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Abstract
Climate change poses a significant global challenge with far-reaching implications for agricultural systems, food security, and rural livelihoods. Agriculture functions both as a contributor to greenhouse gas (GHG) emissions and as a sector highly vulnerable to climatic variability. Major emissions, including carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O), arise from land-use change, livestock production, fertilizer application, and soil management practices. Changing climatic conditions, such as rising temperatures, erratic rainfall, and increased frequency of extreme events, adversely affect crop productivity, soil health, water availability, and livestock systems. These impacts result in yield instability, soil degradation, water scarcity, and heightened risks of pests and diseases, particularly in developing countries. Climate-resilient and climate-smart agricultural approaches integrating adaptation, mitigation, and productivity enhancement are essential. Strategies such as crop diversification, agroforestry, sustainable soil and water management, precision agriculture, and the use of bio-based inputs offer considerable potential to improve resilience while minimizing environmental impacts. Achieving Sustainable Development Goal 13 (Climate Action) requires supportive policies, strong institutional frameworks, technological innovation, and active stakeholder participation. Transitioning toward climate-resilient agricultural systems is critical for ensuring long-term food security, environmental sustainability, and resilient rural economies.
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1. Introduction
Climate refers to the long-term average and variability of weather conditions over a standard period, typically 30 years, including parameters such as temperature, precipitation, and wind (Koutsoyiannis, 2021; Regoto et al., 2022). It represents a property of the entire climate system, involving complex interactions among the atmosphere, oceans, cryosphere, land surface, and living organisms (Ghil & Lucarini, 2019; IPCC, 2021; Regoto et al., 2022). According to the United Nations Framework Convention on Climate Change (UNFCCC, 1992), climate change refers to alterations in climate that are directly or indirectly caused by human activities that modify the composition of the global atmosphere, in addition to natural climate variability observed over comparable time periods.
Natural drivers of climate change include solar variations, volcanic eruptions, and internal variability within the climate system (Ghil & Lucarini, 2019; Raizada et al., 2022; Koutsoyiannis, 2021). However, human activities such as burning fossil fuels, deforestation, agriculture, and industrial processes have significantly increased atmospheric concentrations of greenhouse gases (GHGs), including carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O), thereby intensifying the greenhouse effect and contributing to global warming (Bandh et al., 2021; Raizada et al., 2022; Chao & Feng, 2018; Ghanem, 2024).
Agriculture plays a dual role in climate change, acting both as a contributor to greenhouse gas emissions and as a sector highly vulnerable to climate variability. The sector contributes approximately 10-21% of global anthropogenic GHG emissions, which may rise to nearly one-third when land-use change and agricultural inputs are included (Lal, 2021; Panchasara et al., 2021; Zhou et al., 2025). Agricultural activities are major sources of methane (CH₄), primarily from livestock and rice cultivation, and nitrous oxide (N₂O), mainly from fertilizers and manure management, both of which possess significantly higher global warming potential than carbon dioxide (CO₂) (Lynch et al., 2021; Sokal & Kachel, 2025; Kamyab et al., 2023). Unlike fossil fuel emissions, agricultural greenhouse gases exhibit different emission dynamics, and the methods used to measure, report, and attribute these emissions significantly influence climate policy debates and mitigation strategies (Lynch et al., 2021; Kamyab et al., 2023).
At the same time, agriculture is highly sensitive to climatic changes. Rising temperatures, droughts, erratic rainfall patterns, and increased incidence of pests and diseases are already affecting crop productivity, particularly in tropical and semi-arid regions (Malhi et al., 2021). Given that agriculture forms the backbone of livelihoods and contributes substantially to the GDP of many developing countries, climate-induced disruptions to agricultural systems pose significant risks to food security, rural livelihoods, and economic stability (Malhi et al., 2021).
In response to these challenges, concepts such as climate-smart agriculture and sustainable or regenerative agriculture have emerged as integrated approaches that promote a “triple-win” strategy, enhancing agricultural productivity, improving climate resilience, and reducing greenhouse gas emissions (Chandra et al., 2018; Sokal & Kachel, 2025). Furthermore, ongoing debates regarding equity, the adaptive capacity of smallholder farmers, and policy design have positioned agriculture at the center of global discussions on climate justice and sustainable development (Ghirardelli & Tarolli, 2025). Consequently, understanding the complex relationship between climate change and agriculture has become increasingly important for developing effective mitigation and adaptation strategies that ensure sustainable food systems and resilient rural economies.
