectare, it can increase CHa, but per unit of food produced it may not, and it can raise SOC and reduce
agrochemical use. Whether it should be considered carbon farming depends on which metric a scheme adopts.

The mitigation evidence for the non-water levers discussed in Sections 5 and 6 is compared in Table 4. The table shows that each
lever has a credible mechanism and some field support, but that confidence is limited by soil dependence, by trade-offs with N.O or
by difficulty of verification, and that only water management combines strong evidence with relatively low per-unit cost of
implementation.

7. Quantification, Monitoring, Reporting and Verification

7.1 Inventory Approaches, Emission Factors and Scaling Factors

National inventories estimate rice CH4 by multiplying harvested area and season length by a baseline emission factor adjusted with
scaling factors for water regime, pre-season water status and organic amendment, following IPCC guidance that has been refined in
successive editions (Intergovernmental Panel on Climate Change, 2019). Using the earlier Tier 1 method, global rice CH4 in 2000
was estimated at 25.6 Tg yr!, with a 95% uncertainty range of 14.8—41.7 Tg yr !, much of which arose from poor information on
organic amendments and on the area under continuous flooding (Yan et al., 2009). The same analysis estimated that draining every
continuously flooded field at least once per season would reduce emissions by 4.1 Tg yr!, and that off-season straw application
would yield a further 4.1 Tg yr™' (Yan et al., 2009). An updated global analysis estimated a default emission factor of 1.19 kg CHa4
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ha™! d™' for continuously flooded fields without organic amendment, with lower regional values for South Asia and North America
(Wang et al., 2018).

These parameters are under continuing revision. Paired field comparisons suggest that the multiple-drainage scaling factor should be
lower than the IPCC default, implying greater mitigation (Jiang, Carrijo, et al., 2019), whereas multi-site trials in South-East Asia
suggest a higher one, implying less (Tirol-Padre et al., 2018). A model fitted to an expanded dataset emphasised that pre-season
water management must be represented explicitly to capture differences between tropical and temperate systems (Nikolaisen ef al.,
2023). At national scale, Indian rice fields were estimated to emit about 3.37 Mt CHa in 2007, using state-specific emission
coefficients for upland, rainfed, irrigated and deepwater ecosystems (Bhatia et al., 2013). In the United States, a regionalised Tier 2
approach produced estimates 7% and 42% lower than two national and international inventories but 63% higher than methods
lacking regional context (Reavis et al., 2023). The magnitude of these differences is comparable to the reductions that carbon
farming aims to credit, which is the core difficulty for verification.

7.2 Field Measurement

Closed chambers remain the dominant field method, but a review of 155 studies found no commonly accepted standard for chamber
deployment, sampling frequency, time of day or intervals between sampling days (Sander & Wassmann, 2014). Because N:O
emissions are episodic and often follow fertilisation or re-flooding (Gaihre ef al., 2015; Zou et al., 2005), low-frequency sampling
can miss the events that determine seasonal totals, and this is a plausible reason why N2O estimates under AWD differ so widely
(Kritee et al., 2018). Eddy covariance avoids the spatial limitations of chambers and has confirmed large CH. reductions under
AWD at production scale (Runkle ef al., 2019), but it is expensive, requires homogeneous fields and is unsuitable for the small,
fragmented plots typical of Asian smallholdings. Neither method is practical for verifying emission reductions on thousands of
farms, which is why crediting relies on models, default factors and evidence that the practice was implemented.

7.3 Process Models and Satellite Approaches

Process-based models translate management and environmental data into emission estimates and are central to recent crediting
methodologies (Verra, 2025). Early applications of the Denitrification—Decomposition model to China estimated both the CHa
reduction and the N-2O increase associated with mid-season drainage at national scale (C. Li e al., 2005). A recent global
application of the CH4MOD model, validated against 986 flux observations with a correlation coefficient of 0.76, identified water
regime as the most important driver and showed that global rice CHa could range from 8 to 78 Tg yr™' depending on management
assumptions (Hu et al., 2024). That nearly tenfold range is a reminder that model outputs are only as reliable as the management
data supplied to them, and that the extent of drainage and residue return across Asia is poorly documented.

