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Agriculture employs roughly 54.3% of India's workforce, with the livestock sector accounting for 4.11% of national GDP. The major economy in livestock sector revolves around milk and its by-products, which is highly dependent on livestock nutrition through fodder, roughages and concentrates. Amongst them, fodder remains one of the cornerstones for providing ample nutrition to livestock.  Despite its importance, fodder production is limited due to more focus on cultivation of cash crops, growing in marginal lands, limited resource and increasing impacts of climate change. Frequent weather anomalies such as erratic rainfall, drought frequency, temperature immoderations and rapid increase in greenhouse gases impairs whole value chain of fodder supply, quality and seasonal availability, which results in risk to productivity of livestock and farmers income. Fodder production can be improved through several agro-interventions and innovations including resource management, diversification, biotechnological approaches, artificial intelligence, ICT and sensor tools. Adoption of such technologies may enhance productivity and also support climate resilience. Utilization of simulation models and group-based management practices are also helpful in mitigating the impact of climate change on fodder dynamics. Various approaches to climate resilience agricultural adaptation and mitigation are need of the hour to achieve climate resilient fodder production and to mitigate harmful impact of climate change on forage crops for achieving sustainable production. 
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1. Introduction
Globally, India is endowed with a massive livestock resource, including 535.78 million animals, nearly 15% of the world’s total livestock population. The country ranks first in buffalo population (109.85 million), second in cattle (193.46 million) and goat (148.88 million), and third in sheep (74.26 million) populations (DAHD, 2023). Over the last two decades (1995-2015), the cattle population has continuously increased, by 15.8%  (Halli et al., 2018). However, feeding such a vast animal base poses a significant challenge, especially given the increased climate variability and soil deterioration. Rising temperatures, shifting precipitation patterns, and an increasing frequency of extreme weather events have increased fodder scarcity, threatening traditional production systems  (Malhi et al., 2021).
Climate change has both direct and indirect effects on cattle productivity, chiefly affecting the amount and quality of feed resources. One notable impact is a decrease in legume content in natural herbage, which results in a drop in protein levels in available fodder. This dietary imbalance leads to reduced animal performance and productivity (Luscher et al., 2014). Climate change has a significant impact on ruminant feed supplies due to changes in crop, forage, and rangeland productivity. Climate change is expected to shorten crop growing seasons and reduce crop adaptability in tropical farming systems due to restricted moisture availability and severe temperatures. Drought frequency in places such as Rajasthan and Gujarat has increased by more than 30% over the last two decades, substantially limiting fodder supplies (Saharwardi & Kumar, 2021). As a result, India is currently experiencing an annual shortfall of 35.6% in green fodder, 10.95% in dry fodder, and 44% in feed concentrates (IGFRI, vision 2050).
While addressing the shortage of animal feed and fodder is crucial, it's important to also consider its quality. Green fodder availability is crucial for animal health and productivity. Dairy operations rely on a steady supply of green fodder to maintain milk output. Genotypes with features such as short duration, pleasant, leafy with higher biomass accumulation, extremely nutritious, appetizing, suitable for preservation, and devoid of antinutritional chemicals are required for optimal fodder production. To help with the development and widespread adoption of climate-resilient fodder varieties, a special green research budget should be created. This fund should prioritize climate change mitigation research, genotype evaluation, and comprehensive effect evaluations to enable long-term and adaptive fodder systems.
2. Significance of Green Fodder in India 
Forage crops, with their varied growth durations, provide great potential for contingency crop planning as a short duration, catch crop, intercrop, or alley crop in a variety of scenarios   (Finley & Ryan, 2018). Fodder crops have a shorter growth cycle and can be cultivated in dense stands to suppress weeds and avoid soil erosion.  Fodder crops also boost soil health by adding organic leftovers to the soil (Halli et al., 2018). Wastelands such as waterlogged places, salty soils, and sodic soils can also be used to cultivate fodder kinds appropriate for such areas. 
Aside from that, green fodder crops serve to reduce milk production costs by offering a less expensive supply of nutrients than concentrates, paving the path for long-term profitability (Kumar et al., 2023). Green fodder not only supplies energy but also vitamins, minerals, and aids digestion (Surve et al., 2012). It is possible to deduce that more green fodder should be fed to milch animals in order to boost production, and farmers should enhance green fodder output (Kumar et al., 2023).