2. Drivers of Climate Change and Greenhouse Gas Emissions in Agriculture
Greenhouse gas emissions from agricultural soils are governed by complex interactions between biophysical conditions and management practices. The primary gases-carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O) are produced through soil microbial processes that are strongly influenced by soil moisture, temperature, oxygen availability, and nitrogen levels (Chataut et al., 2023; Wang et al., 2021; Berdjour et al., 2025). Intensive application of synthetic nitrogen fertilizers and animal manure accelerates nitrification and denitrification processes, resulting in significant N₂O emissions, particularly under warm and water-saturated conditions (Shakoor et al., 2020; Huang et al., 2023).
In addition, agricultural management practices such as tillage, crop residue management, and crop type influence soil carbon turnover and aeration, thereby regulating CO₂ and CH₄ fluxes (Berdjour et al., 2025). Meta-analyses further indicate that factors such as high manure application rates, neutral to alkaline soil pH, and elevated water-filled pore space can substantially increase emissions of all three greenhouse gases, highlighting the importance of site-specific nutrient and water management strategies to mitigate emissions from agricultural soils (Shakoor et al., 2020).
2.1 Greenhouse Gas Emissions
Greenhouse gas (GHG) emissions from agriculture are primarily associated with three major gases-carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O)-each generated through distinct agricultural activities. Globally, agriculture, including livestock production and land-use change, contributes approximately 12–25% of anthropogenic GHG emissions, with some estimates suggesting even higher contributions when land-use change is fully accounted for (Gerke, 2025; Rosa & Gabrielli, 2023).
Carbon dioxide emissions mainly arise from land-use changes such as deforestation, peatland drainage, loss of soil organic carbon, fossil fuel consumption in farm operations, and the burning of crop residues (Ning et al., 2024; Singh et al., 2024). Methane emissions are largely produced through enteric fermentation in ruminant livestock and flooded rice cultivation, where anaerobic conditions promote methanogenic microbial activity (Madjar et al., 2025). In contrast, nitrous oxide emissions predominantly occur in soils due to microbial processes of nitrification and denitrification stimulated by nitrogen inputs from fertilizers, manure, and crop residues; agricultural soils are estimated to account for nearly 70% of global anthropogenic N₂O emissions (Liu et al., 2019; Basheer et al., 2024).
Although CH₄ and N₂O are emitted in smaller quantities than CO₂, their global warming potential is substantially higher, approximately 21-36 times for CH₄ and 265–300 times for N₂O over a 100-year period (Raj et al., 2024; Chataut et al., 2023). The magnitude of emissions is strongly influenced by management practices such as fertilizer application rate and timing, irrigation, manure handling, livestock feeding systems, and tillage methods, as well as broader socio-economic drivers including population growth, mechanization, and agricultural intensification (Aziz & Chowdhury, 2022; Wattiaux et al., 2019).
Consequently, mitigation strategies increasingly focus on precision nutrient management, improved manure handling, alternative rice cultivation and tillage systems, and climate-smart or organic farming practices, which can significantly reduce emissions while maintaining or even enhancing productivity (Gerke, 2025; Anthony & Silver, 2021).
2.2 Land Use Change and Deforestation
Land-use change is a major driver of global deforestation, with the permanent conversion of forests to commodity production accounting for approximately 27% of global forest loss between 2001 and 2015. The remaining forest loss is associated with forestry activities, shifting cultivation, and wildfires, which do not always result in permanent deforestation.
In Africa, deforestation is largely driven by small-scale agricultural expansion and commodity crop cultivation, including cacao, oil palm, rubber, and cashew, although dominant land-use patterns following forest loss vary across regions (Masolele et al., 2024). In West Africa, particularly in Côte d’Ivoire, factors such as rapid population growth, agricultural expansion, migration, and logging are key drivers of deforestation, contributing to land degradation and biodiversity loss (Kouassi et al., 2021).
