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Climate change and Impacts: an emphasis lessons for sustainable agriculture

Abstract

Climate change is considered one of the major environment problems in the 21st century and which has become an important scientific and political issue. Inter-Governmental Panel on Climate Change has shown that the earth temperature has increased by 0.74°C between 1906 and 2005 due to increase in anthropogenic emissions of greenhouse gases. It is caused due to both external influences such as changes in solar radiation and volcanism and anthropogenic activities which greatly contributes to changes in the atmosphere that began with the industrial revolution. These changes may culminate in adverse impact on human health and the biosphere on which we depend. The multi-faceted interactions among the humans, microbes and the rest of the biosphere, have started reflecting an increase in the concentration of greenhouse gases (GHGs) i.e. CO2, CH4 and N2O, causing warming across the globe along with other cascading consequences in the form of shift in rainfall pattern, melting of ice, rise in sea level etc. Agriculture is likely to suffer due to increased temperature, drought, erratic weather, pests and diseases, etc. Therefore, a substantial investment in mitigation of climate change is required to maintain current yields and to amplify food production and quality to meets the demands. `
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1. Introduction

The climate system is made up of five interconnected components: the atmosphere (air), hydrosphere (water), cryosphere (ice and frozen ground), biosphere (all living organisms), and lithosphere (Earth’s crust and upper mantle). The primary source of energy for this system is the sun, with only a small contribution coming from within the Earth itself. The system also emits energy back into space. The Earth's energy budget is determined by the balance between the energy received and the energy radiated away. When more energy is absorbed than emitted, the energy budget is positive, leading to a warming climate. Conversely, if more energy is lost than gained, the budget is negative, resulting in cooling. This flow of energy through the climate system drives weather patterns, and the long-term patterns of weather are referred to as climate. Climate plays a vital role in shaping the environment and supporting essential activities like agriculture. Significant, long-term changes in weather patterns lead to what is known as climate change—defined as shifts in the statistical averages of weather in a particular region over time. [20] [16]. "Long-term shifts in average weather patterns are referred to as 'climate change.' This occurs when alterations within Earth’s climate system led to new, lasting weather conditions that can persist for decades or even millions of years. These changes may result from 'internal variability'—natural processes within the climate system that affect Earth’s energy balance. Alternatively, 'external forcing' refers to influences from outside the climate system’s five components, such as variations in solar radiation or volcanic activity, which can also trigger climate change. Human actions are currently a major driver of climate change, primarily through the warming of the planet. There is no universally accepted term for human-induced climate change; both 'global warming' and 'climate change' are commonly used. 'Global warming' refers to the overall rise in Earth’s average temperature, while 'climate change' emphasizes the diverse regional impacts of this warming."
Climate change refers to shifts in atmospheric conditions that go beyond typical weather patterns, driven by both natural causes—such as the Earth's orbital changes, volcanic eruptions, and tectonic activity—and human-made influences like the rise in greenhouse gas and aerosol levels. The United Nations Framework Convention on Climate Change (UNFCCC) defines it as climate alterations directly or indirectly linked to human actions that modify the global atmosphere, adding to the natural climate variability seen over time. Similarly, the World Meteorological Organization (WMO) describes climate change as a statistically significant change in the average state or variability of the climate that lasts for decades or longer. Agricultural production is closely tied to climatic conditions, and shifts in climate can lead to changes in crop yields. Furthermore, altered weather patterns have led to increased occurrences of plant diseases and pest outbreaks, negatively impacting farming. Nonetheless, agriculture has proven to be one of the most adaptable sectors in the face of climate change [45].  
The causes of climate change are largely divided into natural causes and artificial causes. Natural causes include Continental drift, volcanoes, the earth's tilt, and ocean currents. On the other hand, anthropogenic causes include industrial pollution, the burning of fossil fuels, deforestation, and agriculture. Anthropogenic greenhouse gas emissions have risen steadily from the pre-industrial era, owing primarily to economic and population expansion, and are presently at their highest levels ever [17]. As a result, concentrations of greenhouse gases (CO2, CH4, N2O, and others) have risen, trapping heat and causing the earth to warm, as well as reducing the efficiency with which the earth cools to space [15]. Climate change makes it increasingly difficult for vulnerable ecosystems and the species that depend on them to adjust to rising temperatures. This challenge is already visible with just 1°C of warming. However, the risk of species extinction is significantly greater at 2°C compared to 1.5°C. The gap between these two levels of warming is substantial. At 2°C, three times more people would be exposed to extreme heatwaves than at 1.5°C, and the risk of flooding would rise by an alarming 170% compared to current levels. A recent report by the Intergovernmental Panel on Climate Change (IPCC) stresses the urgent need to drastically reduce greenhouse gas emissions to keep global warming below 2°C [39]. 

As global warming continues to accelerate, impacting both ecosystems and human life, it has emerged as a critical concern on both national and international levels. Strategies to address this issue are generally categorized into two main types: mitigation efforts, which aim to reduce or absorb the greenhouse gases responsible for climate change, and adaptation efforts, which focus on lessening the harmful effects of climate change.