3. Present status of Fodder production in India
Forage (cut green and fed fresh), silage (stored in anaerobic conditions), and hay (dehydrated or dried green) are examples of crops used as animal fodder. In the kharif and rabi seasons, respectively, sorghum (2.6 million ha) and Egyptian clover (1.9 million ha) make up almost 54% of the total planted fodder area (Dagar et al., 2017). Permanent pastures and other grazing land cover 10.34 million ha (DES, DAC&FW, 2020) and have been decreasing over time, with this trend expected to continue.  Pasture productivity has also decreased due to overgrazing.
Crop leftovers are predicted to produce 54% of total fodder, while rangelands offer 18%, with cultivated fodder crops accounting for only 28%. By 2050, the need for green and dry feed will be 1012 and 631 million tonnes, respectively (Figure 1). To meet the deficit, green forage supply must increase by 1.69% each year; however, cultivated fodder accounts for only 4% of total cultivated land (8.4 million ha) in the country and has been constant over the last few decades (Halli et al., 2018).	

Fig 1:  Projected green fodder deficit in India from 2010 to 2050 (IGFRI, 2050).
4.0 Climate change trends in India 
Greenhouse gases are the main cause for the climate change; they trap earth’s reflected thermal radiation and re-radiate it again in all direction there by increasing the earth’s atmospheric temperature. India is in the third position after China and United States in overall CO2 gas emission producing whopping 2516.967 Mt per year. Almost 7.4% of the world’s CO2 is emitted by India, which has been increased 182% from 2000-2022. India’s per capita emission is about 1.776t, which has been increased 111% from 2000-2022. Majority of these emissions are from electricity and heat producing sector (52.7%) followed by industrial emissions (24.2%) then at last transport sector (12.9%) (IEA, 2024). Emissions of GHGs is the direct and main reason for global warming and its allied weather variabilities like changing rainfall patterns, increased drought occurrence frequency, increased heat and cold waves etc.
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 Fig 2: Trends in CO2 Emissions from Fuel Combustion in India (2000-2022).
India’s average temperature has risen by around 0.7°C during 1901–2018. By the end of twenty-first century temperatures of warmest and coldest day is projected to rise by approximately 4.7°C and 5.5°C, respectively (Krishnan et al., 2020). Notably, the year 2024 emerged as the warmest on record for India since 1901, exhibiting a mean surface temperature anomaly of +0.65°C above the long-term average. Rise in minimum temperature implies reduction in cooler nights, potentially amplifying heat stress effect on human health and crop productivity (Pandey & Sengupta, 2025).
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Fig 3: Global Temperature Anomalies (1880–2020): Annual Mean and Smoothed Trends 
India receives it’s 76% of rainfall throughout the country in southwest monsoon season. Amount of precipitation as such in southwest monsoon season have not seen any evident decline, but spatial variability is highly pronounced. Regions of Kerala, Western Ghats, parts of Central India and parts of northeastern states are experiencing declining trends, whereas Gujrat, the Konkan coast, Jammu and Kashmir, Goa are experiencing significant increase in rainfall (Prabhu & Chitale, 2024). This increase in rainfall is characterized by short bursts of very heavy precipitation, leading to flash flood and urban inundation. By the end of the 21st century, India is projected to experience a 10-14% increase in southwest monsoon rainfall due to climate change (Prabhu & Chitale, 2024). The shift in rainfall pattern towards northwestern parts not only cause heavy precipitation in that region, but some regions especially southwestern coast, southern peninsula and north eastern India have experience more than 2 drought per decade. Area affected by drought has been increased 1.3% per decade over same period. Projections also suggest further increase in frequency, area and intensity of drought by the ned of twenty-first century (Krishnan et al., 2020). In addition to this, increase in heat and cold waves, intensity and occurrence of tropical cyclones, rise in the sea levels and changes in Himalayas can’t be neglected. Reducing the accelerated climate change by suitable interventions from all the stakeholders is essential to tackle these problems.

5.0 Effect of climate change on fodder crops
Changing climate leading to change in rainfall patterns, temperature increment, rise in CO2 levels and imbalances which are threating Fodder production and productivity, directly as well as indirectly. Continuous depletion and degradation of Soil and Water resources adversely affecting the forage production and quality. 
5.1 Temperature Stress  
Crop physiology, life cycle completion, and high biomass output all depend substantially on temperature. As is well known, the average global temperature is rising and may rise by 1.8 to 4 degrees Celsius by the end of this century (IPCC 2007), causing global warming that will have a significant impact on fodder production. Higher temperatures decrease the efficiency of photosynthesis and speed up plant respiration. In a study on oats and fodder sorghum (Rai et al., 2014) it was discovered that both C3 and C4 plants suffer from elevated temperatures.