Similarly, in the Amazon biome, deforestation is closely linked to the expansion of export-oriented crops and extractive activities, influenced by changing socio-economic conditions and policy dynamics over time (Brizuela-Torres et al., 2025). At the global scale, land-use change has affected nearly one-third of the Earth’s land surface since 1960, with deforestation occurring predominantly in the Global South due to agricultural expansion, while afforestation and forest recovery are more common in parts of the Global North (Winkler et al., 2021).
These patterns highlight the complex socio-economic drivers underlying deforestation and emphasize the need for integrated policies that balance agricultural development with forest conservation and sustainable land management.
3. Impacts of Climate Change on Agricultural Systems
Higher temperatures shorten crop growth cycles, increase plant respiration and evapotranspiration, and frequently reduce yields of major staple crops such as wheat, rice, and maize, even when some benefits from CO₂ fertilization occur (Alotaibi, 2023). Climate-related extreme events-including heat waves, droughts, floods, and storms-can severely damage sensitive reproductive stages of crops, delay planting schedules, and raise the probability of crop failure, particularly in rain-fed agricultural systems (Chanchal et al., 2025). Projections for many warm and semi-arid regions suggest potential yield declines of 10-25% by mid-century, with even larger losses expected under high-emission scenarios (Abebaw, 2025).
3.1 Crop productivity and yield variability
Across global datasets, rising temperatures are already slowing agricultural productivity growth and reducing average crop yields. Evidence shows that anthropogenic climate change has lowered global agricultural total factor productivity by approximately 21% since 1961, with larger reductions of 26–34% in warmer regions such as Africa and Latin America (Bobea et al., 2021). Meta-analyses and crop modelling studies indicate that each 1 °C increase in temperature can decrease yields by about 7.5% for maize, 6% for wheat, 6.8% for soybean, and 1-2% for rice, although limited benefits may occur in colder regions (Hu et al., 2024).
Climate variability itself explains roughly one-third of global year-to-year yield fluctuations, highlighting the strong influence of weather patterns on agricultural output (Hu et al., 2024). In addition to lowering mean yields, warming conditions also increase inter-annual variability, particularly for crops such as maize, soybean, and sorghum. This occurs because higher temperatures accelerate soil moisture loss, while drier soils intensify heat stress on crops, creating compounding stress conditions (Proctor et al., 2025). Globally, climatic factors account for nearly 37% of observed yield variability, and years with insufficient rainfall often lead to the most severe production declines (Lemi et al., 2019). Moreover, the growing frequency of extreme events including droughts, heatwaves, and floods has been linked to major production shocks and recent disruptions in global food security systems (Fourment et al., 2025; Wing et al., 2021).
3.2 Soil fertility and nutrient dynamics
Climate change is increasingly altering soil health through a combination of physical, chemical, and biological processes that influence long-term soil fertility. Rising temperatures accelerate the decomposition of soil organic matter, resulting in declines in soil organic carbon (SOC), aggregate stability, and cation exchange capacity-key properties that support soil structure and nutrient retention (Haseeb et al., 2025). Changes in rainfall patterns and the increasing occurrence of extreme events such as droughts and intense storms further contribute to soil erosion, crust formation, and compaction, leading to the loss of nutrient-rich topsoil and fine particles essential for crop growth (Kaplan et al., 2025).
In irrigated, coastal, and low-lying areas, climate-driven hydrological shifts are also contributing to salinity and waterlogging, which restrict root development and reduce nutrient uptake by crops (Rashmi et al., 2024). These combined stresses accelerate soil degradation, particularly in already weathered or marginal soils commonly found in many developing countries (Clair et al., 2010).
Beyond these physical and chemical impacts, climate change also influences soil biological processes. Variations in temperature and soil moisture modify microbial community composition and activity, affecting decomposition, nutrient mineralization, and enzyme processes that regulate carbon (C), nitrogen (N), and phosphorus (P) cycling (Broadbent et al., 2024). Reduced snow cover and warming conditions may also disrupt seasonal synchrony between plants and soil microbes, decreasing microbial biomass nitrogen and plant nitrogen uptake while increasing denitrification losses. Although arbuscular mycorrhizal fungi (AMF) can help buffer nutrient losses by improving nutrient uptake and reducing leaching, their performance is also sensitive to changes in temperature and soil moisture (Soares et al., 2019). Together, these processes demonstrate how climate change affects soil structure, nutrient availability, and microbial functioning, ultimately influencing agricultural productivity.
