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Introduction 

Methane (CH4) is the second-largest contributor to anthropogenic 

global warming after carbon dioxide (CO2) (1). The level of CH4 in the 

atmosphere has risen from around 700 ppb pre-industrial 

revolution to 1922.6 ppb in 2023, which is responsible for 

approximately 33 % of global warming due to its potent radiative 

forcing. Methane has a global warming potential (GWP) 25–34 times 

higher than that of CO2 over a 100-year period, making it a major 

contributor to climate change despite its shorter atmospheric 

lifetime. At present, global CH4 emissions are increasing 

continuously, with agriculture contributing approximately 42 % of 

total anthropogenic CH4 emissions (2). Rice (Oryza sativa L.) feeds 

more than half of the global population. It is grown on 

approximately 165 million hectares of land scattered over more 

than 100 countries, with around 90 % of the production occurring 

within Asia (3). Nevertheless, flooding of paddy fields results in 

anaerobic conditions which supports the activity of methanogenic 

microbes, leading to considerable CH4 emission. The rice sector 

contributes approximately 10–12 % of the total global 

anthropogenic CH4 emissions and generates around 25–37.5 Tg CH4 

annually (4). Methane emissions from rice fields vary across crop 

growth stages and are influenced by soil properties, water 

management, nutrient inputs and rice cultivars (5). Therefore, 

reducing CH4 production while enhancing CH4 oxidation through 

improved water, nutrient and crop management practices is 

essential for developing climate-smart and sustainable rice 

production systems (6). Atmospheric CH4 emissions have been 

increasing continuously over the last few decades. The global CH4 

emission trajectory from 2000 is presented in Fig. 1, highlighting the 

need for appropriate rice field-based mitigation measures to 

address this issue (7, 8). Although several studies have reported CH4 

mitigation strategies in rice ecosystems, a comprehensive synthesis 

integrating CH4 production, oxidation mechanisms, microbial 

interactions and emerging climate-smart mitigation technologies 

remains limited. Therefore, this review focuses on understanding 

CH4 dynamics in rice cultivation and critically evaluates agronomic, 

biological and technological strategies for methane mitigation and 

enhanced CH4 oxidation in rice ecosystems. 

Methane dynamics in rice ecosystems 

Methanogenesis refers to the biological generation of CH4 under 

anaerobic conditions and is carried out exclusively by methanogenic 

archaea (9, 10). Common methanogenic archaea reported in 

flooded rice soils include Methanobacterium, Methanosarcina, 

Methanosaeta and Methanocella, which utilise hydrogenotrophic, 
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Abstract  

Rice cultivation is one of the major anthropogenic sources of methane, a potent greenhouse gas. Methane (CH4) is produced under anaerobic 
conditions in soils by methanogenic archaea. The magnitude of CH4 emissions depends on processes such as CH4 production, oxidation and 

transport, which are influenced by soil properties, microbial activity, plant traits and management practices. Methanotrophic bacteria 

significantly contribute to the reduction of emissions through the oxidation of CH4, especially in the rhizosphere where oxygen is available. 
This paper reviews various dimensions of CH4 in rice ecosystems such as methanogenesis pathways, CH4 oxidation mechanisms, microbial 

interactions and the environmental controls of redox potential, organic substrates, water and nutrient management. Several strategies for 

mitigation, such as alternate wetting and drying irrigation, optimised fertilisation, biochar application, crop establishment methods,  

low-methane rice varieties and emerging technologies like bioinoculants, nanotechnology and precision agriculture, have been discussed. 
Overall, there is a great need for integrated management approaches that simultaneously enhance CH4 oxidation and reduce CH4 production 

in order to develop climate-smart rice systems that can not only reduce emissions but ensure global food security. 
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acetoclastic and methylotrophic pathways for CH4 production                