Satellite approaches offer independent constraints. Inversion of observations from the Tropospheric Monitoring Instrument for
Heilongjiang Province estimated rice CHa emissions of 0.85 Tg yr' in 2021 and suggested that widely used global and national
inventories were biased low by a factor of two to four for that region; the inversion reduced uncertainty in regional emissions by
73% compared with bottom-up estimates (R. Liang et al., 2024). At continental scale, spatial and seasonal consistency between
paddy area, rice growth and column-averaged CHa in monsoon Asia was interpreted as a fingerprint of rice paddies (Zhang et al.,
2020), an interpretation challenged on the grounds that such correlations do not by themselves establish causation (Zeng et al.,
2021). The exchange illustrates that atmospheric observations can test inventory estimates at regional scale but cannot yet attribute
emission changes to practices on individual farms.

7.4 Carbon Crediting: Methodologies, Additionality and Integrity

The architecture of rice crediting has changed rapidly. The voluntary-market methodology released in February 2025 for improved
management in rice production replaced an earlier Clean Development Mechanism methodology for adjusted water management,
which the standard had inactivated in March 2023, and it extends eligibility to shorter flooding, low-emission or short-duration
cultivars, improved nitrogen management and avoided residue burning, with flexible quantification approaches that include
biogeochemical models (Verra, 2025). A revised version activated in July 2026 requires baseline reassessment every five years and
safeguards against SOC losses (Verra, 2025). These features respond to several of the weaknesses identified above, but they leave
unresolved the issues that have undermined confidence in soil carbon credits more generally.

Experience with agricultural soil carbon protocols shows that methods differ widely in their treatment of quantification,
additionality, permanence and leakage, and that regional consistency is necessary for credit integrity (Oldfield et al., 2022).
Analysis of private soil carbon certificates concluded that they fall short of expectations for climate change mitigation, largely
because the permanence of sequestration cannot be guaranteed and because additionality and leakage are difficult to demonstrate
(Paul et al., 2023). In rice, additionality is a particular concern because drainage is already widespread in some regions for
agronomic reasons, as the history of Chinese water management shows (Y. Li et al., 2025), and because water shortages force
drying irrespective of incentives in others (Stuart et al., 2018). Verification is also challenging where farmers cannot control
drainage in gravity-fed systems (Enriquez et al., 2021). The evidence reviewed here suggests that credible crediting would need
conservative baselines, documented evidence of drying at critical periods, explicit accounting for N>O and fallow emissions, and
discounting for model uncertainty. None of these requirements has yet been evaluated empirically across a portfolio of projects.

Table 5 compares the main approaches to quantification and verification. It shows a clear trade-off between precision and

scalability: methods that measure emissions directly are accurate but local and costly, while scalable approaches rely on activity
data and parameters whose uncertainty can exceed the reductions being credited.
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Table 5. Approaches to quantifying and verifying greenhouse gas outcomes of rice carbon farming

Approach Spatial scale ~ Main strengths Main limitations Suitability for Supporting references
crediting

IPCC Tier 1 National to Simple, transparent,  Large uncertainty; scaling Low unless (Intergovernmental Panel on
emission and  regional consistent with factors disputed; poor data on supported by Climate Change, 2019; Jiang,
scaling factors inventories drainage and organic inputs  activity evidence Carrijo, et al., 2019; Tirol-Padre

et al., 2018; Yan et al., 2009)
Tier 2 regional Regional to Captures soil, climate Requires representative field Moderate (Bhatia et al., 2013; Nikolaisen
or country- national and pre-season water data; estimates diverge from et al., 2023; Reavis et al., 2023;
specific factors status other inventories Wang et al., 2018)
Closed-chamber Plot Direct measurement of No common protocol; misses Calibration and (Kritee et al., 2018; Sander &
field CH4 and N>O episodic N2O if sampling is  validation only Wassmann, 2014)
measurement infrequent; costly
Eddy covarianceField Continuous, large Expensive; needs large Validation only  (Runkle et al., 2019)

footprint, no chamber homogeneous fields
artefacts
Process-based Field to Represent interactions Output depends on uncertain Moderate to high (Hu ef al., 2024; C. Li et al.,
models (DNDC, global and N20; enable management inputs; wide if calibrated and ~ 2005; Verra, 2025)
CH4MOD) scenario analysis scenario ranges independently
validated