2. Climate changes current trends
The frequency of heavy precipitation events has increased over most land areas - consistent with warming and increases of atmospheric water vapor while more intense and longer droughts have been observed since the 1970s, particularly in the tropics and subtropics. According to IPCC [19], global temperature has increased by 0.9 0C (1.62 F) since the 19th century. Oceans are warming at the rate of 0.4 0F, glaciers are retreating at the rate of 3.5 to 4 %per decade in the Arctic. Moreover, ice sheets have been shrinking with Greenland losing 286 billion tons of ice per year between 1993 and 2016 and Antarctica losing 127 billion tons of ice. Extreme climatic events have resulted in over 725,000 victims, economic costs of US$700 billion, and insured costs of US$125 billion [35]. Sea level has been rising at the rate of 3 mm per year from 1993-2003 which may lead to various countries disappearing, especially the Island nations such as Maldives, Tuvalu, Kiribati, Nauru, Palau, Seychelles, Tongo, Comoros, and Bangladesh.
2. Indian scenario
  India's agricultural system is under immense pressure, as it must feed 17.5% of the world’s population while having access to just 2.4% of global land and 4% of water resources. This challenge is intensified by the ongoing degradation of natural resources and the impacts of global warming, including more frequent and severe extreme weather events. Continuing with traditional farming methods will not be enough to guarantee food and nutrition security for the country's vast population, nor will it ensure environmental sustainability — both of which are critical needs. The core challenge lies in increasing agricultural output while minimizing carbon and water footprints. Achieving climate-resilient agriculture will require a comprehensive strategy, including supportive policies, robust institutions, upgraded infrastructure, and a well-informed, well-equipped farming community. Agriculture in India is also a significant source of greenhouse gas emissions, primarily methane (CH₄), nitrous oxide (N₂O), and carbon dioxide (CO₂). Among the various contributors, enteric fermentation accounts for 211,429 Gg (51%), paddy fields emit 74,360 Gg (21%), and agricultural soils contribute 57,810 Gg (16%). Other emissions come from practices like burning crop residues and managing manureTop of FormBottom of Form [29]. Our Country India, highly dependent on agriculture mainly rain-fed would suffer pronounced impacts in the form of Floods, droughts, water scarcity, decrease in food production. India is already losing about 1.5% of its GDP every year due to climate change-related risks.
Himachal Pradesh Scenario: A study was conducted by the Himachal Pradesh Council for Science, Technology and Environment's (Himcoste) Centre on Climate Change and the Space Applications Centre in Ahmadabad to assess the spatial distribution of seasonal snow cover in Himachal Pradesh from October 2020 to May 2021. It found that 23,542 sq km of snow cover was under snow cover in 2019-20, but dropped to 19,183 sq km in 2020-21, a decrease of 3,404 sq km or 18.52 percent. Late snowfall patterns that last into the summer are unsustainable because the snow evaporates quickly due to the higher water content. During the comparably warmer winter of 2020-21, similar tendencies were found.

In recent years, snowfall patterns have shifted noticeably. Snowfall extending into the summer months is proving unsustainable, as the snow tends to evaporate quickly due to its higher moisture content. Similar trends were observed during the relatively mild winter of 2020–21. Typically, deep snow covers about one-third of the state's total area during winter. However, in Himachal Pradesh, the four main river basins—Ravi, Sutlej, Chenab, and Beas—experienced a decline in their average monthly snow-covered areas in 2020–21.

In the Chenab basin, snow cover dropped from 7,154.12 sq km in 2019–20 to 6,515.92 sq km in 2020–21, marking a reduction of 638.2 sq km. The Beas basin saw a nearly 19% decrease, with snow cover shrinking from 2,457.68 sq km to 2,002.04 sq km—a loss of 455 sq km. The Ravi basin experienced a 23% decline, going from 2,108 sq km the previous year to 1,619.83 sq km, a reduction of 488 sq km. The Sutlej basin recorded the most significant loss, with snow cover reducing by 2,777 sq km (23%), from 11,823.28 sq km in 2019–20 to 9,045.51 sq km in 2020–21.

3. Emission of greenhouse gases from agriculture
A major challenge for agriculture is its environmental footprint and climate change. According to an estimate, agriculture is responsible for about 14% of total GHG emissions, and these projections can become as high as 30% of total anthropogenic GHG emissions if deforestation due to the expansion of the agricultural frontier is included [19]. On the other hand, the mitigation potential of agriculture (estimated upper limit if best management practices are widely adopted) has been calculated as 5.5–6 Gt of CO2 eq. per year by 2030 [18]. This potential is extremely large, especially relative to emissions from the sector. About 89% of this potential could be achieved through soil carbon (C) sequestration Soils can be a net sink or source of CH4, depending on different factors, such as water content, N level, organic material application, and type of soil [25]. Soil as a sink for CH4 is far less important than as a source of N2O. Paddy fields are a significant source of CH4 and N2O emissions, which have attracted considerable interest due to their contribution to global warming [13]. The primary greenhouse gases (GHGs) emitted from wheat and maize farming systems are nitrous oxide (N₂O) and carbon dioxide (CO₂). Nitrogen fertilizers are a direct source of N₂O emissions in the field and an indirect source due to the fossil fuels used during their production and transportation. N₂O is mainly generated through two nitrogen cycle processes: nitrification and denitrification. Denitrification takes place under oxygen-poor (anaerobic) conditions, where nitrate is converted into various nitrogen compounds. Agricultural practices that create such anaerobic environments—such as flooding, particularly in heavy soils with available nitrate—tend to increase N₂O emissions [4]. Emissions can be lowered by improving soil aeration, as evidenced by the reduced emissions observed in permanent raised beds. Nitrous oxide (N₂O) is also emitted into the atmosphere during the nitrification of ammonia and from ammonia-based fertilizers in oxygen-rich environments. Globally, the annual use of nitrogen fertilizers is projected to surpass 100 million tonnes, with about half being applied to the cultivation of wheat, maize, and rice. However, crops absorb only around 50% of the nitrogen applied [14]. The remaining N can take on many forms, with various consequences for ecosystems and public health. One of the forms of N that is lost to the atmosphere is N2O. Water-filled pore space, temperature, and soluble C and N availability have a dominant influence on N2O emissions [32]. However, the amounts emitted depend on the interaction between soil properties, climatic factors, and agricultural practices [12], therefore, it is difficult to draw general conclusions [37]. The timing of fertilizer application is a critically important factor in N2O emission. In both wheat and maize preplant application has been documented as being the most inefficient method of applying N fertilizer [32]. Any prolonged period when NH4-based fertilizers can undergo nitrification, without competition from plant uptake, is likely to increase the emission of NO and N2O. It has been reported by [37] that the application of N fertilizer when crop N uptake begins will significantly reduce N losses as N2O.
FIG 1. Emission of greenhouse gases from agriculture
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This graph represent that carbon dioxide (84%) is contributes maximum in green house effect followed by Methane (9%), Nitrous oxide (5%) and fluorinated gases (2%) in green house effect.