(11, 12). These microorganisms thrive in oxygen-depleted 

environments such as the anoxic bulk soil and rhizosphere of 

flooded rice fields. Flooding drastically restricts oxygen diffusion, 

thereby creating reducing conditions favourable for methanogenic 

activity (13). Methanogens derive energy and carbon through three 

principal metabolic pathways: acetoclastic methanogenesis 

(acetate conversion), hydrogenotrophic methanogenesis (CO₂ 

reduction using H₂) and methylotrophic methanogenesis involving 

methylated compounds. Among these, the acetoclastic pathway 

contributes nearly 60–70 % of total CH4 production in rice soils, 

whereas hydrogenotrophic methanogenesis contributes 

approximately 30–40 % (12). Methanogenesis is most active at pH 

6.0–8.0, with methane production generally peaking near neutral 

pH. Methyl coenzyme reductase (MCR), encoded by the mcrA gene, 

is the key enzyme catalysing the final step of methane formation 

(14). Methanogenesis is strongly influenced by substrate availability, 

organic matter incorporation, water management and cropping 

systems (13). Redox potential (Eh) plays a critical role in regulating 

methanogenesis in flooded soils. Flooding lowers soil Eh by limiting 

oxygen availability and promoting highly reducing conditions 

conducive to CH4 production. Methanogenesis generally initiates 

when Eh declines below approximately -150 to -200 mV, while 

maximum CH4 production occurs between -200 and -300 mV (15). 

Organic carbon supplied through root exudates, crop residues and 

organic amendments serves as an important substrate source for 

methanogens, thereby stimulating CH4 formation. Fresh rice straw 

incorporation has been reported to increase CH4 emissions by                   

50–200 % compared with straw removal, whereas composted straw 

substantially lowers CH4 release (13). Methane produced in rice soils is 

emitted through diffusion, ebullition and plant-mediated transport 

pathways (16). Diffusion involves the gradual movement of dissolved 

CH4 through soil and flood water, whereas ebullition occurs when CH4 

accumulates and escapes as gas bubbles (17). Plant-mediated 

transport through rice aerenchyma represents the dominant 

pathway, accounting for nearly 60–90 % of total CH4 emissions in 

flooded rice ecosystems (18). Overall CH4 emissions are governed by 

the interaction among microbial processes, soil physicochemical 

properties, plant traits and environmental conditions (19). 

 

Methane oxidation 

Methane oxidation is one of the most important microbial processes 

in flooded rice ecosystems because it significantly lowers CH₄ 

emissions through the conversion of CH4 into carbon dioxide. This 

process is mediated by CH4-oxidising bacteria, commonly known as 

methanotrophs, which utilise CH4 as their sole carbon and energy 

source. Major methanotrophic genera identified in rice soils include 

Methylomonas, Methylobacter, Methylocystis and Methylosinus                    

(20, 21). Methane oxidation primarily occurs at the oxic-anoxic 

interface, where CH4 produced in anaerobic soil layers encounters 

oxygen supplied through atmospheric diffusion, soil pores and the 

aerenchyma tissues of rice roots (22). Depending on oxygen 

availability and environmental conditions, methanotrophic activity 

may oxidise approximately 10–80 % of gross CH4 produced in rice 

soils before its release into the atmosphere. Methane oxidation 

efficiency is influenced by methanotrophic community composition, 

oxygen availability, soil redox potential, metal cycling and plant-

mediated oxygen transport. Methane oxidation varies considerably 

across rice growth stages. During the vegetative stage, root oxygen 

release enhances methanotrophic activity and stimulates CH4 

oxidation. In contrast, during the reproductive stage, increased root 

exudation and higher organic carbon availability promote 

methanogenesis, while reduced oxygen diffusion results in peak CH4 

emissions. During crop maturity, CH4 production declines because of 

reduced substrate availability and lower root metabolic activity (21). 

The seasonal interaction between CH4 production and CH4 oxidation 

across rice growth stages is illustrated in Fig. 2 (20). 

Methanotrophic bacteria in rice soils 

Aerobic methanotrophs are broadly classified into two groups: Type 

I and Type II. Type I methanotrophs (Gammaproteobacteria), which 

include Methylomonas and Methylobacter, employ the ribulose 

monophosphate (RuMP) pathway and grow rapidly in environments 

with high CH4 and oxygen (22). Meanwhile, Type II methanotrophs 

(Alphaproteobacteria) represented by genera like Methylocystis and 

Methylosinus, make use of the serine pathway and are more fit for 

low CH4 and oxygen conditions. Some Type II methanotrophs can fix 

atmospheric nitrogen thereby linking CH4 oxidation with nitrogen 

cycling (23). A comparison of the characteristics of Type I and Type II 

methanotrophs is presented in Table 1.  
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Fig. 1. Global trends in atmospheric methane emissions from 2000–25 (data compiled from (7, 8)).  
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Environmental and plant regulation 

Methane oxidation is predominantly localised in the rice rhizosphere 

because this is where root oxygen release raises soil redox potential 

and enables methanotrophic growth. Additionally, iron and 

manganese oxides, by serving as alternative electron acceptors 

under conditions of low oxygen, affect CH4 oxidation (24). Rice plants 

control methanogenesis by oxygenating the rhizosphere through 

root oxygen release (ROL) that occurs in aerenchyma tissues, leading 

to the formation of aerobic microsites which enhance 

methanotroph activity and reduce methanogenesis (25). Therefore, 

differences among rice varieties in terms of not only aerenchyma 

development but also oxygen release can have a significant 

influence on methane emissions.  