Satellite Regional Independent top-down Cannot attribute to individual Programme-level (R. Liang et al., 2024; Zeng et
atmospheric constraint; reduces farms or practices; attribution checks al., 2021; Zhang et al., 2020)
inversion regional uncertainty  disputed
Practice-based Farm to Low cost; scalable Additionality hard to Moderate with (Enriquez et al., 2021; Oldfield
activity programme demonstrate; implementation conservative et al.,2022; Paul et al., 2023)
verification fidelity uncertain discounting

Note. IPCC, Intergovernmental Panel on Climate Change; CHs, methane; N:O, nitrous oxide; DNDC, Denitrification—Decomposition model; CH4MOD, a
process-based model of methane emissions from rice paddies. Suitability ratings are qualitative judgements derived from the evidence reviewed

8. Carbon Farming and the Sustainable Development Goals: Synergies and Trade-offs
8.1 Climate Action and Food Security

The clearest synergy concerns SDG 13 on climate action and SDG 2 on zero hunger. Mild AWD reduces CH4 emissions by roughly
a half, and single or prolonged mid-season drainage by roughly a third to two-thirds, with little or no average yield penalty (Carrijo
et al.,2017; Itoh et al., 2011, Jiang, Carrijo, et al., 2019; Perry et al., 2022). Yield-scaled outcomes are therefore usually favourable.
Large programmes in China show that integrated nutrient and crop management can raise yields while reducing environmental costs
(Chen et al., 2014; Cui et al., 2018), and an assessment of 40 land-based practices concluded that most land management options
can be applied without competing for land (Smith ez al., 2020). The synergy is conditional on avoiding severe drying, which reduces
yields substantially (Carrijo ef al., 2017), and on recognising that warming and rising CO: concentrations are projected to increase
the greenhouse gas intensity of rice (van Groenigen ef al., 2013), so that mitigation measures may need to intensify merely to keep
pace.

8.2 Water, Health and Ecosystems

Water saving links rice carbon farming to SDG 6. The evidence of reduced irrigation demand is strong and spans Asia, the
Americas and Nepal (Bo ef al., 2024; Howell et al., 2015; Lampayan et al., 2015; Loaiza et al., 2024). Whether field-level savings
translate into basin-level gains is less certain, because water drained from one field may recharge groundwater or supply
downstream users, and the economic benefit depends on how water is priced (Chakravorty et al., 2023). Links to SDG 3 on health
operate through grain arsenic, which declines under sufficiently severe drying (C. Li et al., 2019; Linquist ef al., 2015), through the
potential increase in cadmium under aerobic conditions (C. Li et al., 2019) and through reduced air pollution when residue burning
is avoided (Gadde et al., 2009; Shyamsundar et al., 2019). SDG 15 on life on land, interpreted here to include wetland-dependent
biodiversity, is the area of greatest potential conflict, since drying may harm species that depend on flooded fields (Pérez-Méndez et
al., 2026), whereas co-culture systems can enhance SOC and reduce pesticide use (S. Li et al., 2024; Xie et al., 2011).