FIG 2. Global greenhouse gas emission
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Source: IPCC (2014)
Along with forestry and other land uses, the greenhouse gas emissions from agriculture are taken into account as a portion of the total global anthropogenic emissions. This graph represent that agriculture contributes 24% of the greenhouse gas emissions.

4. Emission of greenhouse gases from livestock
Livestock play a vital role in maintaining the livelihoods of smallholder farmers in India and other developing nations. The ICAR suggests a three-pronged approach—improving breed quality, feed, and shelter management—to achieve sustainable livestock production. Implementing these strategies together can help both adapt to climate change and lower greenhouse gas emissions, especially methane. This involves altering feeding practices by enhancing forage quality, incorporating specific dietary additives, and using certain fodder grasses, all of which boost digestion and reduce methane emissions from enteric fermentation. For instance, feeding cattle dry straw releases a significant amount of methane (about 6 ml per 100 mg of digested substrate), compared to much lower emissions (<2 ml per 100 mg) from fresh tree leaves and cereal grains [5]. A combination of different feed additives might have a synergetic reducing effect in controlling methane emissions. Selection of location-suitable aquatic species, enhancing feeding efficiency, and adoption of herbivorous and omnivorous aquaculture will possibly reduce GHG emissions from input use besides the productivity of fisheries. The overall strategy of climate change adaptation with the implementation of various technological interventions.

5. Water Resources in South Asia 

Climate change is likely to affect water availability significantly. The water resources available in terms of rainfall, renewable water, and that utilized in various sectors in South Asian countries are presented in Tables 1 and 2. The region generally has lower per capita water availability compared to the global average, with the exception of Bhutan and Nepal, where water use is predominantly focused on agriculture (94% or more). Bangladesh, located downstream and characterized by its large delta and watershed, faces significant challenges related to both water quantity and quality. Although Nepal currently has abundant water resources, demand is steadily increasing. Bhutan experiences highly variable rainfall across its territory, with 76% of it flowing away as runoff. In Sri Lanka, although current per capita water availability is 2,582 m³, it is projected to decrease to 1,900 m³ by 2025. [8]. Despite receiving limited rainfall, Afghanistan possesses abundant water resources, primarily due to snow accumulation in the surrounding mountain ranges, totaling approximately 55 billion cubic meters (BCM). India, which accommodates about one-sixth of the global population, has access to only 1/25th of the world's water resources. Pakistan experiences the lowest average annual rainfall in the region at 494 mm, with significant temporal and spatial variability. In Nepal, 2.64 million hectares—accounting for 18% of the country's land—are under cultivation, and around two-thirds of this area (1.8 million hectares) has irrigation potential.
6. Impact of climate change on agriculture
Cereal crop yields are projected to decrease due to increasing temperatures and declining water availability, particularly across the Indo-Gangetic plains. By mid-century, river flow and water resources in some arid mid-latitude regions may shrink by 10–30%. Central, South, East, and Southeast Asia—especially key river basins—are expected to face reduced freshwater supplies. Coupled with population growth and rising demand, this could adversely affect more than a billion people by the 2050s. Global assessments suggest that crop production could fall by 10–40% by the year 2100. [1] [19]. 
FIG 3. Impact of climate change on agriculture
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Source: IPCC (2014)
The graph's projections consider different emission scenarios across tropical and temperate regions, including both adaptation and non-adaptation conditions. Only a limited number of studies have explored the impacts of global temperature increases of 4°C or more on crop production systems. The data (n=1090) are shown along 20-year intervals on the horizontal axis, centered on the midpoint of each future projection period. Changes in crop yields are measured relative to late 20th-century levels, and the data for each time period total 100%.

6.1. Climate change effects on crops: 

High temperatures damage the photosystems (PSI and PSII), suppress the electron transport chain, and increase the production of reactive oxygen species (ROS), which collectively reduce photosynthetic efficiency in plants by about 25%. In C3 plants, photosynthesis shows some improvement, but C4 plants generally exhibit no significant response. Elevated CO2 levels lead to larger leaves, which can cause higher leaf temperatures during heat stress—especially in C3 plants, as they experience a greater growth response to increased CO2. Nevertheless, C4 photosynthesis is typically less affected by moderate heat due to its higher optimal temperature, which is about 10 °C above that of C3 photosynthesis. Still, when leaf temperatures rise above approximately 38 °C, as in maize, photosynthesis is generally impaired. Newton [30] observed that basmati rice varieties responded differently in terms of growth and yield when exposed to increased temperatures and reduced sunlight during various growth stages. The greatest decline in grain yield occurred when the plants experienced both high temperatures and low light levels throughout their growth cycle—from tillering to maturity. This was followed by stress exposure from tillering to anthesis. In Himachal Pradesh (H.P.), apple yields have been declining due to insufficient chilling. Over the past 50 years, the apple-growing zone has shifted approximately 30 kilometers northward (uphill). New apple cultivation areas have emerged in Lahaul and Spiti, as well as in the higher elevations of Kinnaur district. The total area under apple cultivation in the state decreased from 92,820 hectares in 2001–02 to 86,202 hectares in 2004–05. Meanwhile, the average productivity dropped from 7.06 tons per hectare in 1980–81 to 4.65 tons per hectare in 2004–05.