Biological interventions to enhance methane oxidation 

in rice ecosystem 

Bioinoculants of methanotrophs along with appropriate agronomic 

and water management practices enhance the methanotroph 

population in rice rhizosphere and bring about a significant increase 

in CH4 oxidation (26). Many methanotrophs promote plant growth 

through nitrogen fixation, phosphate solubilisation, potassium 

mobilisation and phytohormone production (27). For instance, 

Rhizobium pusense MB4 improved plant growth and grain yield by 

up to 75 % and may indirectly support CH4 mitigation through 

enhanced rhizosphere activity and nutrient cycling. while a 

genetically modified strain of Methylotuvimicrobium alcaliphilum  

20Z oxidised CH4 and produced indole-3-acetic acid (IAA) (28). 

Peribacillus frigoritolerans AE95, decreased CH4 emissions by 66.8 % 

and enriched methanotroph communities achieved mitigation up 

to 74.3 % (29). Inoculation with Methylobacterium oryzae, azolla and 

blue-green algae also reduced CH4 emissions (30). Phototrophic 

bacteria such as Rhodopseudomonas palustris and diazotrophs like 

Azotobacter and Azospirillum enhance plant root systems, stimulate 

oxygen diffusion and promote methane oxidation (31). The overall 

CH4 dynamics in flooded rice systems, including CH4 production, 

oxidation and plant-mediated transport pathways are illustrated in 

Fig. 3. 

Methane mitigation strategies in rice cultivation 

Water management strategies 

Water management contributes significantly to reducing CH4 
emissions and global warming potential of rice systems while 

simultaneously assisting in saving irrigation water and keeping the 

crop productivity at the same level. Irrigation affects soil aeration 

and redox potential which control methanogenesis, CH4 oxidation 

and plant mediated CH4 transport thus determining the magnitude 

and seasonal dynamics of CH4 emission (32).  

Drip irrigation 

Drip irrigation is a water saving eco-friendly technique that 

improves water use efficiency while reducing CH4 emissions. 

According to multi location trials in Tamil Nadu drip irrigation 

resulted in a 60–68 % decrease in CH4 emissions and 65 % decrease 

in GWP when compared to continuous flooding along with 40–45 % 

less irrigation water use and 50–64 % higher water productivity with 

only minor yield reductions (33). Subsurface drip irrigation leads to 

further increased mitigation of CH4 emissions while maintaining or 

improving grain yield or even improved. Drip irrigation with plastic 

mulch lessened CH4 emissions by 69–94 % (34). In controlled 

environment experiments, drip irrigation caused CH4 emissions to 

decrease by more than 90 % in all tested rice varieties, through 

higher soil oxygen availability and redox potential (35). Recent 

studies have demonstrated that subsurface drip irrigation 

combined with direct-seeded rice cultivation significantly reduces 

CH4 emissions compared with conventional flooded systems 

because of improved soil aeration, enhanced methanotrophic 

activity and reduced anaerobic conditions (34). 

Feature Type I 
methanotrophs 

Type II  
methanotrophs 

Phylogeny Gammaproteobacteria Alphaproteobacteria 

Carbon fixation RuMP pathway Serine pathway 

Internal membranes Bundles of disc-shaped 
vesicles 

Layers parallel to the 
cell wall 

Dominant methane 
monooxygenase (MMO) 

Mostly pMMO 
(particulate) 

Both pMMO and sMMO 
(soluble) 

N₂ fixation Generally absent Frequently present 

Response to CH₄ High growth at high 
concentrations 

Capable of survival at 
low concentrations 

Carbon conversion 
efficiency 

Higher Lower 

Table 1. Comparison of Type I and Type II methanotrophs 

Fig. 2. Seasonal interaction between methane production and methane oxidation across rice growth stages (data compiled from (20)). 
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 Alternate wetting and drying  

Alternate wetting and drying (AWD) is a climate smart irrigation 

practice that decreases CH4 emissions, preserves water and 

maintains stable crop yields. It entails a series of drying and wetting 

of the soil surface thus inhibiting methanogenesis and boosting CH4 

oxidation because of increased soil oxygen. Some research shows 

that CH4 emissions drop by 20–70 % and the GWP decreases by 18–

77 % under AWD as compared to continuous flooding (36, 37). 