8.3 Livelihoods, Incentives and Equity

Links to SDG 1 on poverty and SDG 10 on reduced inequalities depend on who bears the costs and receives the benefits of
mitigation. Where farmers pay for pumping, AWD can increase incomes by reducing water and fuel costs (Lampayan et al., 2015),
but where water charges are fixed, the private water saving disappears and adoption depends on external payments (Chakravorty et
al., 2023). Adoption correlates with education, landownership and access to information (Alauddin et al., 2020), suggesting that
carbon payments could favour better-resourced farmers unless programmes are designed explicitly for smallholders and tenants.
Farmers in gravity-fed systems may be unable to adopt AWD individually, so collective action and irrigation governance become
preconditions for participation (Enriquez et al., 2021). The literature retrieved for this review contained little empirical evidence on
gender-differentiated labour, decision-making or benefit-sharing in rice carbon farming. Implications for SDG 5 cannot therefore be
assessed from current evidence, and the absence of such evidence should not be read as evidence of neutral effects. The 2030
Agenda frames the goals as integrated and indivisible (United Nations General Assembly, 2015), and scoring frameworks that
classify interactions from mutually reinforcing to counteracting provide a means of making such trade-offs explicit (Nilsson et al.,
2016).
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Practice SDG 2 Zero hunger SDG 6 Clean SDG 3 Health SDG 13 Climate action SDG 15 Life on land and SDG  Confidence and Supporting references
water 1 or 10 livelihoods and equity  main caveat
Mild alternate Neutral to positive Positive at field Arsenic reduction Strongly positive for Possible harm to wetland High for CHsand  (Carrijo et al., 2017; Chakravorty et
wetting and drying  yield; positive yield-  scale; basin only with sufficient CHa; N2O offset usually ~ biodiversity; income gains yield; low for al., 2023; Jiang, Carrijo, et al., 2019;
or single mid- scaled outcomes effects uncertain drying; possible partial depend on water pricing and biodiversity and C. Lietal., 2019; Pérez-Méndez et
season drainage cadmium increase control of drainage equity al., 2026; Perry et al., 2022)
Severe drying Negative yield Strongly positive Larger arsenic Larger CHa reduction; Higher biodiversity risk Moderate; trade- (Carrijo et al., 2017; Linquist et al.,
reduction larger N2O risk offs explicit 2015; Zhao et al., 2024)
Off-season straw Neutral Neutral Positive through air Positive for CHa if straw  Profit gains possible with Moderate; (Gadde et al., 2009; Ma et al., 2009;
management and quality when burning  is not burned appropriate machinery outcome depends ~ Shyamsundar et al., 2019; Wang et
avoided burning is avoided on residue fate al., 2018)
Biochar Variable Neutral Possible cadmium Positive if persistence Feedstock competition Low to moderate (Huang et al., 2026; Wang et al.,
reduction and production emissions 2016; Yin et al., 2024)
are favourable
Direct seeding and Transition yield Positive Neutral Positive for CHs; N2O Labour and cost savings; weed =~ Moderate (Chakraborty et al., 2017; Mishra et
conservation penalty then parity increase management burden al., 2021; Tirol-Padre et al., 2016)
agriculture
Optimised nitrogen  Positive Positive through Neutral Positive for N2O and Cost savings for farmers Moderate to high (Cui et al., 2018; Islam et al., 2018;
management reduced nitrogen yield-scaled GWP Pittelkow et al., 2014)
losses
Rice—aquatic Positive through Neutral Reduced pesticide Area-based CHs may Positive for diversified income ~ Moderate; metric-  (Bhattacharyya et al., 2013; Datta et
animal co-culture diversified food use increase; SOC increases  and biodiversity dependent al.,2009; S. Li et al., 2024; Xie et

al.,2011)

Note. SDG, Sustainable Development Goal; CHs, methane; N:O, nitrous oxide; GWP, global warming potential; SOC, soil organic carbon. Entries summarise the predominant direction of evidence reviewed in this article and are not exhaustive.
“Neutral” indicates no consistent effect reported in the reviewed evidence
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8.4 An Integrated Framework

The synthesis above suggests that the sustainability outcome of rice carbon farming depends on three interacting layers: the
biophysical response of the paddy to management, the accounting rules through which that response is quantified and rewarded, and
the institutional and socio-economic conditions that determine adoption and the distribution of benefits. Treating any layer in
isolation risks either overstating mitigation or producing unintended social and ecological effects.

Table 6 assesses the direction and confidence of interactions between the principal practices and the SDGs most affected. Synergies
with climate, food and water goals are supported by moderate to strong evidence, whereas interactions with health, biodiversity and
equity are frequently conditional or under-studied. Fig. 1 then integrates these relationships into a conceptual framework that
distinguishes relationships supported by field evidence from those that remain hypothesised.

supported by multiple field studies or meta-analyses = 0 o—===- plausible but weakly evidenced or context-dependent

