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Advances in Climate-Resilient and Low-Emission Rice Agronomy: Stress-Tolerant Varieties, Water-Smart Practices, and Direct-Seeded Systems
Abstract
Climate change poses escalating risks to rice production through rising temperatures, water scarcity, increased salinity, and frequent extreme weather events. Developing climate-resilient and low-emission rice systems is therefore essential for sustaining yields and strengthening global food security. This manuscript synthesizes recent advances in stress-tolerant rice varieties, water-smart agronomy, direct-seeded systems, and greenhouse-gas mitigation strategies. Drought, salinity, heat, and cold-tolerant cultivars demonstrate significant potential to stabilize productivity across diverse stress-prone environments, supported by multi-omics tools and targeted breeding. Water-efficient practices including aerobic rice, alternate wetting and drying, and integrated water–fertilizer management enhance water productivity while reducing labor and input costs. Direct-seeded rice emerges as a viable alternative to puddled transplanted systems, offering major reductions in water use, energy demand, and carbon footprint when supported by appropriate varieties and weed-management strategies. Finally, a mechanistic understanding of methane and nitrous oxide dynamics highlights how water regimes govern trade-offs between CH4 suppression and N2O generation. Together, these innovations form a framework for transforming rice cultivation into a climate-resilient, resource-efficient, and low-emission production system.
Keywords: Aerobic rice cultivation; Climate resilient rice; Climate smart agriculture; Low emission rice system.
1. Introduction
Rice is an essential component of global food security, serving as a staple diet for over half the world's population. However, its cultivation is increasingly vulnerable to the consequences of climate change. Studies indicate that rising global temperatures, altered precipitation patterns, and the increased occurrence of extreme weather events are negatively impacting rice yields across various regions (Cao et al., 2022; Shin et al., 2017). This vulnerability poses significant challenges to food systems, particularly in regions largely dependent on rainfed rice, such as India, Sri Lanka and West Africa, where climate impacts threaten both agricultural productivity and farmer livelihoods (Cordell et al., 2021; Gérardeaux et al., 2021).
Recent research emphasizes the urgent need for adapting rice cultivation practices to mitigate these impacts. Strategies such as adopting climate-smart agriculture, employing new resilient rice cultivars, and optimizing resource management are being explored to enhance resilience to climate change. These adaptations are crucial for maintaining rice production and, by extension, global food security (Akinsemolu et al., 2023; Qiu et al., 2019). Moreover, climate change's spatially varied impact necessitates region-specific adaptation strategies. For instance, autonomous adaptation methods like changing crop varieties and planting dates show promise in certain mid-latitude countries, while their effectiveness is markedly reduced in low-latitude regions, which already face temperature thresholds detrimental to rice growth (Shin et al., 2017).
The push for climate-resilient and low-emission rice agronomy arises from the dual necessity of ensuring food security and mitigating environmental impacts. Rice is a critical staple crop worldwide but is also responsible for significant greenhouse gas emissions, primarily methane, due to conventional flooded rice paddies. Thus, there is an urgent need to transition rice farming towards practices that withstand climate variability and reduce emissions (Ling et al., 2022; Sun et al., 2023).
Climate-resilient rice agronomy involves developing and implementing agricultural practices that enhance the ability of rice systems to cope with the effects of climate change. This includes strategies such as utilizing climate-tolerant rice varieties, optimizing planting schedules, and improving water management. For example, methods like the system of rice intensification (SRI) and aerobic rice cultivation have shown promising results in increasing yields while using less water (Bhuvaneswari et al., 2022). Moreover, the transition to low-emission rice production is crucial in reducing the carbon footprint of agriculture. A key focus is on reducing methane emissions from paddy fields by integrating practices such as alternate wetting and drying (AWD) and utilizing rice straw in biogas production rather than burning it. This not only reduces emissions but can also improve soil organic carbon sequestration, thereby enhancing soil health and productivity (Das et al., 2023; Li et al., 2024; Röder et al., 2024).
Collectively, advancing rice agronomy to be both climate-resilient and low-emission not only addresses the need for sustainable food production but also plays a significant role in global climate change mitigation efforts. These adaptations require a collaborative effort across different regions and stakeholders, integrating technological, management, and policy innovations for a sustainable agricultural future.