Methane emission reductions were more significant in the case of 

tropical soils (68.2 %) and clay soils (71.3 %) (38, 39). Modified AWD 

practices lowered CH4 emissions by 24–48 % and the total GWP by 

18–39 %, with a slight increase in N2O emissions (40). Precision 

water saving techniques like alternate partial root zone drying and 

deficit irrigation boosted water productivity by 31–51 % and 

lowered CH4 emissions by up to 78 % (41). The effects of AWD on 

CH4 emissions in rice systems across different regions are 

summarised in Table 2. 

Optimal drainage 

Field drainage introduces oxygen into the soil, thereby suppressing 

methanogens and enhancing CH4. It has been shown that CH4 

emissions can be cut down 45 % through drainage in the early stage 

of the season (18–20 days after transplanting) while drainage after a 

long delay only reduces emissions by about 25 % (46, 47). Multi-year 

field experiments conducted across different climatic zones revealed 

that periodic drainage reduced CH4 emissions by 21–91%, with no 

significant reduction in grain yield (48, 49). Therefore, the timing and 

duration of drainage as being the key factors in the successful 

implementation of a CH4 reduction strategy. 

Smart water management 

Internet of things (IoT) based irrigation systems allows for precise 

control of flooding and soil moisture which in turn reduces the 

anaerobic conditions that lead to methanogenesis. These systems 

reduced CH4 emissions by 35–65 % while maintaining grain yield 

(50). Besides that, sensor driven irrigation lessened water 

consumption by 25–40 % compared to traditional irrigation 

methods (51). Automated threshold-based irrigation which is 

activated when the water level drops 10–15 cm below the soil 

surface limits the activity of methanogens and improves CH4 

oxidation without causing any loss in the yield (52). These findings 

indicate that IoT-based irrigation is a viable climate-smart strategy 

for CH4 mitigation and water conservation. Although IoT-based 

irrigation systems effectively reduce CH4 emissions and improve 

water-use efficiency, their adoption may be constrained by high 

Fig. 3. Methane dynamics in flooded rice systems showing production, oxidation and transport pathways.  

Region AWD implementation CH₄ emission 
reduction range 

Consolidated methane-related insight References 

Indonesia 
AWD triggered at 15 cm water table; 

site-specific AWD 
35–38 % 

AWD consistently suppresses 
methanogenesis, even in wet seasons 

(42) 

Thailand AWD and modified AWD thresholds 31–49 % Strong methane mitigation in dry 
seasons 

(43) 

China 
AWD evaluated using coupled crop-

GHG models 
34–71 % 

Strong regional variability; higher 
methane reduction in northeastern rice 

areas 
(44) 

USA (Arkansas) Multiple AWD regimes 45–90 % Strong CH4 mitigation with economic 
feasibility 

(45) 

Table 2. Effects of alternate wetting and drying (AWD) on methane emissions in rice across regions  

AWD: alternate wetting and drying; CH4: methane. 
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initial installation costs, sensor maintenance and technical 

expertise requirements. Compared with conventional AWD, IoT-

based systems provide more precise water management but are 

relatively expensive for small and marginal farmers. Therefore, AWD 

and controlled irrigation practices may be more economically 

feasible for resource-limited farming communities, whereas IoT-

based smart irrigation may be suitable for large-scale or 

technologically advanced farming systems. 

Tillage 

Tillage impacts CH4 emissions mainly through its effect on soil 

aeration and microbial activity. Aerobic tillage practices increase 

oxygen supply to the soil thereby lowering the availability of 

substrates for methanogens (53). Methane emissions decreased by 

15.6 % under no tillage systems and by 10–40 % under 

conventional or rotary tillage, depending on the type and land use 

practices (54, 55). The benefits of tillage in terms of CH4 reduction 

are thus significantly increased when combined with water 

management practices. 