~ - \ - p <
Management levers Paddy processes Field outcomes SDG outcomes
+ Water regime: mild AWD, * Methanogenesis (labile C, + Seasonal and fallow CHa SDG 13 climate action
single or prolonged MSD redox, temperature) * N20 (event-driven) SDG 2 food security
+ Organic inputs: straw timing, —p| * CHa oxidation (aeration, —| * Net GWP and yield-scaled —| SDG 6 water productivity
removal, avoided burning, root Oz supply) GWP SDG 3 food safety and
manure, biochar + Plant-mediated CHa « Yield and water use air quality
* Establishment: DSR, transport + Grain arsenic and cadmium SDG 15 wetland biodiversity
conservation agriculture * Nitrification and * 50C stock change SDG 1 and 10 income and
* Cultivar selection denitrification (NzO pulses) * Wetland habitat quality equity
* N source, rate, placement * SOC stabilisation and SDG 5 gender (evidence gap)
* Rice-aquatic animal decomposition
co-culture
Water regime: strongest evidence
Other levers: soil- and - Microsite processes scale ==®|  CHa decline robust; N:0, fallow - Synergies strongest for SDG 2,
context-dependent uncertainly to fields and SOC responses uncertain 6 and 13; trade-offs for 3 and 15
. \ J

\
incentives and adoption

~———

D

~—

-
- s
quantified b/ distribution ai‘bsneﬁts,f’
-

MRV and incentive layer

~——

Quantification: emission and scaling factors + chambers and eddy covariance ¢ process models
+ satellite inversion + practice verification

Crediting and context: baselines ¢ additionality « permanence + N20 and fallow accounting
+ water pricing ¢ irrigation governance + farmer access

Fig. 1. Conceptual framework for carbon farming in rice cropping systems developed from the present synthesis.
Management levers (left) act on paddy biogeochemical processes (centre-left), which determine field-level outcomes (centre-
right); these outcomes are quantified through measurement, reporting and verification (MRYV) and incentive mechanisms
(bottom) and translated into Sustainable Development Goal (SDG) outcomes (right). Solid arrows denote relationships
supported by multiple field studies or meta-analyses; dashed arrows denote relationships that are plausible but weakly
evidenced or context-dependent. AWD, alternate wetting and drying; MSD, mid-season drainage; DSR, direct-seeded rice;
N, nitrogen; CHs, methane; N:O, nitrous oxide; SOC, soil organic carbon; GWP, global warming potential. The framework
is original and is not adapted from a previously published figure.

9. Future Directions

The most immediate priority is to establish the net, full-year climate effect of water management under farmer conditions. Existing
meta-analyses agree on CHa4 reductions but rest largely on controlled experiments in which drying was imposed as designed, and on
N:O measurements of uneven temporal resolution. Multi-year, multi-site trials on farmers’ fields across South and South-East Asia
are needed, with high-frequency or automated N>O measurement around fertilisation and re-flooding events, inclusion of fallow
periods and direct monitoring of field water levels. Such trials should report CH4, N-2O, yield, water use and grain arsenic and
cadmium together, using common protocols so that results can be pooled. Paired eddy covariance sites at landscape scale would
provide independent benchmarks for chamber and model estimates. This work would resolve whether the high N.O emissions
reported from parts of India are exceptional or widespread and would allow crediting methodologies to set evidence-based
deductions.

A second immediate priority concerns verification. The divergence among inventory factors, process models and satellite inversions
is of the same order as the reductions being credited. Research should test whether combinations of radar-based detection of field
flooding, low-cost water-level sensors and calibrated process models can verify drainage at farm level with known error, and
whether satellite inversions can detect programme-level emission changes. Independent validation datasets, withheld from model
calibration, are essential. The outcome measures should be the error and bias of practice detection and of emission estimates at field,
farm and programme scales, which would allow uncertainty discounting in crediting to be set rationally rather than arbitrarily.
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A longer-term priority is to determine whether water-saving irrigation and straw removal reduce paddy SOC over decades. Current
evidence rests on a small number of studies with carbon balances, and crediting periods are short relative to the time needed to
detect SOC change. Long-term experiments, resampling of established monitoring sites and chronosequence approaches should
quantify changes in SOC stocks to at least 30 cm depth on an equivalent soil mass basis under contrasting water and residue
regimes. The results would determine whether SOC safeguards in crediting methodologies are adequate or need to be strengthened.

Breeding and cultivar evaluation offer a mitigation route that is easier to verify than water management. Multi-environment trials
should test whether low-emission cultivar effects hold across soils of different carbon content and across water regimes, and
whether they interact with AWD. Root traits, exudation and rhizosphere microbial communities should be measured alongside
fluxes so that cultivar effects can be predicted rather than measured case by case. Research on biochar should move from short-term
pot and plot studies to multi-year field trials with full lifecycle accounting, including feedstock alternatives, pyrolysis emissions and
interactions with nitrogen inputs.