3.3 Water availability and rainfall variability
Global warming is intensifying the hydrological cycle by increasing evaporation and atmospheric moisture levels; however, this does not necessarily translate into greater usable water availability over land (Ehtasham et al., 2024). Instead, climate change is altering the spatial and seasonal distribution of water resources. Multi-model analyses indicate that surface water availability-defined as precipitation minus evaporation (P-E)-is becoming more variable, with a general tendency for wet regions to become wetter while dry periods become drier, though regional differences remain significant (Zhang et al., 2021).
Observation-based studies also show that increasingly dry dry-season conditions in many extratropical regions-including Europe, western North America, Australia, and parts of Africa and South America-are largely linked to human-induced climate change. These changes are primarily driven by higher evapotranspiration rates rather than reductions in rainfall, emphasizing the role of warming in increasing water loss from land surfaces (Padron et al., 2020).
At the basin scale, climate impacts are often uneven across seasons. For instance, projections for river basins such as the Awash in Ethiopia and the Karnali in Nepal indicate that some seasons may experience increased flows while others face declines, resulting in more frequent water shortages even when annual rainfall totals rise (Taye et al., 2018). Remote sensing studies further reveal the shrinkage and increasing seasonality of surface water bodies, closely linked to rising temperatures and higher evapotranspiration (Garajeh et al., 2024). As a result, hydrological extremes are intensifying: concentrated wet-season runoff increases flood risks, while rapid soil moisture depletion during dry periods contributes to water scarcity and agricultural drought (Ficklin et al., 2022).
3.4 Livestock health and productivity
3.4.1 Direct effects on animals
Climate change, particularly rising temperatures directly affects livestock health and productivity through several physiological pathways. Heat stress is a major factor reducing livestock performance, as elevated temperatures decrease feed intake, resulting in lower growth rates, reduced milk yield, decreased meat production, and lower egg output; severe heat events can even cause mortality (Nardone et al., 2010).
Heat stress also disrupts metabolic, endocrine, and immune functions in animals, leading to oxidative stress and weakened immune responses, which increase susceptibility to diseases (Das et al., 2016). These physiological disturbances reduce overall animal resilience and productivity. In addition, elevated temperatures negatively affect reproductive performance by altering hormonal balance and energy metabolism. As a result, livestock may experience reduced fertility, weak or silent estrus, embryonic losses, prolonged calving intervals, and delayed lactation onset (Morgado et al., 2022).
3.4.2 Indirect effects via resources and diseases
Climate change also influences livestock systems indirectly by affecting feed availability, water resources, and disease dynamics. Changing temperature and rainfall patterns can reduce pasture productivity, alter forage quality, and increase the distances animals must travel for grazing and drinking water. These stresses reduce body condition and overall productivity of livestock. In some regions, climate-related disease burdens are estimated to reduce livestock productivity by nearly 25%, with the greatest impacts occurring among resource-poor livestock keepers who have limited adaptive capacity (Harun et al., 2022).
In addition, warmer and more variable climatic conditions favor the spread of parasites and vector-borne diseases, increasing their survival and transmission rates. Diseases such as trypanosomiasis and Rift Valley fever are expanding geographically as changing environmental conditions influence pathogen distribution and vector ecology (Ali et al., 2020; Harun et al., 2022).
3.5 Magnitude and regional patterns
Climate change is projected to cause significant economic and productivity losses in the livestock sector, particularly through increasing heat stress. Global modelling studies suggest that heat stress could reduce cattle milk and meat production by approximately 4-10% of the 2005 production value by the end of the century, with much larger impacts expected in tropical regions where baseline temperatures are already high (Das et al., 2016; Nardone et al., 2010). High-yielding dairy breeds are especially vulnerable because their higher metabolic heat production reduces tolerance to elevated temperatures.
