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ABSTRACT
Climate change poses escalating risks to agricultural productivity, food security, and ecosystem stability. This review summarizes how increased temperatures, altered precipitation, and intensified extreme events are transforming agronomic practices and necessitating advanced crop adaptation strategies. Climate-smart agriculture, supportive policy frameworks, and robust extension systems are central to enhancing resilience. Emerging technologies AI, machine learning, remote sensing, and genomic tools are accelerating the development and adoption of climate-resilient cultivars and improving farm-level decision-making. Advanced breeding techniques such as CRISPR-Cas9 and genomic selection further strengthen tolerance to heat and drought stress. Long-term climate monitoring and predictive modeling provide critical data for planning and risk management. Coordinated global research, public-private partnerships, and integrated policy support remain essential for sustaining agricultural systems under a warming climate.
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INTRODUCTION
Climate change refers to long-term alterations in global or regional climate patterns, particularly those arising from sustained increases in atmospheric greenhouse gas (GHG) concentrations. Throughout Earth’s history, climatic fluctuations have occurred naturally due to volcanic activity, oceanic circulation shifts, and changes in solar radiation. However, in recent decades, anthropogenic activities-especially fossil fuel combustion, deforestation, and industrial processes-have become the dominant drivers of accelerated climate change. These activities have markedly increased the concentration of key greenhouse gases such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), which intensify the greenhouse effect and contribute to global warming. The Intergovernmental Panel on Climate Change (IPCC) defines climate change as “any change in climate over time, whether due to natural variability or as a result of human activity” (Pielke, 2004). Rising GHG concentrations have elevated global temperatures, disrupted weather patterns, and led to an increased frequency of extreme events including heatwaves, floods, and droughts. These disruptions have profound implications for ecosystems, human livelihoods, and especially agricultural systems.
Climate Change in Agriculture
Agriculture is inherently sensitive to climate variables, and even small changes in temperature, rainfall, and atmospheric composition can significantly influence crop growth and productivity. Climate change affects nearly every aspect of agricultural systems by altering growing seasons, reducing soil moisture, increasing evapotranspiration, intensifying pest and disease pressures, and disrupting nutrient cycling (Liliane and Charles, 2020). These changes can reduce crop yields, degrade food quality, and increase production costs as farmers adopt technologies and strategies to cope with emerging stresses. Increasing climatic extremes-such as erratic monsoon patterns in Asia, prolonged droughts in Africa, and severe heatwaves across temperate regions-have already resulted in noticeable yield reductions in staple crops including rice, wheat, and maize. Climate change also contributes to water scarcity by altering precipitation patterns, accelerating glacier melt, and elevating evapotranspiration rates, particularly affecting irrigated agriculture. Additionally, warming temperatures have facilitated the spread of pests and pathogens into previously unsuitable regions, intensifying biotic stresses on crops (Lamichhane et al., 2015). These cumulative impacts highlight the need for a multifaceted and adaptive framework that ensures resilience within global agricultural systems.
Purpose of the Review: Linking Agronomic Practices and Crop Adaptation
The objective of this review is to examine how climate change is reshaping agronomic practices and to assess the adaptation strategies required to sustain agricultural productivity under shifting climatic conditions. As climatic variability becomes increasingly unpredictable, traditional farming systems must evolve by integrating adaptive practices such as altering sowing dates, selecting climate-resilient cultivars, improving irrigation efficiency, and incorporating precision agriculture tools. This review discusses how these adaptive agronomic interventions can mitigate yield losses and support sustainable production in different agro-climatic regions (Lakhiar et al., 2024). Attention is also given to crop adaptation strategies including the development of drought-tolerant and heat-resistant varieties through conventional breeding and modern molecular approaches to enhance resilience against climate-induced stresses. By establishing the relationship between climate change, agronomic responses, and crop adaptation strategies, this review underscores the need for a holistic approach combining research innovation, supportive policy, farmer awareness, and technological advancement.
Climate change and its impacts on agriculture
Climate change is fundamentally reshaping agricultural systems across the world by altering temperature regimes, modifying rainfall patterns, increasing the intensity of extreme climatic events, and shifting agro-ecological zones. These climatic changes influence crop productivity, food security, and rural livelihoods in diverse ways, depending on regional vulnerabilities and adaptive capacities (Altieri et al., 2015). Understanding these impacts is essential for developing sustainable agronomic practices and crop adaptation strategies that can withstand emerging climate pressures.