Crop establishment methods 

Methane emissions from direct seeded rice (DSR) and aerobic rice 

systems can be significantly mitigated because they enhance soil 

aeration and thus reduce the formation of anaerobic microsites. It 

has been demonstrated that the dry method could turn rice fields 

from a source of CH4 (85.1 ± 18.5 kg CH₄ ha-1) to almost a neutral or 

even a CH4 sink (1.1 ± 0.11 kg CH₄ ha-1). According to   system of rice 

intensification (SRI) decreased methane release by 17–27 %, grain 

yield increased by 10.5 %. Dry DSR with drip irrigation not only cut 

CH₄  emissions by 79.3 % but also enhanced water productivity and 

lessened the labour requirement (56). Zero tillage and green 

manuring also play a part in the mitigation of CH₄ and the 

enhancement of soil productivity (57). 

Nutrient management 

Balanced fertilisation along with integrated nutrient management 
(INM) are two of the most effective ways to keep CH4 emissions low 

and at the same time preserve or improve soil fertility and yield. The 

INM not only enhances nutrient utilisation efficiency but also 

manages soil carbon and redox conditions, lowers yield-scaled 

global warming potential and promotes the storage of soil carbon 

(58). Biological amendments such as blue-green algae (BGA) and 

azolla have been reported to reduce methane emissions by 38 % 

and improving soil redox conditions (59). Moreover, the combination 

of vermicompost and fertilisers further intensify the mitigation effect. 

Electron accepting amendments like gypsum, silicate fertilisers and 

iron slag decrease CH₄ emissions by 14–54 % through increasing soil 

redox potential and supporting CH₄ oxidation (60). Additionally, 

straw management plays a crucial part: fresh straw leads to a rise in 

CH₄  emissions, whereas composting, burning or using straw 

together with mineral nitrogen helps in reduction by 50–77 %. 

Moreover, straw incorporation together with water, saving irrigation 

with drop in emissions by 58–63 % and the use of straw in 

combination with humic acid iron complexes contributes to a 

reduction in total greenhouse gas emissions by 33.9 % (61).  

Bioturbation  

Bioturbation involving rice-fish, rice-duck and rice-frog integrated 

systems has emerged as a promising strategy for CH₄  mitigation 

and yield improvement in rice ecosystems. The feeding and 

burrowing activities of these animals improve soil aeration, 

enhance oxygen diffusion and alter soil redox conditions, thereby 

suppressing methanogenesis (62). These integrated systems have 

been reported to reduce CH4 emissions by up to 86.8 % while 

increasing yield by 49.2 % (63). Factors such as density of the 

animals, the nitrogen management, the properties of the soil and 

even the local climate play a role in determining the effectiveness of 

the mitigation potential of the rice-duck, rice-fish, rice-frog systems 

as opposed to that of the rice-crab and rice-crayfish systems                              

(62, 64). Moreover, earthworms can also play a significant role in the 

mitigation of CH₄  by increasing the population of methanotrophic 

microbes. However, the efficiency of this process depends on the 

level of soil moisture (47, 65–67). The role of animal-mediated soil 

disturbance and co-culture systems in reducing CH₄  emissions in 

rice fields is illustrated in Fig. 4.  

Biochar 

Biochar (BC) application improves the soil aeration, increasing the 

redox potential, decreasing the number of methanogens and 

stimulating methanotrophic activity (68). Biochar based slow-

release fertilisers can additionally help reduce emissions by 33.4 % 

through inhibition of methanogens and activation of 

methanotrophs (69). The performance of BC in reducing CH₄  

depends on the feedstock and the way it is managed. Biochars 

derived from rice straw, bamboo and orange-peel reduced CH₄  

emissions by 16–21 % (70, 71). Modified BC with silicate or slag 

fertilisers not only improved the mitigation but also lowered metal 

toxicity. A summary of the effects of different BC types on CH₄  

emissions in rice ecosystems is presented in Table 3.  

Low-methane rice varieties  

Rice varieties differ significantly in CH₄ emissions, providing 

opportunities for mitigation through cultivar selection and breeding. 