The impacts of climate change on livestock systems are not evenly distributed. Tropical and subtropical regions are consistently identified as the most vulnerable, as animals in these environments already operate close to their thermal tolerance limits and often lack access to cooling infrastructure or improved management systems. Consequently, smallholder livestock producers in Africa and Asia face the greatest risks, given their heavy dependence on livestock for income, food security, and livelihoods, combined with limited resources to adapt to climate-induced stresses (Sakuma, 2024; Ali et al., 2020)
4. Sustainable development goal 13: climate action
Sustainable Development Goal 13 (SDG 13) emphasizes urgent climate action to address climate change and its impacts by strengthening resilience, integrating climate considerations into policies, raising awareness, and mobilizing financial resources at global and national levels (Babacan, 2025). It recognizes that climate change poses significant threats to ecosystems, economies, and societies, requiring coordinated international initiatives such as the Paris Agreement to reduce greenhouse gas emissions and promote investments in climate-resilient infrastructure (Babacan, 2025). Achieving SDG 13 also involves balancing economic development with emissions reduction while encouraging renewable energy adoption and sustainable agricultural practices that enhance the resilience of food systems (Filho et al., 2023). However, major challenges remain in securing adequate funding and translating global climate commitments into effective local actions that address issues of social equity and climate justice (Babacan, 2025). Overall, SDG 13 serves as a central framework connecting climate action with other Sustainable Development Goals, supporting integrated strategies for sustainable development and climate resilience by 2030 (Singh et al., 2024).
5. Climate Change Mitigation and Adaptation Strategies in Agriculture
Agriculture plays a critical role in both mitigating climate change and adapting to its impacts. A range of integrated strategies has been developed to enhance productivity, improve resilience, and reduce environmental impacts, thereby ensuring sustainable agricultural systems under changing climatic conditions.
5.1 Core Strategies for Climate-Resilient Agriculture
Climate-resilient agriculture relies on a combination of agronomic, ecological, and technological interventions:
· Crop diversification involves cultivating multiple crops instead of monoculture systems, which reduces vulnerability to climate variability and spreads production risks. It improves soil health, enhances pest and disease management, increases water-use efficiency, and supports biodiversity and ecosystem services (Mihrete & Mihretu, 2025; Beillouin et al., 2021).
· Improved water management practices such as drip irrigation, rainwater harvesting, and efficient irrigation systems help conserve water resources and sustain crop productivity under drought and climate stress conditions (Singh et al., 2025; Ruehr et al., 2025).
· Agroforestry systems, which integrate trees with crops and livestock, provide multiple ecological and agronomic benefits such as reduced soil erosion, improved biodiversity, enhanced soil fertility, and protection against extreme weather events (Beillouin et al., 2019).
· Precision agriculture technologies, including remote sensing, GPS, and data analytics, enable optimized use of inputs such as fertilizers and water, thereby reducing environmental impacts while improving productivity (Xing & Wang, 2024).
· Integrated farming systems combine diversification, efficient resource management, and technological innovations to enhance sustainability, ecosystem services, and food security under climate variability (Tamburini et al., 2020).
5.2 Crop Diversification and Agroforestry
Crop diversification and agroforestry are particularly effective strategies for improving ecosystem resilience and sustainability. Crop diversification has been shown to increase productivity by approximately 14%, enhance biodiversity by 24%, and improve ecosystem services such as pest regulation, water quality, and soil health, although outcomes vary depending on the diversification approach (Beillouin et al., 2021). It also stabilizes yields and reduces risks associated with monoculture systems (Isbell et al., 2017).
Agroforestry systems, which integrate trees with crops and/or livestock, provide multiple ecosystem services simultaneously, including improved soil fertility, enhanced microclimate regulation, reduced erosion, and increased resilience to climate extremes, while supporting livelihoods and long-term productivity (Fahad et al., 2022; Paul et al., 2017). Combining multiple diversification strategies further enhances yield stability and ecosystem functioning compared to individual approaches (Mihrete & Mihretu, 2025).
5.3 Sustainable Soil and Water Management
Sustainable soil and water management is essential for adapting agriculture to climate change by improving water availability, soil health, and crop productivity. Practices such as rainwater harvesting, watershed management, and efficient irrigation systems help mitigate the effects of drought and erratic rainfall (Srivastav et al., 2021). Maintaining continuous soil cover and applying organic amendments improve soil structure, enhance infiltration, reduce runoff, and increase water retention, although impacts on groundwater recharge may vary across regions (Blanchy et al., 2023).