Global Climate Patterns and Agriculture
Agriculture depends closely on climatic stability, and any variation in temperature, rainfall, or extreme events directly influences crop production. Climate models predict that climate change will manifest differently across regions, resulting in uneven impacts on agricultural productivity (Altieri et al., 2015). These interactions between climatic variability and farming systems pose risks to global food supply chains and necessitate adaptive responses from farmers and policymakers.
Temperature variability
Temperature plays a crucial role in determining crop development, growth duration, and yield potential. As global temperatures rise due to increased greenhouse gas emissions, many regions are experiencing longer and more intense heat periods. Elevated temperatures can impair photosynthesis, disrupt reproductive processes, and ultimately reduce yields-particularly when temperatures surpass critical thresholds. Research highlights significant yield declines in wheat, rice, and maize when maximum temperatures exceed 30°C during key growth stages (Lobell, 2007). Although C4 crops such as maize and sorghum are more tolerant to heat compared to C3 crops like wheat and soybean, even heat-tolerant crops suffer when warming is accompanied by limited soil moisture. Rising temperatures are also shifting the geographical distribution of major crops, forcing farmers in some regions to switch to heat-resilient alternatives or adjust their planting zones.
Rainfall distribution
Changes in precipitation patterns-including altered seasonal onset, intensity, and distribution-pose major challenges to agriculture. Many tropical and subtropical areas now face erratic rainfall, prolonged dry spells, or intense rainfall episodes, all of which disrupt sowing and harvesting schedules (Haile et al., 2020).
Waterlogging from excessive rainfall can impair root growth, encourage nutrient leaching, and create conditions favorable for disease outbreaks. Conversely, reduced rainfall in arid and semi-arid regions exacerbates water scarcity, particularly in irrigation-dependent areas growing water-intensive crops like rice and sugarcane (Rey et al., 2017). These shifts underscore the importance of improved water management strategies for climate-resilient agriculture.
Extreme weather events	
Climate change has increased the frequency and severity of extreme weather events such as floods, hurricanes, cyclones, and droughts. These events inflict severe damage on crops, soils, and agricultural infrastructure. Droughts, especially in semi-arid regions, accelerate desertification and drastically reduce crop productivity (Olagunju, 2015). Flood events, particularly in low-lying regions, lead to soil salinization and long-term declines in soil fertility. Rice-growing regions of South and Southeast Asia are increasingly vulnerable to monsoon flooding, threatening the livelihoods of millions of smallholder farmers. The intensification of hurricanes and typhoons poses additional risks by destroying standing crops and disrupting market access.
Regional Variations in Climate Change Effects on Agriculture
Climate change impacts are highly region-specific, influenced by the local climate, cropping systems, and socioeconomic conditions (Molua, 2007).
Tropical and subtropical regions
Tropical and subtropical regions are among the most vulnerable to climate change due to their dependence on rain-fed farming, limited adaptive capacity, and already fragile ecosystems. Rising temperatures and erratic rainfall pose major threats to staple crops such as maize and rice, which are highly sensitive to heat and water stress (Reynolds, 2015).
Studies warn of potential maize yield reductions of up to 30% by 2050 in sub-Saharan Africa if adaptation measures are not implemented. Shifting monsoon patterns in South and Southeast Asia further threaten rice production, increasing risks of crop failures and food insecurity.
Temperate regions
Temperate regions may initially experience some benefits, such as extended growing seasons and increased CO₂ fertilization, which may temporarily boost yields of crops like wheat and barley. However, these short-term gains are likely to be offset by more severe droughts, heatwaves, and extreme rainfall events (Thornton et al., 2014). By the end of the century, crop yields in parts of Europe are projected to decline by 10–20% due to rising temperatures, water scarcity, and increased pest and disease pressures.
Long-term impacts on crop yield and agricultural sustainability
Long-term projections suggest that without significant adaptation, global crop yields may decline by up to 25% by 2100, with tropical regions suffering the greatest losses (Wassmann et al., 2009). Climate change also threatens long-term agricultural sustainability by accelerating soil degradation, depleting water resources, and reducing biodiversity key components of resilient farming systems. As environmental conditions continue to evolve, farmers will increasingly rely on climate-resilient agronomic practices, improved crop genetics, and supportive policy frameworks to maintain productivity and ensure food security.