Debt-ridden apple growers shift to other crops

Kashmir apples are at risk of becoming increasingly scarce in India due to repeated crop failures, leading many farmers to turn to alternative agriculture. In numerous orchards throughout the region, farmers are now growing wheat, mustard, maize, and legumes. Instead of uprooting the apple trees, they’ve resumed wheat farming, which attracts rodents that damage the trees' roots, slowly causing the trees to deteriorate. Bhat, a local farmer who once ran a thriving apple business worth millions of rupees, now finds the industry no longer viable due to consistent financial losses. He is burdened with long-term debt owed to banks and traders. These persistent setbacks have forced thousands to exit the apple trade, as many traders have ceased operations.

6.3
Climate change effects on Soil: 
Soil moisture stress intensifies as a result of increased evapotranspiration. In regions experiencing heavier winter rainfall, erosion becomes more severe. Dry soils hinder both root development and the breakdown of organic matter. Elevated temperatures can accelerate microbial decomposition of organic material, which may ultimately reduce soil fertility. Additionally, excessive rainfall in already moist areas can lead to nutrient leaching. Soil salinity creates an initial water shortage and induces stress by disrupting potassium-to-sodium ratios, resulting in harmful accumulations of sodium (Na⁺) and chloride (Cl⁻) ions. Salinity levels vary by season, typically rising during dry periods and decreasing during rainy seasons. 

6.4     Effect on Insects and Diseases
Insects are ectothermic animals, meaning their body temperature is influenced by the environment. As such, temperature is likely the most critical factor affecting their behavior, distribution, growth, survival, and reproduction. When plants grow under elevated CO₂ levels, their nutritional quality declines for insect herbivores, impacting the insects’ feeding behavior and overall performance. This reduced food quality makes it harder for insects to convert what they eat into body mass, often leading them to increase their consumption to compensate. Warm and moist conditions typically promote the onset and spread of plant diseases, as well as the germination and growth of fungal spores from various pathogens. Additionally, climate change is known to alter the geographic range of host-pathogen interactions [27]. Rising temperatures, increased UV radiation, and reduced moisture levels may lower the effectiveness of natural plant compounds, entomopathogenic viruses, fungi, bacteria, and chemical pesticides. In contrast, high moisture levels promote the development of foliar diseases and certain soil-borne pathogens, including Phytophthora, Pythium, Rhizoctonia solani, and Sclerotium rolfsii. Additionally, elevated CO₂ levels can lead to denser plant canopies, which create favorable conditions for diseases such as rust, powdery mildew, Alternaria blight, Stemphylium blight, and anthracnose. Furthermore, increased CO₂ enhances the production of fungal spores. 
6.5     Effect on Livestock 

Climate change can influence the economic sustainability and productivity of livestock farming. Variations in the availability and quality of crop biomass impact animal production by altering feed resources. Dairy cattle are expected to suffer more negative effects from climate change than other livestock. In India, heat stress is a major concern for animals. Heat stress can cause various health issues, such as higher body temperatures, faster breathing, and increased energy needed for basic maintenance. Under heat stress, the energy required for maintenance may rise by 20-30%, reducing the energy available for productive activities like milk production. To release heat, blood flow to the skin increases, while blood flow to the body’s core decreases. Heat stress also reduces nutrient efficiency because of greater losses of sodium and potassium. Dairy cows tend to eat less dry matter when stressed by heat, leading to a drop in milk output. This reduction in milk can be temporary or long-lasting depending on how severe and prolonged the heat stress is. Early lactation cows experiencing heat stress may produce less milk throughout their lactation period. Additionally, heat stress caused by climate change negatively affects dairy cows' reproductive performance, including shorter and less intense estrus cycles, lower fertility, impaired ovarian follicle development, higher chances of early embryo loss, and reduced fetal growth and calf size. The environmental changes brought by climate change directly impact how animals gain or lose heat. Since feed consumption generates heat, any changes in how much an animal eats will affect its internal heat production [26]. Other intensive livestock systems like poultry and pig farming are also vulnerable to heat stress. This stress can cause animals to eat less, reduce egg production in chickens, lower fertility, decrease activity levels, and in severe cases, increase death rates. Heat stress significantly impacts livestock productivity. Rapid temperature changes—such as a rise in maximum temperature over 4°C above normal during summer heat waves or a drop in minimum temperature more than 3°C below normal during winter cold waves—lead to decreased milk production in crossbred cattle and buffaloes. Currently, heat stress causes an estimated annual milk loss of about 2 million tonnes, which is nearly 2% of the country’s total milk output. With global warming, milk production is projected to decrease by 1.6 million tonnes by 2020 and by 15 million tonnes by 2050 compared to current levels. The reduction in milk yield can range from 10-30% during the first lactation and 5-20% during the second and third lactations [38]. Northern India is expected to face greater negative effects of climate change on milk production in both cattle and buffaloes because of rising temperatures projected for the periods 2040-2069 and 2070-2099. Milk yields are predicted to decrease the most in crossbred animals (by 0.61%), followed by buffaloes (0.5%) and indigenous cattle (0.4%). A temperature increase of 2-6°C during these time frames is likely to adversely affect the growth, puberty, and maturity of crossbred animals and buffaloes. The time needed for crossbred cows and buffaloes to reach puberty is expected to lengthen by 1-2 weeks, reflecting their greater sensitivity to heat compared to indigenous cattle. Higher temperature and humidity levels are also anticipated to raise the incidence of animal diseases, including bacterial, protozoan, and viral infections spread by insects and vectors. Additionally, the frequency of mastitis and foot diseases in crossbred cows and other high milk producers may rise due to an increase in stressful days.
6.6    Effect on Fisheries 