Reduced tillage practices can improve soil biological activity and water infiltration, but their outcomes depend on environmental conditions and management practices, sometimes involving trade-offs such as yield reductions or increased greenhouse gas emissions (Heitman et al., 2023). Soil carbon sequestration through practices such as zero tillage, cover cropping, and nutrient recycling further enhances soil fertility and moisture retention while contributing to climate change mitigation (Nazir et al., 2023). The effectiveness of these approaches depends on site-specific soil, climatic, and socio-economic conditions (Brempong et al., 2023).
5.4 Green Technologies: Biochar and Biostimulants
Biochar and biostimulants represent innovative approaches for improving soil health and enhancing climate resilience.
a) Biochar is a carbon-rich material produced through the pyrolysis of organic waste, which improves soil structure, water retention, and fertility while enabling long-term carbon sequestration (Hasnain et al., 2022; Pandian et al., 2024). It enhances nutrient retention, promotes microbial activity, reduces pollutants, controls erosion, and mitigates abiotic stresses such as drought and salinity (Hasnain et al., 2022). Additionally, biochar reduces greenhouse gas emissions and immobilizes heavy metals and organic contaminants, contributing to environmental restoration (Joseph et al., 2021; Waheed et al., 2025).
b) Biostimulants enhance plant growth, nutrient uptake, stress tolerance, and disease resistance while improving soil microbial activity, thereby reducing dependence on synthetic fertilizers and supporting adaptation to climate change (Bibi & Rahman, 2023).
Biochar can be applied through soil incorporation or composting, while biostimulants can be applied to seeds, soil, or foliage (Bibi & Rahman, 2023). Their effectiveness depends on factors such as feedstock type, application rate, soil conditions, and crop type (Murtaza et al., 2023). Together, these approaches improve soil health, increase productivity-especially in degraded soils and enhance resilience to abiotic stresses (Kundu & Kumar, 2024). Despite variability across contexts, they offer promising low-cost solutions for climate risk mitigation and sustainable agriculture (Korai et al., 2025).
5.5 Climate-Smart Agriculture (CSA)
Climate-Smart Agriculture (CSA) provides an overarching framework for addressing climate change in agriculture by integrating productivity, resilience, and mitigation objectives (Bhatnagar et al., 2024; Zheng et al., 2024). It is based on three core pillars:
a) Improving productivity through improved crop varieties, efficient water management, and optimized input use to ensure food security (Bhatnagar et al., 2024).
b) Enhancing resilience by strengthening the capacity of agricultural systems to cope with climate stresses through practices such as diversification, agroforestry, and integrated pest management (Thierfelder et al., 2017).
c) Reducing greenhouse gas emissions through sustainable land and water management, efficient nutrient use, and climate-smart livestock practices (Sarker et al., 2023).
Together, these pillars support sustainable agricultural development by balancing productivity with environmental sustainability and climate adaptation (Zheng et al., 2024). However, CSA effectiveness varies across regions, and its successful implementation requires context-specific approaches, supportive policies, and capacity-building initiatives (Mizik, 2021; Van Wijk et al., 2020).
6. Policy Initiatives and Institutional Support for Climate-Resilient Agriculture
Policy initiatives and institutional support are essential for promoting climate-resilient agriculture (CRA) by creating enabling environments through governance, financial mechanisms, knowledge sharing, and technological innovation. At the global level, policy frameworks aim to enhance agricultural resilience while reducing greenhouse gas emissions. In the European Union, initiatives such as the European Green Deal and the Common Agricultural Policy focus on improving resource-use efficiency and promoting sustainable agricultural practices to achieve climate resilience by 2050 (Singh, 2025). Similarly, in the United States, state-level policies such as Colorado’s Climate Plan and federal programs like the Inflation Reduction Act support regenerative agricultural practices, particularly in livestock systems, although challenges remain due to limited institutional capacity at the local level (Lecuyer & Verrier, 2025).