2. Stress tolerant rice varieties for resilience
In India, the development of stress-tolerant rice varieties is imperative to enhance resilience against the increasing pressures of climate change, such as drought, salinity, alkalinity, and flooding. Drought is a major challenge in Indian agriculture. The identification and cultivation of drought-tolerant rice varieties are crucial for sustaining agricultural productivity amid fluctuating climate conditions. Drought-tolerant varieties such as 'Sahbhagi Dhan', 'RCPL-1-82', and 'Banglami' have shown promising traits in withstanding water scarcity (Bhattacharjee et al., 2023; Verma et al., 2022). These genotypes maintain higher seed germination rates, robust antioxidant activities, and the expression of drought-responsive genes, which aid in their resilience to drought conditions. In the Northeast region of India, which experiences significant seasonal drought stress, traditional rice cultivars exhibit a unique genetic diversity that carries traits favorable for drought tolerance (Bhattacharjee et al., 2023). The integration of these genetic traits through breeding programs can produce new climate-smart rice varieties that are both high-yielding and drought-resistant. Agronomic practices play a significant role in maximizing the potential of these drought-tolerant varieties. Aerobic rice cultivation, which uses significantly less water than traditional methods, has been shown to improve water use efficiency while supporting drought-tolerant genotypes (Mousa et al., 2024). Practices like the system of rice intensification (SRI) have also been successfully implemented in India to enhance root health and increase yields by up to 40% during drought conditions, compared to traditional practices (Balamatti & Uphoff, 2017). Furthermore, enhanced nutrient management tailored to drought conditions can significantly improve the productivity of these rice varieties. For example, the variety NSIC Rc282 demonstrated higher drought adaptation and yielded more than popular varieties under stress (Banayo et al., 2020). The combination of targeted breeding, proper agronomic practices, and adaptive management strategies is essential for bolstering rice production in India's drought-prone areas.
Coastal and arid regions in India contend with salinity and alkalinity, impairing rice growth. Rice varieties like Kala Rata, which has shown salt tolerance, are cultivated in regions with brackish water and manage to maintain high internal potassium levels, crucial for salinity tolerance (Hegde & Joshi, 1974). The importance of these tolerant varieties lies in their ability to grow in environments where traditional rice varieties would struggle, thereby securing food production in challenging conditions (Fig. 1). The use of microbial strategies to mitigate sodic stress in rice has also been explored. Exopolysaccharide-producing sodic tolerant bacteria (EPS-STB) have been identified as beneficial, as they can reduce the uptake of sodium by rice plants, thus alleviating the adverse effects of sodicity. Isolates such as Franconibacter helveticus, when inoculated in rice, have shown to enhance plant growth under sodic conditions (Gunasekaran et al., 2022). Additionally, understanding and leveraging transcription factors (TFs) associated with salinity tolerance can offer another layer of resilience. Research aimed at decoding the role of TFs in salinity tolerance suggests that targeting these could influence various genes responsible for stress tolerance, providing a multifaceted defence against salinity (Tiwari et al., 2022). The implementation of such resilient rice varieties and agronomic practices around them is critical for the salinized and sodified regions of India. They are essential not just for maintaining the yields but also for ensuring sustainable agricultural practices and food security in regions threatened by salinity and sodicity.
Additionally, heat stress poses significant threats to rice, affecting yield and grain quality. To counter this, breeding heat-tolerant rice varieties is a key adaptation strategy. Research highlights the necessity of enhancing rice's heat tolerance by at least 3°C by the 2040s to combat global warming impacts effectively. Strategies such as canopy temperature management, using heat-tolerant genetic resources, and applying exogenous regulators are employed to bolster rice's heat resistance (Masutomi et al., 2022; Yu et al., 2024). Conversely, cold stress can significantly impede rice development, leading to drastic yield reductions. The identification of cold-responsive genes and advancements in molecular breeding have been pivotal in developing cold-tolerant varieties. These discoveries have accelerated the breeding of rice cultivars that are resilient to cold stress, aiding in maintaining productivity in cooler climates (Shahzad et al., 2024). The integration of multi-omics approaches, encompassing genomics, transcriptomics, and metabolomics, enhances our understanding of rice's response mechanisms to extreme temperatures. This comprehensive view facilitates the development of rice varieties capable of withstanding both heat and cold stresses, thus ensuring sustainable [image: A diagram of a stress response
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[bookmark: _GoBack]Fig. 1. Response to rice to various abiotic stress (Reused from Sarma, B., Kashtoh, H., Lama Tamang, T., Bhattacharyya, P. N., Mohanta, Y. K., & Baek, K. H. (2023). Abiotic stress in rice: Visiting the physiological response and its tolerance mechanisms. Plants, 12(23), 3948, under CC BY 4.0)
3. Water smart rice agronomy
Traditional puddled transplanted rice (PTR) is a long-established method where seedlings are transplanted into waterlogged, puddled fields, and it remains popular because it offers some clear agronomic advantages. The standing water helps suppress weed growth, reducing the need for herbicides (Singh et al., 2018). Puddling also improves nutrient availability by speeding up the decomposition of organic matter and enhancing nutrient uptake by the rice plants (Obalum et al., 2012). In many environments, PTR is associated with relatively stable yields, partly because puddled soils encourage greater root plasticity, which helps rice plants cope with variable soil conditions (Xie et al., 

2021). Another important benefit is water retention: puddling creates a hardpan that limits water percolation losses, helping to conserve soil moisture and offering a buffer during dry spells (Obalum et al., 2012).