Increasing biomass by 10 % can lead to a CH₄  emission decrease of 

Study types Important findings References 

Under different nitrogen fertilisation   

Literature review BC (> 20 t ha-1) with N (140–240 kg N ha-1) decreased CH4 by 82 % (73) 

Meta-analysis BC + N < 120 kg N ha-1 reduced CH4  no effect at > 120 kg N ha-1 (74) 

Field experiment BC (2 t ha-1  reduced CH4  by by 34 %   urea (90 kg N ha-1)  and 36 % (slow-release N 45 kg) (75) 

Under organic inputs   

Incubation experiment BC + rice straw reduced CH₄ by 23.5–50.8 % (76) 

Field experiment Barley straw BC (10 t ha-1) + raw straw (10 t ha-1) reduced CH₄ by 33 % (77) 

Pot experiment Rice straw (15 t ha-1) increased CH₄ by 67.5 %; maize straw BC (45 t ha-1) limited increase to 25 % (78) 

Under different water management   

Field experiment Mangrove BC (10 t ha-1) reduced CH₄ under AWD (79) 
Field experiment BC reduced CH₄ by 16 % under controlled irrigation but increased it under continuous flooding (80) 

Table 3. Summary of biochar effects on methane emissions (adapted from (72) 

AWD: alternate wetting and drying; CH4: methane; BC: biochar; N: nitrogen. 
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about 10.3 %, which is attributed to a higher root oxidation capacity 

and more active methanotrophs in high-yielding cultivars (81). In low 

CH₄  rice cultivars, carbon flow is shifted more towards shoots and 

grains and less towards roots. This reduces the release of root 

exudates that serve as substrates for methanogenic archaea, which 

is consistent with the previous findings (9). Methane emissions were 

cut by up to 70 % when the SUSIBA2 line was used and cultivars like 

Heijing 5 and Milyang360 were also producing less CH₄. Also, 

improved cultivars in association with better nitrogen management 

may lead to a further decrease of CH₄  emissions by 24–63 % (81). 

Nanotechnology for methane mitigation  

Nanotechnology has strong potential for reducing CH₄  emissions 

by regulating soil redox conditions, controlling nutrient release and 

altering microbial activity (82). Zinc oxide nanoparticles reduced CH₄  

emissions by 26.8–29.0 % mainly through inhibition of 

methanogens, whereas copper oxide nanoparticles enhanced CH₄  

oxidation by stimulating methanotrophs (83). Iron oxide 

nanoparticles decreased CH₄  emissions by 29.0–61.3 % by 

facilitating redox cycling and CH₄  oxidation, although their 

effectiveness varies with soil conditions (84). Similarly, nanobubble 

and micro-nanobubble technologies improved soil aeration and 

reduced CH₄  emissions by 75–78 %, showing mitigation efficiency 

comparable to alternate wetting and drying irrigation (85). In 

addition, osmium nanoparticle aerosol application achieved nearly 

79 % reduction in methane emissions. Despite these promising 

benefits, the large-scale use of nanoparticles raises environmental 

concerns including phytotoxicity, nanoparticle accumulation in soil 

and water, possible disruption of beneficial microbial communities 

and risks of entry into the food chain. Moreover, the long-term 

ecological impacts, persistence and safe application limits of 

nanoparticles under different agroecosystems remain insufficiently 

understood. Therefore, comprehensive risk assessment and long-

term field studies are essential before the widespread adoption of 

nanotechnology-based CH₄  mitigation strategies in rice cultivation. 

Precision agriculture for methane mitigation 

Precision agriculture plays an important role in CH₄  mitigation in 
rice systems by enabling site-specific management through remote 

sensing, drones and artificial intelligence. Satellite platforms such as 

Sentinel-1 and Sentinel-2 monitor rice cultivation and flooding 

patterns while Sentinel-5P helps detect atmospheric CH₄  over large 

rice-growing regions (86). Machine learning approaches such as 

convolutional neural networks and random forest models integrate 

satellite and ground data to predict CH₄ emissions and support 

targeted mitigation strategies like AWD and biochar application               

(87–89). The major CH₄ mitigation strategies employed in rice 

ecosystems, including precision agriculture-based monitoring and 

management approaches, are summarised in Fig. 5.  

Integrated approaches 

Integrated management approaches combining water regulation, 

balanced nutrient management and soil amendments achieve 

greater methane reduction than single interventions (Table 4).  

 

Fig. 4. Bioturbation-mediated methane mitigation in rice fields through animal co-culture systems.   