In developing regions, particularly in ASEAN countries, policy frameworks emphasize communication, research, risk management, and environmental sustainability; however, gaps persist in anticipatory planning and inclusive policy coverage across diverse agricultural systems (Manevska-Tasevska et al., 2023). Studies further indicate that while policies increasingly promote agroecology and climate-smart agriculture, they often remain fragmented, limiting their effectiveness in driving large-scale transformation (Belmin et al., 2023). Institutional services such as extension support, access to credit, and climate information dissemination are critical in enabling farmers to adopt adaptive practices like water-efficient irrigation and pasture conservation (Madaki et al., 2025). Overall, effective CRA policies require integrated approaches that combine scientific evidence, stakeholder engagement, financial incentives, and capacity building to address local contexts and support sustainable agricultural transformation (Fahad & Hossain, 2025).
6.1 Policy Initiatives in India
[bookmark: _Hlk224823259]In India, multiple government initiatives have been introduced to support climate change adaptation in agriculture, focusing on financial protection, efficient resource use, and sustainable practices. Key programs include the Pradhan Mantri Fasal Bima Yojana (PMFBY), which provides financial assistance to farmers against crop losses caused by climate-related risks, the Pradhan Mantri Krishi Sinchayee Yojana (PMKSY), which promotes micro-irrigation and efficient water use, and the National Food Security Mission (NFSM), which aims to enhance food production and ensure food security under changing climatic conditions (James, 2025).
The National Mission on Sustainable Agriculture (NMSA) plays a central role in strengthening climate resilience by integrating components such as rainfed area development, on-farm water management, and soil health management. Additional initiatives include the National Seed Corporation (NSC), which focuses on developing climate-resilient crop varieties, the Sub Mission on Agricultural Mechanization (SMAM), which promotes mechanization among small and marginal farmers, and the Sub Mission on Plant Protection and Plant Quarantine (SMPPQ), which aims to reduce crop losses due to pests and diseases influenced by climate variability. The Central Research Institute for Dryland Agriculture (CRIDA) contributes by developing contingency plans to manage climate-related risks in agriculture.
Further support is provided through programs such as Climate Change and Sustainable Agriculture: Monitoring, Modelling and Networking (CCSAMMN), which disseminates climate-related information, and the National Mission on Strategic Knowledge for Climate Change, which encourages innovation and private sector participation in climate adaptation and mitigation.
6.2 Institutional Support and Research Organizations
Research institutions play a crucial role in strengthening climate-resilient agriculture through technology development and capacity building. The Indian Council of Agricultural Research (ICAR), through its National Innovations on Climate Resilient Agriculture (NICRA) program, has significantly contributed to developing climate-resilient technologies, conducting field demonstrations, and enhancing farmers’ adaptive capacity (Pathak, 2022). Similarly, international organizations such as the Consultative Group on International Agricultural Research (CGIAR), through its Climate Change, Agriculture and Food Security (CCAFS) program, promote resilient agricultural systems globally.
The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) has also played a key role by developing climate-smart technologies and promoting climate-smart village approaches that integrate watershed management, meteorological advisories, and improved farming systems.
6.3 Challenges in Policy Implementation and Institutional Support
Despite these initiatives, several challenges remain in the effective implementation of policies, institutional coordination, and farmer-level adoption of climate-resilient practices. Constraints such as limited institutional capacity, inadequate financial access, and socio-economic barriers hinder large-scale adoption (Kasana et al., 2025). In addition, emerging strategies such as agroforestry and carbon credit systems offer promising opportunities to integrate mitigation with adaptation in Indian agriculture (Datta et al., 2024).
Overall, strengthening policy coherence, enhancing institutional capacity, and promoting inclusive, location-specific strategies are essential to scale up climate-resilient agriculture and achieve long-term sustainability.
     7. Role of Agricultural Extension in Climate Change Adaptation
a) Knowledge dissemination and climate advisory services
Agricultural extension plays a critical role in climate change adaptation by disseminating knowledge, providing climate advisory services, and building farmer capacity. Extension agents act as key intermediaries who communicate climate-smart agricultural practices and timely climate information using ICT tools such as radio, television, and mobile advisories to effectively reach farmers (Priya et al., 2025).
b) Capacity building of extension agents
Strengthening the capacity of extension agents through technical training on climate-resilient practices, communication skills, and the use of digital technologies is essential for improving their effectiveness in supporting farmers to manage climate risks (Makamane et al., 2025).