Climate change is expected to affect aquaculture in various ways. Some positive impacts include extended growing seasons, reduced natural winter deaths, and faster growth rates, especially in colder regions. It may also create new opportunities for brackish water farming, such as in the Andaman & Nicobar Islands, where saltwater intrusion might make traditional agriculture unsustainable. River fish populations and their diversity are likely to be highly vulnerable to climate-related changes, as lower water levels during dry seasons could limit successful spawning. Additionally, a temperature increase of 1–3°C compared to the past decade could cause widespread coral bleaching and potentially kill most of the world’s coral reefs. [19]. Coastal reef fisheries could face significant harmful impacts. Over the past 45 years, sea surface temperatures along the Indian coastline have risen by 0.2 to 0.3°C and are expected to climb further by 2.0 to 3.5°C by the year 2099. Additionally, sea levels are predicted to rise by 30 cm within the next 50 years. In the last twenty years, small pelagic fish like oil sardine and Indian mackerel have expanded their range northward and eastward [42]. They have expanded their range into mid-water areas as well. These shifts in distribution and timing could affect both the characteristics and economic value of fisheries. If small, low-value fish species with fast generation turnover can adapt to climate changes, they might replace larger, more valuable species. Such shifts would create new combinations of species in an area, causing significant changes in the ecosystem’s structure and functioning. Small-scale fisheries are particularly vulnerable to climate change, with high sensitivity and limited ability to adapt. Despite the uncertainties and potential negative effects, there are opportunities to lessen climate-related risks to fisheries. The first step is to develop forecasts of fish distribution and catch volumes to support improved management strategies. [42]. The following specific measures could contribute to coping with climate change: (i) evaluating the adaptive capacity of important fish groups; (ii) identifying adaptive fishing and post-harvest practices to sustain fish production and quality; (iii) supporting an energy-efficient fishing craft and gear; (iv) cultivating aquatic algae, which have a positive response to climate change, for food and pharmaceutical purposes and production of biodiesel; (v) increasing climate literacy among the fish farming communities; (vi) emerging Weather Watch Groups; (vii) establishing effective coast protection structures, and (viii) evolving decision support systems (DSS) for fisheries production systems. 

7  Positive effects of climate change on agriculture 
Rising CO2 levels can lead to CO2 fertilization, which has been found to boost crop growth, dry matter production, and yields in certain areas. However, this effect depends on factors like how often water stress occurs, changes in climate variables such as temperature and rainfall, and nutrient availability. Most crops grown in environments with higher CO2 show improved growth and yields because increased CO2 enhances photosynthesis and water use efficiency. Due to physiological differences, C4 plants are more efficient at photosynthesis than C3 plants, especially under elevated CO2 conditions. When accounting for the direct influence of CO2, yields of rainfed crops are expected to rise under both A2 and B2 emission scenarios by the 2080s, with rainfed maize potentially seeing the greatest gains under the A2 scenario—likely because higher CO2 can improve yields in water-limited regions. Crop models show a modest increase in maize yields, with simulated winter maize yields rising by 8.4–18.2% in 2020, 14.1–25.4% in 2050, and 23.6–76.7% by 2080 compared to current levels. Elevated CO2 combined with rising temperatures shortens the growth period to anthesis in maize but increases total dry matter, grain weight, and grain number by 2080. Climate change may also boost potato production by 3.46 to 7.11% in Punjab, Haryana, and parts of Uttar Pradesh under the A1b 2030 scenario. Simulations predict that rainfed soybean yields across the country could increase by 8–13% under future climate scenarios for 2030 and 2080. For groundnut, all scenarios except A1B 2080 (which forecasts a 5% decline) show a 4–7% yield increase compared to current levels. Info Crop-Coconut model simulations suggest climate change may improve coconut yields on India’s west coast and parts of Tamil Nadu and Karnataka, but reduce yields on the east coast under CM3 A2a, B2a, and A1F scenarios for 2020, 2050, and 2080.

Some additional positive impacts include a change in the cultivation zones of certain crops, leading to the creation of new economic and market areas that could benefit local communities. This trend is notably seen with some horticultural crops in temperate regions—for example, apple farming has moved from lower to higher altitudes. As a result, farmers in lower areas have successfully started growing other fruit crops like pomegranates and kiwis, as well as engaging in commercial vegetable farming and floriculture. Similarly, mango cultivation has shifted to slightly cooler locations, helping to extend its availability in the market. Another potential benefit of climate change is in protected horticultural farming, which offers opportunities for reliable, climate-resilient, and higher-quality production. The demand for technology is likely to increase, potentially creating new jobs for the unemployed. These developments highlight the need for mitigation strategies aimed at sustainable food security by integrating innovations, advanced technologies, efficient resource management, effective public policies, new institutional frameworks, and improved infrastructure. 
8 Mitigation strategies:
Mitigation
· Mitigation refers to any action taken to permanently eliminate or reduce the long-term risks and hazards of climate change to human life and/or property, anthropogenic intervention to reduce the sources or enhance the sinks of greenhouse gases.
· Climate Resilient Agriculture (CRA) refers to the integration of adaptation, mitigation, and various farming practices that enhance the system’s ability to withstand and quickly recover from climate-related challenges. These challenges may include droughts, floods, heatwaves or cold spells, irregular rainfall, prolonged dry periods, pest outbreaks, and other risks associated with climate change. Essentially, CRA enables the agricultural system to recover and maintain functionality after such disruptions. It also involves the system’s ability to identify threats and assess how effectively it can respond to them. Practicing CRA requires careful and improved management of natural resources—such as land, water, soil, and genetic material—by adopting the most effective, evidence-based strategies.
Before going through mitigation strategies, some terms may be clarified. They are as follows:
1. Climate-resilient crops – These crops and their varieties possess improved resistance to both biotic and abiotic stresses. They are designed to sustain or boost crop production during challenging conditions like drought, flooding, extreme heat, cold, freezing, and high salinity. This helps in adapting to reduced yields caused by droughts, temperature fluctuations beyond normal seasonal ranges, and other climate-related factors.
2. Climate-smart agriculture refers to a method or collection of techniques designed to boost agricultural output and farmer incomes in a sustainable way, while enhancing resilience to climate change, adapting to its impacts, and minimizing or eliminating greenhouse gas emissions whenever feasible.