System / treatment Methane mitigation outcomes Reference 
Water and nitrogen management   

Water-saving irrigation + fertiliser types CH₄ emission reduced by 71.25 %   vs continuous flooding (90) 

AWD + urea deep placement CH₄ reduced due to improved soil aeration (91) 

Modified AWD (MAWD) + optimised N fertilisation Lower CH₄ via improved soil redox conditions (92) 

AWD + controlled-release N fertiliser Significant CH₄ reduction without yield loss (93) 

Water and organic inputs   

AWD + organic fertiliser CH₄ emissions reduced by 12–14 % with 32–38 % water saving (94) 

AWD + cow manure AWD reduced CH₄ emissions by ~32 % vs continuous flooding (95) 

System-level integrated strategies   

Dry direct-seeded rice + reduced N + plastic mulch CH₄ reduced by >90 %   vs flooded rice (96) 

Direct sowing + NPK + sulphur + mechanised transplanting Very low CH₄ flux (1.57–2.24 mg m-² hr-1) (97) 

Phosphogypsum + BC + NPKSZn in saline soils Reduced  CH₄  intensity and improved soil conditions (98) 

Table 4. Integrated agronomic strategies for methane mitigation in rice 

K: potassium; S: sulphur; Zn: zinc. 
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Monitoring and modelling  

Monitoring and modelling are essential for accurately estimating 

CH₄  emissions from rice field. Field-based techniques such as static 

chambers and eddy covariance systems provide reliable 

measurements of CH₄  flux at plot and field scales helping to 

evaluate the effects of water, nutrient and residue management. 

Remote sensing using satellite and drone platforms enables large-

scale monitoring of flooding conditions, crop growth and 

environmental factors influencing CH₄  emissions (99). Process-

based biogeochemical models such as DNDC, DayCent and CH4 

MOD simulate CH₄ production, oxidation and transport by 

incorporating soil, water and plant dynamics. Monitoring-reporting- 

verification (MRV) frameworks integrate these tools to generate 

accurate emission estimates for greenhouse gas inventories and 

climate mitigation programs (100). 

Research gaps and future perspectives 

Research on CH₄ mitigation in rice production is still facing 

challenges due to a number of knowledge gaps related to CH₄ 

oxidation processes, microbial cross-talks and long-term field 

performance of different agroecosystems. For example, most 

experiments are short-term and location-specific, restricting their 

wider application in different soil, climate and management 

conditions. Better tools for monitoring, modelling and MRV need to 

be developed to efficiently estimate emissions. Besides that, studies 

conducted so far have largely focused on isolated aspects. However, 

future research should be based on an integrated approach 

combining water-saving irrigation, optimised nutrient management, 

low-emission cultivars, BC and microbial inoculants. Advanced 

molecular techniques, precision agriculture and satellite-based 

remote sensing can improve CH₄ monitoring and mitigation 

assessment. Artificial intelligence (AI) and machine learning models 

can further improve CH₄ mitigation by enabling real-time prediction 

of CH₄ emissions, automated irrigation scheduling, precision 

nutrient management and remote sensing-based monitoring of rice 

ecosystems. AI-assisted decision support systems can help farmers 

optimise resource use while minimising greenhouse gas emissions. 

 

 

Conclusion 

Rice cultivation is a major source of methane (CH₄) emissions 

because flooded anaerobic soils promote methanogenesis. 

However, CH₄ oxidation by methanotrophs significantly reduces net 

CH₄ emissions, particularly in the rhizosphere. Methane emissions 

are influenced by soil properties, microbial activity, plant traits and 

management practices. Climate-smart approaches such as AWD, 

optimised nutrient management, biochar (BC) application and low- 

CH₄ rice varieties effectively reduce CH₄ emissions while maintaining 

productivity. Compared with conventional flooded cultivation, these 

methods are eco-friendly, water-efficient and cost-effective, 

especially for small and marginal farmers. Emerging technologies 

including methanotroph-based bioinoculants, nanotechnology, 

precision agriculture and AI-assisted monitoring systems also show 

potential for CH₄ mitigation, although they may require higher 

investment and technical expertise. Future research should focus on 

integrated and location-specific mitigation strategies, long-term 

evaluation of climate-smart practices under diverse agro-climatic 

conditions and the development of affordable precision 

technologies and bioinoculants for wider adoption. Therefore, 

integrating agronomic, biological and technological interventions is 

essential for sustainable rice production systems that reduce CH₄ 

emissions while ensuring long-term productivity and food security. 
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