Influence of climate change on agronomic practices 
Climate change is compelling farmers worldwide to adjust traditional agricultural practices in response to shifting climatic conditions. Increasing temperatures, altered precipitation regimes, and more frequent extreme events have transformed the suitability of crops, soil dynamics, water availability, pest behavior, and the overall management of farms. These climatic pressures necessitate the adoption of adaptive, resource-efficient, and resilient agronomic strategies (Altieri, 2008).
Changes in Cropping Patterns
Climate-driven modifications in temperature, rainfall, and seasonality have led to significant changes in cropping patterns across regions.
Shifts in growing seasons
Rising temperatures have altered the onset, duration, and end of growing seasons, particularly in temperate regions where spring now arrives earlier. Although extended growing periods may provide opportunities for greater crop productivity, they also expose crops to late-season heat stress, water scarcity, and elevated pest pressures (Wolfe et al., 2018). Crops with specific thermal and photoperiod requirements may no longer perform optimally in their traditional regions. For example, maize and rice often experience yield declines when extreme heat coincides with their reproductive stages. In many regions, planting dates must now be adjusted to ensure proper alignment with increasingly unpredictable rainfall patterns.
Altered crop suitability across agro-climatic zones
Rising temperatures are shifting the geographical boundaries of crop suitability. Warmer conditions enable temperate crops such as maize and soybean to expand into higher latitudes, while tropical crops may become restricted in their traditional areas due to heat stress (Meng et al., 2014).
In Asia, rice yields are expected to decline substantially under future warming scenarios, necessitating the adoption of heat-tolerant cultivars or alternative crops. Similarly, farmers in semi-arid regions may need to transition from water-intensive crops to drought-tolerant species as rainfall variability intensifies.
Soil health and fertility management under changing climate
Soil health is integral to agricultural productivity, yet it is highly vulnerable to climate-induced changes in rainfall, temperature, and erosion patterns (Lal, 2016).
Soil erosion and land degradation
Increased rainfall intensity often results in severe soil erosion, stripping away nutrient-rich top soil and diminishing long-term soil fertility. Conversely, prolonged drought reduces vegetative cover, making soil more susceptible to wind erosion. Desertification is becoming a major concern in semi-arid regions as reduced rainfall and rising temperatures accelerate land degradation (Le, 1996). Such degradation undermines soil structure, decreases organic matter, and weakens the soil’s capacity to retain nutrients and moisture, threatening sustainable crop production.
Nutrient management challenges
Higher temperatures and extreme rainfall events disrupt nutrient cycling and availability in soils. Intense rainfall leads to leaching of nutrients such as nitrogen and phosphorus, while heat stimulates rapid decomposition of organic matter, accelerating nutrient depletion (Rehman et al., 2019). To address these challenges, farmers increasingly rely on precision nutrient management, organic amendments, bio-fertilizers, and conservation practices to maintain soil fertility under changing climatic conditions.
Irrigation and water management practices
Water scarcity is intensifying as climate change alters hydrological cycles. Efficient water management is therefore critical for improving climate-resilient agriculture.
Changing water availability
Erratic rainfall, diminishing groundwater levels, and increased evapotranspiration threaten water access for agriculture. Many regions dependent on irrigation, particularly in arid and semi-arid zones, now face frequent water shortages (Gong et al., 2004). Farmers are responding by adopting drought-tolerant varieties, reducing cultivated land area, or turning to water harvesting and conservation techniques to stabilize supply.
Efficient irrigation techniques for climate adaptation
Traditional irrigation systems, such as flood irrigation, lead to high water losses through seepage and evaporation. Modern irrigation technologies including sprinkler and drip systems enhance water-use efficiency by delivering water directly to the crop root zone (Ray and Majumder, 2024).
Precision irrigation systems equipped with soil moisture sensors, automated valves, and climate-based scheduling further optimize water use, reducing vulnerability to climatic variability while improving overall crop performance.
Pest and disease management
Climate change significantly affects pest and disease dynamics by altering temperature and humidity patterns, extending pest life cycles, and expanding their geographical distribution.
Increased pest proliferation under warming
Higher temperatures support faster pest reproduction and allow pests to thrive in newly suitable areas. For instance, the fall armyworm has spread rapidly across Africa and Asia, causing major losses in maize production (Bebbe, 2015). To combat rising pest pressure, farmers are adopting integrated pest management (IPM), which combines biological control methods, cultural practices, and strategic pesticide use (Bottrell and Schoenly, 2018).