Social and institutional research is equally pressing. Randomised and quasi-experimental evaluations of carbon payment designs are
needed to establish whether payments change behaviour, how they interact with water pricing and irrigation governance, and who
participates. Evaluations should examine smallholders, tenants and women explicitly, and outcome measures should include
participation, income, labour, and the distribution of payments, as well as verified emission reductions. Ecological studies should
identify drying regimes and landscape configurations that reconcile CHa reduction with wetland biodiversity, for example by
targeting drainage spatially or seasonally. Taken together, these research directions would allow rice carbon farming to be evaluated
against the SDGs on the basis of measured rather than assumed co-impacts.

10. Conclusions

The evidence supports rice carbon farming as a meaningful but conditional contribution to climate change mitigation. Its strongest
foundation is water management. Independent meta-analyses, multi-site field trials and production-scale flux measurements
consistently show that alternate wetting and drying and mid-season drainage reduce methane emissions by around a half, with little
average yield penalty when drying is mild. This is the most robust conclusion of the review, and it justifies continued investment in
water management as a mitigation strategy.

Confidence declines when the question shifts from methane reduction to net climate benefit. Nitrous oxide usually offsets only a
small part of the methane benefit, but large offsets have been reported under particular soils and management regimes, and the
temporal resolution of nitrous oxide measurement in South Asia is insufficient to judge how common they are. Fallow-season
emissions, pre-season water status and possible long-term losses of soil organic carbon further complicate accounting. Straw timing
and removal, avoided burning, low-emission cultivars, direct seeding and optimised nitrogen management each have credible
mechanisms and supportive field evidence, but their effects depend on soil, climate and the fate of residues. Biochar is the only
lever capable of producing a durable carbon stock at scale, yet its field performance and lifecycle balance remain uncertain.

Verification is the main constraint on credible crediting. Inventory factors, process models and satellite estimates diverge by
margins comparable to the reductions being claimed, farm-level confirmation of drainage remains costly, and additionality is
difficult to establish where drainage already occurs for agronomic or hydrological reasons. Recent methodologies address some of
these problems, but their effectiveness has not been evaluated empirically.

The relationship with the Sustainable Development Goals is predominantly synergistic for climate action, food security and water
productivity, and conditional for health, through the opposing responses of arsenic and cadmium, and for biodiversity. Effects on
livelihoods and equity depend on water pricing, irrigation governance and programme design, and evidence on gender is largely
absent. Rice carbon farming should therefore be regarded neither as a ready-made offset opportunity nor as a marginal option, but as
a set of practices whose climate and development value depends on full multi-gas accounting, conservative crediting, attention to
co-impacts and institutional arrangements that allow smallholders to participate.

11. Limitations

As a narrative review, this article is subject to selection and interpretive bias despite the use of a documented search strategy and an
explicit appraisal rubric. The selection of studies and the weight given to them reflect judgements that other reviewers might make
differently. A narrative review does not require the procedural apparatus of a systematic review, such as screening and deduplication
counts, independent duplicate screening or formal measures of reviewer agreement, and these were not undertaken. The conclusions
are therefore qualitative syntheses of the strength and consistency of evidence rather than pooled estimates.

The search did not include subscription-only bibliographic databases, and some relevant studies indexed only in such sources may
have been missed. Only English-language publications were included, which may under-represent research published in Chinese,
Japanese, Korean, Vietnamese, Thai, Indonesian and other languages of major rice-producing countries, although the use of a
regional platform partly mitigated this. The primary literature is concentrated in China, the United States and a limited number of
South and South-East Asian sites, while rainfed systems, Africa and Latin America are under-represented. Studies differ in drying
regimes, measurement periods, gas sampling frequency, climate metrics and reported outcomes, which limits comparability and
precluded quantitative synthesis.

Several of the syntheses relied upon draw on overlapping sets of primary studies, so their agreement is not fully independent.
Publication bias may favour reports of successful mitigation. Long-term evidence on soil carbon, cultivar performance and the
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behavioural effects of carbon payments is scarce, and the field of rice carbon crediting is changing rapidly, so methodological and
policy details discussed here may be superseded by subsequent revisions.
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