As the duration of crop vegetative and reproductive stages depends on daily mean temperature and day length, Plants shorten their life cycle with increasing temperature leading to lower biomass accumulation. Moreover, when this rising temperature encounters the critical stages, it leads to flower abortion. Producing shriveled seed with low seed setting, limiting sustainability of fodder system.
 5.2 Water stress and Drought 
The rainfall pattern is growing more unpredictable every day as a result of climate change. Extreme drought conditions or heavy rainfalls are more likely to occur because of the altered temporal and geographical variability in rainfall patterns. As water is the most crucial factor, be it plant’s morphology, physiology, growth, metabolism, nutrient uptake and development, one can’t deny the fact that water stress will harm the fodder production. Stomata close under water stress to minimize transpiration losses, which hinders photosynthesis and nutrient intake and lowers biomass production. Droughts often leads to reduced biomass, poor tillering and inferior quality of fodder. Reduced nitrogen fixation in leguminous fodder plants and nutrient uptake is both impacted by decreased soil moisture. Restricted supply of water is most problematic in arid and semi-arid rainfed areas as they depend only on supplemental irrigation. 
In a study by (Perrier et al.2017) on Sorghum, the internode length reduced thus reducing stem dry weight. Biochemically, drought enhanced the soluble sugar by reducing the fibrous part (lignin and cellulosic levels).
5.3 CO2 Concentration
The atmospheric concentration of CO2 has exceeded 400 ppm having adverse effect on fodder production. As increased CO2 rises the carbon to nitrogen ratio in plants decreasing nutritional quality as reported by IPCC. High CO2 level declines the crude protein content of fodder thus making it poor quality. Howden et al., (2008) reported that rising CO2 and temperature have some beneficial effects on C4 plants. 
Fig 4- Global atmospheric carbon dioxide concentration compared to annual CO₂ emissions from 1751 to 2022
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Elevated CO2 levels resulted in low nitrogen level in foliage of pasture crops with current N application (Manderscheid et al., 2009). Crude fibre and ash content were lowered by CO2 enrichment and protein content of plant was decreased with elevated CO2 at the beginning of the growing period and increased at the third and fourth harvest. Calcium to phosphorus ratio was enlarged because of CO2 enrichment (Schenk et al., 2008).
6.0 Impact on Fodder Quality
Climate Change is Major threat to animal productivity as it decreases the fodder quality. Increased CO2 levels are responsible for lower protein content and more carbohydrate content in forage thus reducing the nutritional quality of forage. Plants are continuously being suffered by plethora of stresses due to climate change, and can protect themselves for some extent at the cost of quality, by synthesising secondary metabolites. For instance, increased CO2 resulted in lower concentration of micronutrients like zinc and iron in some plants  (Myers et al., 2014). Thus, climate change limits the nutritional value of forages, potentially decreasing the digestibility. Moreover, water stress caused by drought and erratic rainfall patterns affect nutrient uptake and assimilation thus leading to lower biomass of low nutrient density.
Sometimes plenty of rainfall occurs in too short period of time increasing chances of disease and pest incidence, thus hampering quantity and quality. Heat stress can alter plant metabolism, reducing leaf area, stomata closure resulting in low photosynthetic rate, and reducing the digestibility of fodder crops. Generally reproductive stages are more susceptible to these stresses than vegetative stage thus hampering sustainable seed production. Increasing extremities are increasing the chances of pest and disease affecting forage palatability and digestibility. Moreover, degraded soil under changing climatic conditions are unable to nourish the crops with proper nutrients like nitrogen, phosphorus and calcium. 
7.0 Role of Agro-interventions 
The crop residue (straw) and cultivated green fodder are the two major sources of fodders and the area under cultivate fodder is only 8.3 million hectares with an inadequate average annual production of about 462 million tonnes (Bilbao 2013). This forces us to look for various agro-techniques that ensure fodder security in the country and help cater to the increasing demand for milk and milk products (by 2030 demand would be 266.60 million metric tonnes as per NDDB estimates). Holistic agro-interventions to enhance fodder production such as suitable varieties, suitable planting methods and time, cropping systems, nutrient management, irrigation management, Fodder preservation, management of grazing lands, location specific technologies for fodder Production (Kumar et al.,2019). To increase fodder yields, researchers must first improve cost-effective technologies like creating new fodder cultivars for climate change, developing fodder-based cropping systems, using efficient planting techniques, and creating an appropriate calendar of operations (sowing, irrigation, and weeding times) (Halli et al., 2018).
7.1 Breeding strategies for forage crops: Improved breeding strategies in forage crops aid in the tolerance of various biotic and abiotic stresses (Yadav et al., 2011). Forage crops' productivity can be increased by using improved seeds, fertilizers, and efficient agro techniques.