Emergence of new disease patterns
Changing climate conditions favor the spread of fungal, bacterial, and viral diseases. For example, rust diseases in cereals have become more prevalent under warmer and more humid conditions. Although fungicides and resistant cultivars are widely used, pathogens may develop resistance over time, highlighting the need for sustainable disease management approaches (Sundin et al., 2016).
Use of precision agriculture tools under climate stress
Technological advancements have become essential to climate-resilient farm management.
Technological interventions for resilience
Precision agriculture tools-such as drones, remote sensors, and climate-smart equipment enable farmers to monitor field conditions and respond effectively to stress factors. These technologies improve input efficiency and enhance resilience to climate variability (Kirthiga et al., 2024).
Role of remote sensing and climate forecasting
Remote sensing technologies provide timely information on crop health, soil moisture, and vegetation status, allowing early detection of stress signals. Climate forecasting models assist farmers in adjusting planting dates, irrigation schedules, and pest management strategies to mitigate risks associated with climate variability (Sivakumar, 2006).
Crop adaptation strategies to climate change
Climate change poses mounting challenges to crop productivity, making adaptation essential for sustaining agricultural systems. Adaptation strategies encompass genetic improvements, agronomic modifications, ecological approaches, and technology-based solutions aimed at enhancing crop resilience to climatic stresses. These strategies help reduce yield losses, stabilize production, and ensure food security under increasingly variable climatic conditions (Purnhagen et al., 2021).
Genetic improvement of crops for climate resilience
Developing climate-resilient varieties is one of the most effective strategies for coping with rising temperatures, drought, salinity, and emerging pests and diseases.
Breeding heat- and drought-tolerant varieties
Conventional and modern breeding programs have focused on improving traits that confer tolerance to abiotic stresses, including the ability to maintain photosynthesis, produce deeper root systems, and retain reproductive stability under extreme conditions. Drought-tolerant varieties of crops such as maize and sorghum have shown promising results in semi-arid regions, reducing yield losses during dry spells (Ashraf, 2010).
Role of biotechnology in adaptation
Biotechnological tools such as genetic engineering, marker-assisted selection, and gene editing enhance precision in developing climate-resilient crops. Gene editing technologies like CRISPR-Cas9 have been used to modify genes related to drought tolerance, salinity resistance, and heat resilience (Cattivelli et al., 2008). These tools enable rapid development of improved varieties, especially where conventional breeding is slow or ineffective. Additionally, genomics-assisted breeding helps identify stress-responsive genes more efficiently, supporting long-term adaptation strategies.
Agronomic Adaptations
Agronomic strategies support crop survival and productivity under fluctuating climatic conditions, complementing genetic improvements.
Altered sowing and cropping calendars
Adjusting planting dates helps align critical growth stages with favorable climatic windows. For example, early sowing of wheat in South Asia reduces exposure to terminal heat stress, while delayed planting in certain temperate regions avoids early frost events (Khan et al., 2019). Crop rotation and diversification also assist in stabilizing yields under climate stress.
Improved irrigation and water-saving practices
Water-efficient practices, including deficit irrigation, mulching, and alternate wetting and drying (AWD) in rice, help conserve water and reduce vulnerability to drought. Supplemental irrigation during critical crop stages can significantly mitigate the impacts of erratic rainfall (Dietz et al., 2021). These techniques enhance water-use efficiency while ensuring stable yields during dry spells.
Soil health management and conservation agriculture
Conservation agriculture practices such as reduced tillage, cover cropping, and residue retention improve soil structure, reduce erosion, and increase water infiltration. Enhanced soil organic matter boosts water retention, making crops more resilient to heat and drought stress (Sinclair et al., 2019). Organic amendments and bio-fertilizers support soil nutrient cycling and mitigate the adverse effects of climate-induced nutrient imbalances.
Crop diversification and farming system approaches
Diversification reduces climate risk by spreading production across multiple crops and enterprises.
Use of alternative and climate-ready crops
Farmers facing unfavorable climate conditions increasingly adopt crops that tolerate stress, such as millets, pulses, and oilseeds. In arid and semi-arid regions, crops like pearl millet and cowpea have shown stable performance under drought (Matocha et al., 2012). These alternative crops contribute to food security while reducing dependence on climate-sensitive staples.