3. Conservation Agriculture is a scientific farming method that employs resource-efficient or conservation technologies to preserve natural resources, improve crop production and productivity, and protect the environment simultaneously (FAO). It is also known as resource-efficient or resource-effective agriculture. The 3 principles of CA are:
4. Minimum tillage and soil disturbance: Direct planting involves growing crops with minimum soil disturbance since the harvest of the previous crop. Direct planting can be used with all annual and perennial crops and vegetables. Conservation agriculture can be done manually (i.e., likoti) or mechanically (i.e., animal or tractors drawn conservation agriculture planters).

5. Permanent soil cover with crop residues and live mulches: Mulch is any organic material (such as decaying leaves, bark, or compost) spread over the soil and around a crop to enrich and insulate the soil. Live mulches are crops intercropped to provide soil cover. Crop residue or live cover protects the soil from the direct impact of erosive raindrops; conserves the soil by reducing evaporation and suppresses weed growth. 

6. Crop rotation and intercropping: Crop rotation means that different crops are alternated in the same field, preferably cereals (maize and wheat) followed by legumes (beans).

8.1     Livestock feed management

Livestock plays a vital role in sustaining the livelihoods of smallholder farmers in India and other developing nations. The ICAR recommends a three-pronged approach for sustainable livestock production, focusing on improving breed quality, feed, and shelter management. Combining these strategies can help both adapt to climate change and lower greenhouse gas emissions, especially methane. This includes altering feeding practices by enhancing forage quality, incorporating specific dietary additives, and utilizing fodder grasses to boost digestion, which in turn reduces emissions from enteric fermentation. Feeding cattle with dry straw releases a significant amount of methane (around 6 ml per 100 mg of digested material), compared to much lower levels (<2 ml per 100 mg) when using fresh tree leaves or cereal grains. Using a mix of different feed additives may have a synergistic effect in reducing methane emissions. Additionally, selecting aquatic species suited to local conditions, improving feed efficiency, and adopting herbivorous and omnivorous aquaculture methods could lower greenhouse gas emissions related to inputs while increasing fishery productivity. Overall, these technological measures form a comprehensive strategy for adapting to climate change.

8.2    Mitigation of Greenhouse gases through CA-based management options

Greenhouse gas reduction involves a range of practices, including sustainable soil management within Conservation Agriculture (CA), which should be combined with more efficient irrigation methods to strengthen the resilience of smallholder farmers (FAO). Protecting the soil from rain and wind helps retain moisture, regulate soil temperature, and supports diverse organisms. Leaving crop residues on the field forms a beneficial mulch layer when tillage is minimized over time. Therefore, no-tillage and soil moisture conservation techniques are effective strategies for reducing greenhouse gas emissions. Additionally, crop rotation and other integrated agronomic management practices contribute to lowering carbon dioxide levels. The Fourth Assessment Report of the Intergovernmental Panel on Climate Change [19] states that the agriculture sector contributes 10-12%, or 5.1-6.1 gt, of the total annual global CO2-equivalent emissions. However, this system only includes direct agricultural emissions and does not account for emissions resulting from the manufacture of agricultural inputs such as nitrogen fertilizers, synthetic pesticides, and fossil fuels used in irrigation and agriculture [6]. 
Comparison of methane emission reduction and increase in the yield between modified systems and conventional method
Pathak [34] examined the global warming potential (GWP) of rice and wheat using various resource-conserving technologies (RCTs) within the rice-wheat system. Their study revealed that different RCTs significantly impacted the GWP. The lowest GWP was observed with direct drill-seeded rice and wheat grown on beds (T3), while the highest was found in the conventional puddled transplanted rice and tilled wheat system (T1). Compared to traditional methods, all the technologies tested led to a reduction in GWP.

8.3    Mitigation through crop management

· Legume-based cropping system: reduce reliance on fertilizers
· and contribute to the sequestration of carbon (C) in soils.
· many legumes can be produced on marginal/degraded lands.
· methane mitigation from rice fields: Intermittent irrigation and mid-season drainage, can reduce CH4 flux by 40 % but N2O-N flux may increase by 6 %.
· direct seeded rice and SRI methods of cultivation is the best option available
8.4    Carbon sequestration:  The key to mitigating climate change