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AI-generated content may be incorrect.]At the same time, PTR has several limitations that are increasingly important in today’s context. It is highly water-intensive, demanding large amounts of water for both land preparation and maintaining flooded conditions, which is a serious concern in water-scarce regions (Singh et al., 2018). The system is also very labor intensive, especially during transplanting and managing puddled fields, contributing to significant drudgery for workers often disproportionately affecting women (Singh, 2009). Over years of continuous use, puddling can contribute to soil degradation, as the persistent hardpan and poor aeration can hinder root growth and reduce the performance of subsequent non-rice crops (Rahman & Islam, 1991). In addition, the high demands for water, labor, and energy translate into higher production costs, making PTR less competitive compared with alternatives such as direct seeded rice (DSR) in many regions (Ratnayake & Balasoriya, 2013). Water smart rice agronomy focuses on optimizing water use while maintaining or enhancing rice productivity (Fig. 2). This approach is particularly vital in addressing the challenges posed by water scarcity and climate change. 

Fig. 2. Comparison of traditional irrigated paddy systems (left) operating under anaerobic, flooded conditions with dryland/upland systems (right) under aerobic, water-limited conditions. (Reused from Fernando, Y., Adams, M., & Kuhlmann, M. (2025). Stomatal and Non-Stomatal Leaf Traits for Enhanced Water Use Efficiency in Rice. Biology, 14(7), 843, under CC BY 4.0)
Some key practices and benefits from recent studies in water-smart rice agronomy:
i. Alternate Wetting and Drying (AWD): AWD involves alternating periods of submergence and drying during rice cultivation, reducing water usage without significantly affecting yield (Fig. 3). This practice enhances water productivity and maintains grain yield comparably to traditional methods, offering up to a 17.3% increase in water savings with minimal yield loss (Zabihpour Roushan et al., 2023). Additionally, AWD combined with the System of Rice Intensification (SRI) shows potential in increasing soil organic carbon and nutrient retention, further promoting sustainable cultivation (Alavaisha et al., 2022). In a study by Mahajan et al. (2025), intermittent submergence of rice at 5 ± 2 cm and irrigation after 5 days of disappearance of water from the soil surface resulted in better growth, yield and quality of rice.
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Fig. 3. Illustration of alternate wetting and drying technique in rice (Reused from Danso Ofori, A., Titriku, J. K., Xiang, X., Charlotte, A., Ahmed, M. I., & Zheng, A. (2025). Rice production in Ghana: a multi-dimensional sustainable approach. Frontiers in Agronomy, 7, 1508896, under CC BY 4.0)

ii. Aerobic Rice Cultivation: Aerobic rice is grown in non-puddled, non-flooded fields, significantly reducing water usage. This method is especially beneficial in water-scarce regions where it can cut irrigation needs by up to 50%, balancing the reduction in water use with the maintenance of yield. Aerobic rice cultivation is advantageous for its decreased labor demands and enhanced water productivity, making it a sustainable alternative to traditional paddy fields (Mahapatra et al., 2001).
iii. Water-Fertilizer Integration Management (AIM): AIM systems integrate water and fertilizer management to improve resource use efficiency while reducing environmental impacts. AIM reduces water and fertilizer inputs by 12.18-28.57% compared to traditional methods, lowers carbon emissions, and enhances energy efficiency and profitability, supporting sustainable large-scale rice production (Liao et al., 2024).
iv. Climate-Adaptive Water Management: Efficient water management using agro-hydrological models assists in adapting to climate variations by optimizing irrigation scheduling and water distribution. Such models can integrate climate data to predict water availability and adjust cropping patterns, ensuring water security under changing climatic conditions (Ismail et al., 2020).
4. Direct-seeded rice (DSR)
Direct-seeded rice (DSR) offers strong potential as a climate-resilient agronomic practice and is increasingly viewed as a viable alternative to conventional puddled transplanted rice (CT-PTR), particularly under conditions of water scarcity, rising production costs, and a changing climate (Singh et al., 2018). By eliminating continuous standing water and the puddling process, DSR substantially reduces water use and the energy needed for irrigation (Fig. 4). This shift not only helps address growing water constraints but also cuts the energy footprint associated with pumping, with studies showing reductions of about 37.47% in energy inputs and 29.35% in carbon footprints compared with CT-PTR, underscoring its appeal as an environmentally sustainable option (Jin et al., 2023).