Agroforestry and integrated farming systems
Agroforestry systems enhance resilience by providing shade, improving soil fertility, and protecting crops from extreme weather events. Trees also support carbon sequestration, contributing to climate mitigation (Altieri et al., 2015). Integrated farming systems including crop–livestock, crop–fish, and mixed horticulture models boost resource use efficiency, diversify income sources, and improve overall system resilience.
Climate-smart agriculture 
Climate-Smart Agriculture (CSA) is a comprehensive framework designed to help farmers adapt to climate change while reducing emissions and enhancing productivity.
CSA practices for increasing resilience
CSA integrates technologies and practices such as precision farming, controlled-environment agriculture, improved irrigation systems, and soil conservation methods. These practices enhance resource-use efficiency and improve climate resilience. CSA is gaining global recognition as a practical approach for climate adaptation and long-term agricultural sustainability.
Policy and institutional support needed for CSA
Effective implementation of CSA requires supportive policies, access to credit, capacity-building programs, and robust extension systems. Many developing countries now include CSA in national adaptation plans, underscoring its role in climate-resilient development.
Role of technology in crop adaptation to climate change
Technological advancements are accelerating the development and adoption of adaptation strategies.
Digital agriculture for climate resilience
Artificial intelligence, machine learning, and decision-support systems assist farmers in forecasting weather risks, optimizing resource use, and improving field management. Automated monitoring tools help detect crop stress early, allowing timely interventions.
Remote sensing and climate data integration
Satellite imagery, drones, and sensor-based technologies provide real-time information on vegetation health, soil moisture, and climatic trends. When integrated with modeling platforms, these tools support adaptive planning and reduce uncertainties associated with climate change.
Policy and institutional support for climate adaptation
Effective policy and institutional frameworks are essential for enabling farmers, researchers, and stakeholders to adopt climate-resilient agricultural practices. As climate impacts intensify, coordinated actions at national, regional, and international levels are required to support adaptation, mitigate vulnerabilities, and build sustainable production systems.
Global climate agreements and their relevance to agriculture
International efforts toward climate mitigation and adaptation
Several global initiatives highlight the importance of addressing climate change in agriculture. Agreements such as the United Nations Framework Convention on Climate Change (UNFCCC) and the Paris Agreement emphasize reducing greenhouse gas emissions, improving resilience, and strengthening global capacity to respond to climate-induced risk.
Agriculture is central to these discussions because it contributes significantly to emissions while also being highly vulnerable to climate impacts.
Agriculture in the Paris Agreement
The Paris Agreement explicitly calls for enhancing adaptive capacity, strengthening resilience, and reducing vulnerability to climate change. It encourages nations to integrate climate-smart practices, promote sustainable land management, and support climate-resilient food production systems. These global frameworks guide national policies and investments toward adaptation-oriented agricultural development.
National and regional policy frameworks
Country-level action plans for climate-resilient agriculture
Many countries have formulated National Adaptation Plans (NAPs) and climate-resilient agricultural strategies to address climate vulnerabilities. These plans emphasize drought mitigation, efficient irrigation, crop diversification, and the development of resilient crop varieties. Governments are increasingly investing in climate information systems, early warning services, and farmer capacity-building programs to enhance climate readiness.
Policy support for sustainable farming practices
Regulations promoting soil conservation, organic farming, integrated nutrient management, and improved water governance help build long-term resilience. Incentives such as subsidies for micro-irrigation systems, solar pumps, and weather-indexed insurance schemes further encourage adoption of climate-resilient technologies.
Such supportive policy environments enable farmers to transition from traditional resource-intensive systems to more adaptive and sustainable approaches.
Role of extension services in climate adaptation
Effective extension systems bridge the gap between scientific innovations and on-farm practices.
Knowledge dissemination and farmer capacity building
Extension agents play a crucial role in educating farmers about climate-smart technologies, improved crop varieties, integrated pest management, and adaptive agronomic practices. Farmer training programs enhance awareness of climate risks and provide practical knowledge on mitigation strategies.
Through community-based platforms, extension services promote locally appropriate solutions that use indigenous knowledge alongside scientific advancements.