 7.2 Diversification of forage production systems: Diversifying forage production systems can help reduce the spread of numerous diseases and pests linked to climate change (Batima et al., 2005). Crop rotation, cropping pattern, and timing of cultural operations such as sowing, cutting, grazing, and irrigating, among others, aid in plant adaptation to heat waves and precipitation variability (Batima et al., 2005). Conservation methods such as conservation tillage, crop residues and mulching, multiple cropping, soil alkalinity and salinity management also boost the organic carbon content of cultivated soil (Ghosh et al., 2017).
7.3 Grassland and pasture management: In general, the rate of greenhouse gas emissions is determined by grazing management, climate conditions, and our habitat. However, the rate of GHG emissions is determined by grazing management, climate, and ecosystem conditions (Henderson et al., 2015). Conant et al. (2002) discovered that carbon sequestration can be increased through a variety of methods, including fertilization, tree and legume inclusion, and earthworm introduction. Incorporating perennial forage plants into forage production systems not only increases productivity but also mitigates the negative effects of climate change through carbon sequestration (Kaul et al., 2010).
7.4 Nutrient management approach: Good fertilizer management contributes to a reduction in greenhouse gas emissions. Various nutrient management strategies, such as improving nutrient use efficiency, genetic modification of plants, increased use of organic nutrient sources, use of slow-release fertilizers, proper fertilizer placement, combined cultivation of legumes and grasses, and combined application of organic and inorganic sources (Dixit et al., 2014), are highly effective in increasing forage production.
7.5 Water management approach: Integrated watershed management is a widely recognized and highly effective technique to natural resource conservation, increasing agricultural output, boosting farmer livelihoods, and sustaining ecosystems (Palsaniya et al., 2010). The integrated watershed management strategy is particularly effective in boosting the quality and dry matter yield of fodder crops.
8.0 Research and Technological Innovations
8.1 Advanced genetic and biotechnological approach
New era for crop improvement, offering unprecedented opportunities to develop varieties that are better equipped to withstand the challenges posed by climate change began with the advent of CRISPR -based genome editing and synthetic biology. CRISPR/Cas 9 is a gene editing technology using which it is possible to correct errors in the genome and turn off or on genes in cells and organisms quickly, cheaply and with relative ease (Redman et al., 2016). Unlike traditional genetic engineering which employs insertion of isolated genes of foreign origin into plant genome, it is based on precise gene editing of the plant genome without any insertion. It uses endonuclease and guide RNA to introduce double-stranded breaks at precise target sequences which results in specific and targeted genetic modification during DNA repair mechanism (Ahmad et al., 2023). Recently India as approved the genome edited rice varieties, Pusa Rice DST1 for drought and salt tolerance and DRR Dhan 100 for early maturity, to boost grain yield and for better performance under low fertilizer and drought conditions. (Priyadarshini, 2025)
8.2 Artificial Intelligence in Agriculture
AI is technology that enables the computers and machines to simulate human learning, comprehension, problem solving, decision making and autonomy. AI in agriculture mainly has three applications: precision farming, machine learning and agricultural robotics. Precision farming collects massive data from GPS and IoT devices are used to maintain temperature, crop health, fertilizer availability and soil moisture levels. AI algorithms assess these data and help in timely decision making. (Aijaz et al., 2025)
Machine learning is used to develop models which has wide functionality in predictive analytics, disease identification and pest management. (Aijaz et al., 2025). Agricultural robotics employs automated machines to perform labour intensive operations and reduces the human involvement thereby increasing operational efficiency (Aijaz et al., 2025). This minimizes the exposure of farmers to the life-threatening chemicals and increases the speed, accuracy and reduces the cost on labour.
8.3 Internet of Things (IoT) and Sensor Technologies
IoT are series of interconnected devices which work in tandem to provide the real time spatial data. It mainly consists of sensors mounted on automated vehicle which has software to exchange data with other systems over the internet. Sensors placed in field gather information on several environmental parameters, these are networked frequently, enabling real-time data transmission to a centralised cloud-based platform. Farmers can use this to make choices on crop management. (Rajak et al., 2023)
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District-level Agrometeorological Advisory Service (DAAS) in India is operated by India Meteorological Department (IMD) since 2008. AAS enables application of meteorological information to agriculture, thereby supporting farmers in making the best use of natural resources as well as facilitating technology transfer on climate change information (Dhulipala et al., 2020). Farmers can access weather information, alerts, and related agromet advisories specific to their districts through mobile apps like 'Meghdoot' (Dhulipala et al., 2020) Initiatives like Kisan e-Mitra, an AI-powered chatbot, assist farmers with queries related to government schemes and provide personalized guidance.