Since 1750, the burning of fossil fuels and alterations in land use have caused a 31% increase in atmospheric CO2 levels, highlighting the need for strategies to mitigate the risks associated with global warming. Since the industrial revolution, global carbon emissions have reached approximately 270 petagrams from fossil fuel combustion and 136 petagrams from land use changes and agricultural practices. Activities such as deforestation, biomass burning, converting natural habitats into farmland, draining wetlands, and soil cultivation contribute significantly to these emissions. The FAO should take a leading role in addressing this issue, including launching a worldwide initiative for soil carbon sequestration. Soil organic carbon (SOC) loss has added about 78 petagrams of carbon to the atmosphere. In some cultivated soils, half to two-thirds of the original SOC has been depleted, resulting in a cumulative loss of 30 to 40 megagrams of carbon per hectare. Soil degradation, excessive land use, and poor soil management practices all drive this carbon loss. Therefore, adopting recommended management practices (RMPs) in agriculture can improve water quality, environmental health, food security, and agro-industry sustainability while slowing the increase of atmospheric CO2 [11]. By converting marginal lands into restorative uses, implementing conservation tillage combined with cover crops and crop residue mulch, and promoting nutrient cycling through practices like applying compost and manure, along with other sustainable management strategies, soil and water resources can be revitalized. The adoption of these resource management practices (RMP) has led to soil carbon sequestration rates between 50 and 1000 kg per hectare annually. Globally, these techniques have the potential to sequester 0.3 to 0.9 petagrams of carbon each year, which could offset about 25% to 33% of the expected annual increase in atmospheric CO₂. Over 25 to 50 years, the total soil carbon sequestration potential ranges from 30 to 60 petagrams. Storing carbon in soils provides widespread benefits, including reducing fossil fuel emissions, enhancing biomass growth, cleaning surface and groundwater, and slowing the rise of atmospheric CO₂ levels. Typical soil organic carbon sequestration rates in agricultural lands are between 200 and 500 kg C per hectare per year. Across diverse climates and local conditions, effective nutrient management and soil carbon sequestration are crucial strategies for adapting to and mitigating climate change and its variability [41].
8.5     Mitigation through Biochar
Removing carbon dioxide (CO2) from the atmosphere is essential for addressing climate change, alongside cutting greenhouse gas emissions. This study explores how emission reductions relate to CO2 removal through biochar systems, which involve pyrolyzing biomass to produce biochar that is added to soil and used for renewable bioenergy. Biochar contributes to half of the emission reductions and most of the CO2 removal. Globally, biochar has the potential to reduce CO2 emissions by 3.4 to 6.3 petagrams. There are important trade-offs between producing biochar, storing it in soil, and increasing energy generation [22] It’s important to recognize that these trade-offs depend on the type of energy being substituted with bioenergy. When biochar replaces coal, systems see a 3% increase, while emissions drop by 95% if biochar replaces renewable energy. The weak link between crop yield improvements from fertilizer and those from biochar raises questions about making broad recommendations based solely on fertilizer responses. However, it also highlights potential for biochar to enhance yields in cases where fertilizer alone is insufficient. To develop effective carbon-trading systems that support smart implementation and climate change goals, decision-making tools tailored to specific regions must take these relationships and trade-offs into account [24].
8.6     Mitigation through Organic production