Strengthening institutional networks
Robust extension networks support technology adoption by collaborating with research institutes, input suppliers, and local governments. They also facilitate farmer access to climate advisories, soil health information, and resource-efficient practices, thereby enabling more informed decision-making under climate stress.
Public–Private Partnerships (PPP) for Climate Resilience
Collaborative innovations for adaptation
Public–private partnerships encourage the development and dissemination of climate-resilient technologies such as stress-tolerant seed varieties, precision farming tools, and improved irrigation systems. Private sector investment accelerates innovation, while public institutions ensure equitable access to these technologies (Pillot and Dugue, 2018).
Financing and scaling climate-smart agriculture
Climate adaptation requires substantial investment. PPPs help mobilize financial resources for infrastructure, research, and farmer support programs. They also foster inclusive value chains, enabling smallholder farmers to benefit from climate-resilient production systems and improved market access (Acharyya, 2022).
Integrating Climate Adaptation into Development Planning
For long-term sustainability, climate adaptation must be incorporated into national development agendas and agricultural policies.
Mainstreaming climate resilience
Integrating climate considerations into land-use planning, water resource management, and agricultural research strengthens institutional preparedness. Governments increasingly recognize the importance of sustainable intensification and resilience-building as part of rural development goals (Meyer et al., 2017).
Monitoring and evaluation frameworks
Monitoring systems help track progress on adaptation initiatives, assess vulnerabilities, and inform policy adjustments. Climate-resilience indicators such as water-use efficiency, soil health, and adoption of improved varieties support data-driven policymaking and long-term planning (Dutta et al., 2019).
Challenges and limitations in climate change adaptation
Adapting agronomic systems to a changing climate is vital for sustaining agricultural productivity, yet farmers across the world face multiple constraints that restrict the implementation of climate-resilient practices. These barriers span economic, technological, informational, and socio-cultural domains. Understanding these limitations is essential for designing effective policies and interventions, especially in climate-vulnerable regions.
Economic barriers:
Financial constraints remain one of the most significant impediments to adopting climate-resilient agriculture, particularly for smallholder farmers in developing nations. Many adaptive technologies such as precision irrigation, protected cultivation, or drought-tolerant seeds require substantial capital investment that exceeds the financial capacity of resource-poor farmers (Acharyya, 2022). Limited access to institutional credit, high interest rates, and strict collateral requirements further discourage farmers from adopting new technologies (Meyer et al., 2017). As a result, many farmers continue relying on traditional, low-cost practices even when they are no longer suitable under changing climatic conditions.
Technological constraints:
A persistent technological gap between developed and developing regions limits adaptation efforts. Modern tools such as precision agriculture systems, improved irrigation infrastructure, and certified climate-resilient seeds are often inaccessible due to insufficient research capacity, weak input delivery networks, and high costs (Dutta et al., 2019). Inadequate infrastructure such as unreliable electricity, weak transportation systems, and limited internet connectivity further hinders technology dissemination (Zulu, 2017). These limitations leave many farmers without the modern tools required to effectively respond to climate variability.
Knowledge gaps and climate uncertainty:
Uncertainty regarding future climate scenarios also poses a major challenge. While global climate projections provide broad insights, localized and accurate information critical for farm-level decisions is often lacking (Rosenzweig et al., 2014). In many countries, meteorological monitoring systems are weak, resulting in poor forecasting accuracy and limited early warning capabilities (Asfaw et al., 2019). Consequently, farmers struggle to make informed decisions regarding planting dates, crop choices, or water management, increasing their vulnerability to climate shocks.
Social and cultural influences:
Socio-cultural norms and community dynamics also play a decisive role in shaping adaptation behaviors. Traditional farming systems are often deeply embedded in cultural identity, and farmers may resist adopting unfamiliar practices or new crop varieties perceived as risky or incompatible with local traditions (Rodriguez et al., 2009). Gender disparities further complicate adaptation: women who constitute a major portion of the agricultural workforce—often have limited access to land, training, credit, and extension services, reducing their ability to adopt climate-resilient strategies (Smit and Pilifosova, 2003). Ensuring inclusive and culturally sensitive interventions is therefore essential for successful adaptation.
Emerging technologies for climate resilience:
Advanced technologies are transforming agricultural adaptation. Artificial intelligence (AI) and machine learning (ML) models increasingly support decision-making by analysing environmental, soil, and crop data to forecast climate impacts and pest outbreaks. These technologies enhance the accuracy of climate predictions and allow farmers to make proactive adjustments to reduce risk (Adhikari et al., 2023). In breeding, cutting-edge tools such as CRISPR-Cas9 and genomic selection significantly accelerate the development of crop varieties capable of withstanding drought, heat, and other climate-related stresses.