When combined with conservation agriculture (CA) principles, DSR can also contribute positively to soil health and natural resource management. Reduced soil disturbance, zero tillage, and residue retention help improve soil structure, enhance soil organic carbon, and support better nutrient cycling, thereby strengthening the long-term sustainability of production systems (Saurabh et al., 2022). On the genetic side, recent breeding efforts have focused on traits such as mesocotyl elongation and strong seedling vigor, which are particularly valuable in DSR because they enable better emergence from deeper sowing depths. Marker-assisted selection and targeted breeding are increasingly being used to incorporate these traits into new rice varieties specifically suited to DSR conditions (Huang et al., 2022; Sandhu et al., 2023).
Economically, DSR reduces dependence on labor-intensive operations like nursery raising and manual transplanting, which is especially important in regions facing labor shortages or high wage rates. The combined savings in labor, tillage operations, and irrigation energy can improve farm profitability and make DSR an attractive option for farmers struggling with high input costs (Bhuvaneswari et al., 2022). However, DSR also brings its own challenges, particularly higher weed pressure due to the absence of standing water, which traditionally suppresses many weeds in CT-PTR. Managing this requires integrated weed management strategies that blend cultural, mechanical, and chemical control methods, supported by the use of competitive rice cultivars. Such integrated approaches are crucial for sustaining high yields and realizing the full agronomic and environmental benefits of DSR (Singh et al., 2018).
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Fig. 4. Benefits of adopting direct seeded rice (Reused from Jat, R. K., Meena, V. S., Kumar, M., Jakkula, V. S., Reddy, I. R., & Pandey, A. C. (2022). Direct seeded rice: strategies to improve crop resilience and food security under adverse climatic conditions. Land, 11(3), 382, under CC BY 4.0)
5. Low-emission rice system
In flooded soils, such as those found in rice paddies or re-wetted peatlands, conditions become anaerobic due to the lack of oxygen. This environment is conducive to the growth of methanogenic archaea, microorganisms that produce methane as a by-product of anaerobic decomposition. In these settings, organic matter undergoes a series of reductive processes, culminating in methane production, which is influenced by environmental factors like temperature and nutrient availability. For instance, re-wetted peatlands showed high CH4 emissions due to the presence of dissolved organic carbon and nitrogen, which are supportive of methanogenic activity (Osterloh et al., 2017). In non-flooded soils, CH4 production is minimal due to oxidative conditions that do not support methanogens. Instead, these environments may act as CH4 sinks, as methane-oxidizing bacteria can consume any methane produced in minor anaerobic niches (Yang et al., 2023).
However, in non-flooded soils, N2O emissions are often higher due to the nitrification and denitrification processes. Nitrification is the microbial oxidation of ammonium (NH4+) to nitrate (NO3-), while denitrification is the reduction of NO3- in low-oxygen environments, releasing N2O as an intermediate. These processes are particularly enhanced under fluctuating moisture regimes, such as those induced by intermittent watering strategies or drainage events in agricultural fields (Moterle et al., 2020). For example, in saline soils, nitrogen application can significantly increase N2O emissions, more so under varying salinity conditions (Yang et al., 2023). In flooded conditions, the production of N2O is usually limited due to the dominance of anaerobic respiration pathways that favor methane production instead. However, any periodic exposure to air or subsequent rewetting that introduces oxygen can stimulate nitrification temporarily, leading to N2O production (Zhao et al., 2024). Understanding the dynamic between CH4 and N2O emissions in different soil conditions is crucial for developing strategies to mitigate greenhouse gas releases from agricultural lands, particularly under changing climatic conditions and water management practices.
6. Conclusion
Rice production stands at a crossroads where environmental pressures and rising food demand compel a shift toward more resilient and sustainable agronomic systems. The evidence synthesized in this manuscript shows that stress-tolerant rice varieties, when paired with adaptive management, can buffer crops against drought, salinity, heat, and cold-conditions that are projected to intensify under climate change. Water-smart practices such as AWD, aerobic cultivation, and integrated water-fertilizer management offer substantial reductions in water use and input requirements, while direct-seeded rice provides a pathway to lower labor dependence, reduced energy demand, and improved soil health under conservation agriculture frameworks. At the same time, understanding the interplay between methane and nitrous oxide emissions across flooded and aerobic soil conditions allows more precise design of low-emission rice systems. Collectively, these strategies demonstrate that climate-resilient and low-emission rice agronomy is achievable through a combination of improved genetics, optimized resource management, and context-specific adaptation. Scaling these approaches will require coordinated efforts in breeding, extension, and policy support, particularly in regions where rice is both a livelihood foundation and a climate-vulnerable crop. Advancing such integrated systems is essential for ensuring long-term productivity, environmental sustainability, and global food security in a rapidly changing climate.
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