Organic farming serves as a mitigation method that tackles both emission reduction—by optimizing nitrogen use and eliminating fossil-fuel-based mineral nitrogen inputs—and carbon storage through practices that enhance soil organic matter. This approach takes a comprehensive view of food production, aiming to improve and stabilize the agroecosystem. It addresses sustainability and vulnerability across physical, economic, and socio-cultural dimensions in a systemic way. By managing production to preserve biodiversity and adapt to climate change, organic farming reduces reliance on non-renewable energy and offers a viable option for carbon sequestration. Ultimately, the goal of organic farming is to systematically counteract climate change effects to boost resilience and overall sustainability by addressing key challenges. Further research is needed on yield outcomes and the supporting institutional framework for organic farming’s mitigation potential [43]. Farm design and management that maintains natural resources from deterioration, must be highlighted that avoiding using synthetic inputs does not constitute an operation as organic. According to the IPCC's Fourth Assessment Report, "a wide range of adaptation solutions are available, but more extensive adaptation than is presently occurring is required to reduce susceptibility to future climate change. There are expenses, costs, and constraints, but they are not fully understood [19]. Organic farming tackles several key challenges related to adapting to climate change and variability, while also aligning with many of the fundamental goals outlined by the UN Millennium Development agenda. As a strategy for mitigation, organic farming can contribute to both capturing carbon and reducing emissions. Carbon sequestration is enhanced by lower emissions of nitrous oxide (N2O), which result from reduced nitrogen inputs. It is widely recognized that about 1-2% of nitrogen added to agricultural systems is released as N2O, regardless of its form, with the IPCC currently using a default estimate of 1.25%, although newer studies indicate even lower emissions in some regions like semiarid areas. Organic farming also leads to decreased carbon dioxide emissions related to inputs and reduces CO2 emissions from soil erosion thanks to better soil structure, texture, moisture retention, and increased plant cover. Overall, organic farming offers significant potential to lower greenhouse gas emissions by enhancing soil carbon storage and limiting habitat destruction. This potential is further improved by farming practices that increase soil organic matter and improve soil health, including the use of organic manures, conservation tillage, cover crops, nutrient management, irrigation, soil restoration, pasture care, intercropping with green manures, and maintaining higher proportions of perennial grasses, trees, and hedgerows [31]. The Kyoto Protocol’s clean development mechanism (CDM) currently does not include soil-based CO2 sequestration. It should focus on encouraging agricultural practices that enhance soil quality and carbon storage, such as organic farming and conservation agriculture. Additionally, it should work on creating methods to measure, monitor, and verify soil carbon levels and greenhouse gas emissions (like nitrous oxide) from agriculture [41]. Organic farming involves practices such as crop rotation, improving soil structure, optimizing farming system design, better nutrient and manure management, enhanced grazing and livestock management, maintaining soil fertility, restoring degraded lands, using biofertilizers, changing land use, and incorporating agroforestry.
8.7 
Agro-techniques for mitigation to climate change: Agri-silviculture systems, Agrotechniques
Various agricultural techniques, such as adjusting seed rates, spacing, and avoiding competition within and between plants, should be optimized. Seed rates can be reduced by 10-30% when low soil moisture is expected. Proper spacing helps minimize evaporation from exposed soil. To manage early-season drought, strategies include thinning, intercultural operations, mulching, avoiding fertilizer top-dressing, and creating conservation furrows and ridges. For mid-season drought, practices include fertilizer top-dressing, supplemental irrigation, and foliar spraying with 2% potassium nitrate (KNO3) and 2% urea. During late-season drought, essential irrigation, harvesting at physiological maturity, and collecting fodder are recommended. In case of heavy rainfall, hormone sprays can prevent flower drop, alongside protective sprays and foliar nutrient applications. Primary and secondary tillage should favor minimum, reduced, or conservation tillage combined with planting cover crops and green manure to restore soil organic matter, moisture, prevent erosion, reduce nutrient loss, and mitigate climate change effects. Singh [36] investigated crop management practices and how different planting methods affect wheat grain yield (q/ha). They found that wheat planted using zero tillage in standing stubbles after removing loose straw, conventional tillage with mulching, and conventional tillage without mulching all resulted in statistically similar grain yields. This similarity might be attributed to comparable straw and biological yields across these planting methods. However, planting wheat with zero tillage, bed planting, and conventional tillage with mulching led to higher grain yields, demonstrating that these alternative planting methods can help reduce the impact of high temperatures during wheat’s reproductive stage.
The dry region of western Rajasthan, which borders Punjab and Haryana, is expected to see a notable reduction in summer monsoon rainfall and a slight rise in winter precipitation. This will be accompanied by more unpredictable rainfall patterns and fewer rainy days. Consequently, droughts and floods will become more common in this arid part of western India, impacting crops grown in both the monsoon (Kharif) and winter (Rabi) seasons. The economic impact on farmers could be particularly severe since many high-value crops are cultivated during the Rabi season. Studies investigating how changes in rainfall, temperature, and carbon dioxide levels interact have indicated a decline in agricultural yields. Therefore, it is crucial to conduct new research and carefully analyze the extensive dryland studies conducted under different agro-climatic conditions to develop effective adaptation and mitigation strategies for climate change’s impact on farming [3]. Using alternative crops or varieties better suited to future conditions, adjusting planting dates, managing plant spacing, and optimizing input supplies could help reduce adverse effects. It is strongly advised to adopt resource-conservation techniques and shift from monoculture to diversified farming systems. Greater emphasis should be placed on supporting horticulture and agroforestry. Planning for alternative crops will require increased attention. Both short- and long-term strategies for conserving and using rainwater efficiently are necessary, alongside tactical approaches to lessen the impacts of extreme weather events. When crops rely mainly on stored soil moisture, managing soil water depletion becomes critical, making wide row spacing and lower plant density favorable. Economically viable water conservation methods are likely to develop as nutritional deficiencies are addressed. [40]. To tackle the issue of climate change, tailored crop contingency plans have been designed for different agro-climatic regions. These plans specifically address delays in planting caused by late monsoon rains across various zones. Eco-physiological models are extensively employed to predict how climate change may affect future agricultural yields. A targeted crop model will be applied, incorporating climate data and carbon dioxide emissions [9]. The most common approach to simulate the effects of carbon dioxide adjusts daily radiation use efficiency and transpiration but does not consider the interactions between carbon dioxide, stomatal conductance, and canopy temperature, which could amplify the impact of climate change. Factors such as increased greenhouse gas emissions, shifts in planting dates and crop varieties, and adaptation strategies are crucial. Researchers should focus on how crop production and food security are influenced by climate and soil conditions. [28]. According to Pathak [52], conservation agriculture follows natural ecological processes and is based on three key principles: minimal soil disturbance, maintaining permanent soil cover, and practicing diverse crop rotation. This approach is a recent agricultural method aimed at boosting crop yields and promoting sustainability. Various studies highlight the benefits of conservation agriculture, such as a 5.2% increase in yield, 9.8% savings in irrigation water, a 14.2% reduction in cultivation costs, a 12-33% decrease in global warming potential, and improved adaptation. Additionally, implementing different technologies in this system is estimated to cut greenhouse gas emissions from the crop sector—including emissions from agricultural soils, rice cultivation, and crop residue burning—by about 15%.
Role of Zero tillage/no tillage
Zero tillage is a conservation agricultural system intensification intervention as compared to conventional tillage systems which improves soil organic carbon storage and other soil-quality indicators [33] [7]. No-tillage systems and pre-planting mechanical seedbed preparation lower the number of fossil fuels burned and lessen the amount of carbon sequestered in the soil. The problems of soil deterioration and oxidation of soil organic matter are made worse by the intensive tillage practices used in conservation agriculture [23]. The rice-wheat method has been used in zero tillage practice and can sequester 44,100 Gg C over 20 years [11]. 
Role of climate modeling
Integrating climate models with socio-economic scenarios provides a valuable approach for examining the long-term impacts of climate change and assessing potential response strategies. Utilizing models based on socio-economic factors offers a comprehensive view, highlighting the economic feasibility of both mitigation and adaptation efforts—an essential aspect, as the cost-effectiveness of these strategies will largely determine their success. The creation of shared socio-economic pathways and integrated scenarios can serve as a central platform for collaboration between integrated assessment studies and research on impacts, adaptation, and vulnerability [21]. As understanding deepens regarding influences on migration—such as risk perception, social ties, and labor market dynamics—future models are expected to become more sophisticated. Over the past decade, the National Agricultural Research System (NARS), including the Indian Council of Agricultural Research (ICAR), State Agricultural Universities (SAUs), and Deemed Universities with agricultural programs, has introduced various adaptation measures [62]. These initiatives have primarily focused on enhancing crop yields through existing technologies and ensuring timely water availability. However, designing adaptation strategies solely to counter climate change impacts can be risky due to the significant uncertainties in the scale and timing of such impacts. Therefore, it's critical to prioritize "No Regrets" adaptation strategies that support sustainable development across different levels.

Top of Form

Bottom of Form

Conclusion

The implementation of modern farming techniques and the effective use of resources are urgently required. To address the challenges posed by climate change and ensure agriculture remains sustainable and profitable, a global transformation in agricultural practices is essential. Mitigation is the primary approach to address these projected challenges. A long-term solution to climate change lies in well-planned mitigation strategies. Additionally, technological advancements are crucial—not only for developing solutions but also for raising awareness and encouraging widespread adoption.
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