Long-term climate and agronomic monitoring:
Sustained monitoring of climate trends and agricultural responses is essential for informed adaptation planning. Remote sensing tools satellite imagery, drones, and automated sensors provide continuous data on crop conditions, soil moisture, and vegetation health, enabling researchers and policymakers to track climate impacts with precision (Jones et al., 2017). Integrating field observations with advanced climate models allows for more accurate future projections and supports targeted interventions.
Strengthening global collaboration:
Given the transboundary nature of climate change, global scientific collaboration is indispensable. International research platforms such as CGIAR and its CCAFS program facilitate joint research, knowledge exchange, and the development of region-specific adaptation solutions ( Ma and Rahut, 2024). Multilateral agreements, including the Paris Agreement, emphasize the importance of cooperative actions, shared technologies, and capacity building. Moreover, digital platforms dedicated to climate-smart agriculture enhance access to best practices for farmers and extension workers worldwide.
CONCLUSION
Climate change poses profound challenges to agricultural productivity and sustainability, necessitating comprehensive and integrated adaptation strategies. National and international policy frameworks including climate-smart agriculture initiatives and global accords such as the Paris Agreement provide essential guidance for promoting resilience within farming systems. Extension services remain central to bridging knowledge gaps, enhancing farmer capacity, and encouraging the adoption of adaptive practices. At the same time, public private partnerships support the development and dissemination of innovative technologies and climate-resilient crop varieties. Moving forward, advancing global research collaboration, fostering emerging technologies, and ensuring equitable access to adaptive resources will be critical for strengthening agricultural resilience. By integrating scientific innovation, policy support, and community engagement, agriculture can better withstand the escalating impacts of climate change and safeguard global food security.

Future and research needs
As climate pressures intensify, strengthening the scientific and technological foundation of climate-resilient agriculture becomes crucial. Future research must focus on innovative tools, long-term monitoring systems, and global cooperation to enhance adaptive capacity across agricultural landscapes.
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Table 1: Influence of Climate Change on Agronomic Practices.
	Agronomic Practice
	Effect of Climate Change
	Adaptive Measures
	Expected Benefits

	Crop Selection
	Temperature shifts and altered rainfall patterns influence suitability of existing crops
	Adoption of climate-hardy and stress-tolerant cultivars
	Better tolerance to heat, drought, and environmental stress

	Planting Dates
	Changes in seasonal temperatures affect the timing of crop growth cycles
	Rescheduling sowing and harvesting periods
	Improved crop establishment and reduced yield losses

	Irrigation Management
	Greater water scarcity and irregular rainfall disrupt water availability
	Use of precision and water-efficient irrigation systems
	Enhanced water-use efficiency and reduced crop water stress

	Fertilizer Application
	Changes in CO₂ and temperature modify nutrient uptake and soil nutrient dynamics
	Precision nutrient application and increased use of biofertilizers
	Higher nutrient efficiency and reduced ecological impacts

	Tillage Practices
	Extreme weather increases susceptibility to soil erosion
	Implementation of conservation tillage or zero-till systems
	Reduced soil loss and improved long-term soil quality

	Pest and Weed Management
	Altered ecosystems lead to expanded pest and weed ranges
	Integrated pest and weed management approaches
	Lower pest incidence with minimal chemical dependency

	Crop Rotation
	Climate change affects the viability of traditional crop sequences
	More diverse and climate-aligned crop rotations
	Improved soil fertility, pest suppression, and overall productivity

	Soil Management
	Increased erosion and nutrient depletion degrade soil resources
	Use of sustainable soil practices such as cover cropping and organic amendments
	Better soil structure, moisture conservation, and fertility

	Harvesting Techniques
	Unpredictable extreme events disrupt optimal harvest timing
	Adoption of automated and climate-responsive harvesting tools
	Reduction in post-harvest losses and efficient labor utilization

	Agroforestry
	Monocropping becomes more vulnerable to climatic extremes
	Integrating tree species within crop systems
	Enhanced biodiversity, moderated microclimate, and improved soil protection