c) Farmer capacity development through participatory approaches
Participatory approaches such as farmer field schools enhance farmers’ adaptive capacity by integrating indigenous knowledge with scientific innovations, promoting experiential learning, and encouraging collective action (Osumba et al., 2021).
d) Facilitating adoption of climate-resilient practices
Extension services facilitate the adoption of climate-resilient agricultural practices, including water-efficient irrigation, improved crop management, and sustainable land-use systems, thereby strengthening farmers’ resilience to climate variability (Priya et al., 2025).
e) Challenges in extension service delivery
The effectiveness of agricultural extension is often constrained by limited resources, inadequate training, high extension agent-to-farmer ratios, and socio-economic barriers such as farmer resistance and land tenure issues (Samweli et al., 2025).
f) Strengthening extension systems for improved resilience
Strengthening extension services through policy support, public–private partnerships, gender-inclusive advisory services, and community-led initiatives can significantly enhance farmers’ resilience and improve the adoption of climate-smart agricultural practices (Prajapati et al., 2025).
[image: ]
Fig. 1. Extension process in climate change adaptation
8. Research Gaps and Future Directions
Despite significant progress, several research gaps remain in advancing climate-resilient agriculture, particularly in the development, adoption, and scaling of effective adaptation strategies. One of the key gaps is the need for climate-resilient technologies tailored to local agro-ecological conditions. There is an urgent requirement to develop and deploy stress-tolerant crop varieties, efficient water management systems, and sustainable agronomic practices that can withstand increasing climatic variability (Arif et al., 2025). However, the successful implementation of such technologies depends on their adaptability to local farming systems and resource availability.
Another important area is the integration of digital agriculture technologies to enhance climate adaptation and mitigation. Tools such as remote sensing, artificial intelligence-based predictive models, Internet of Things (IoT)-enabled precision farming, and blockchain for supply chain transparency offer significant potential to improve decision-making, optimize input use, and reduce greenhouse gas emissions. Nevertheless, challenges such as high implementation costs, limited digital literacy among farmers, and inadequate infrastructure continue to restrict their widespread adoption (Parra-López et al., 2024).
The need for region-specific adaptation strategies is also critical, as climate impacts and agricultural systems vary significantly across regions. Effective adaptation requires approaches that consider local climate variability, socio-economic conditions, and farming practices. Generic, one-size-fits-all solutions may lead to maladaptation or low adoption rates, highlighting the importance of context-specific interventions (Grigorieva et al., 2023).
Strengthening institutional linkages and knowledge transfer mechanisms is another key priority. Enhanced collaboration among extension services, research institutions, and policymakers is essential to translate scientific innovations into practical solutions through farmer training, localized climate advisories, and supportive policy frameworks (Sarma et al., 2024). Additionally, promoting participatory approaches in technology development can improve the accessibility, relevance, and acceptance of innovations among smallholder farmers who are particularly vulnerable to climate risks (Guja & Bedeke, 2024).
Overall, advancing climate-resilient agriculture requires multi-disciplinary collaboration and integrated approaches that focus on scalable, affordable, and context-specific innovations. Leveraging emerging technologies such as AI, multi-omics, and advanced phenotyping, alongside traditional knowledge systems, can significantly enhance agricultural resilience while ensuring food security and sustainability under changing climatic conditions (Thingujam et al., 2025).
[bookmark: _GoBack]9. Conclusion
Climate change continues to affect the agricultural systems, demanding urgent and coordinated responses to safeguard food security and rural livelihoods. The increasing variability in climate patterns underscores the need for resilient farming practices that can sustain productivity under uncertain conditions. Integrating adaptive and mitigative measures into agricultural planning is essential to reduce environmental impacts while maintaining economic viability. Approaches such as diversified farming systems, efficient resource management, and adoption of innovative technologies can strengthen the capacity of farmers to cope with climatic stresses. Equally important is the role of supportive policies, institutional backing, and knowledge dissemination in enabling large-scale adoption of sustainable practices. Strengthening collaboration among researchers, policymakers, and farming communities will be crucial for achieving long-term sustainability. A balanced transition toward climate-resilient agriculture offers a viable pathway to ensure ecological stability, enhance farmer livelihoods, and build a more secure and sustainable future for the agricultural sector.
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