8.5 Use of Simulation Models
Changes in climate have a substantial impact on plant growth by changing different aspects of the atmosphere. Seven of the 52 variables that affect plant development—mostly temperature, solar radiation, CO₂ concentration, and rainfall—are out of human control (Singh et al., 2022). Simulation models are crucial tools for quantifying and evaluating the interaction of many variables and management techniques because evaluating the influence of these aspects separately is sometimes insufficient. These models identify crop phenological stages using thermal time and photoperiod, and they frequently use a carbon balancing technique to represent crop development and biomass buildup (Jones et al., 2003). In order to combat possible climate anomalies, the outputs of such models help with proactive decision-making on when to sow, how much fertilizer to use, when to schedule irrigation, and how to control weeds.
Some of the models used for fodder crops are:
 1. CERES-sorghum model for forage sorghum 
2. CROPGRO-Cowpea model for forage cowpea. 
Projecting changes in temperature, precipitation, sea level rise, and extreme weather events, as well as their effects on industries like agriculture, livestock, water resources, and human health, has been made possible in large part by climate models such as:
 1. GCM (Global Climate Model) 
2. RCM (Regional Climate MODEL)
 3. SWAT (Soil and Water Assessment Tool)
 4. ANN (Artificial Neural Network)


Future Recommendations
Climate change is no longer a distant threat, it already becomes a current reality that affects fodder availability, nutritional quality and seasonal distribution throughout agro-ecological zones. In response, our future scientific strategy should be based on innovation, local adaptability, and resilience. The first and foremost priority is the development and promotion of climate resilient fodder varieties. Future breeding programs must focus on traits such as drought tolerance, high biomass, fast maturity, and nutritional stability under stress. This is not limited to conventional breeding - biotechnological tools such as marker-assisted selection, genome editing, and high-throughput phenotyping must be used to speed up the development of fodder crops suited for heat, salinity, waterlogging, and marginal lands (Maiti & Satya, 2014). Regional research stations (KVK’s) and agricultural universities should collaborate to create area specific varietal recommendations that suit local conditions and address region wise fodder gaps. Parallel to this ,  the use of artificial intelligence and digital tools must be expanded in fodder systems. AI powered models can help forecast weather risks, identify ideal sowing and harvesting windows and monitor crop health using remote sensing and satellite data (Bhatt et al., 2022). Information and Communication Technology (ICT) based mobile applications should be made accessible to farmers in all local languages with understandable advisories on fodder cropping, harvesting, pest infestations alerts, and preservation techniques. Establishing community level silage units, fodder banks, and decentralized storage structures can greatly reduce post-harvest losses and serve as fodder reserves during dry spells. 
Early warning systems are equally essential. A real time, fodder specific advisory system using weather forecasts, satellite data, and simulation models can help predict yield fluctuations, pest outbreaks, and forage deficits, allowing timely action at both the farm and policy level (Quesada-Ocampo, 2018). However, even the most advanced technologies will not succeed without informed, confident users. Roving seminars, village training camps, and model fodder plots should be used to educate farmers about climates mart fodder production, efficient feeding practices, and long-term storage methods. These programs should be farmer-led, locally relevant, and delivered in partnership with Krishi Vigyan Kendra’s, state extension networks and NGOs. In the end, securing India’s fodder future is not only about growing more it’s about growing smarter, adapting faster, and ensuring that science, policy, and farmers work together in a changing climate.

Conclusion:
India has 142 million hectares of land, but it still faces a lot of challenges in satisfying the expanding needs of people and animals. Providing land resources for fodder production is becoming increasingly challenging due to the low returns. As we move towards the 22nd century, the adverse impacts of climate change are increasing, further worsening the shortage of forages and leading to a decline in overall livestock productivity. Developing climate-resilient fodder varieties is a top priority. These varieties should focus on traits like drought tolerance, high biomass, fast maturity, and nutritional stability. Both traditional breeding and modern biotechnological methods can speed up this process. Modern technologies like artificial intelligence, IoT, remote sensing, and ICT-based tools can improve sowing, harvesting, pest control, and crop monitoring. Community silage units, fodder banks, and early warning systems will help reduce post-harvest losses and ensure fodder security during tough conditions. Ultimately, India’s fodder future relies on smarter growth, quicker adaptation, and combining science, technology, and farmers' knowledge to create a strong and sustainable fodder system.
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