


Climate-Smart Agriculture: Strategies for Enhancing Productivity, Resilience and Sustainability


Abstract
Agriculture is essential to food security and rural development in emerging economies, as it provides livelihoods for over 70% of the rural population, especially in areas like South Asia and Sub-Saharan Africa. However, efforts to enhance agricultural productivity have been hindered by multiple interlinked factors, including economic instability, unequal land distribution, increasing climate variability, and the limited dissemination of scientific knowledge and improved planting methods among farmers. Despite the fact that agriculture is rapidly changing technologically thanks to Agriculture 4.0 and the new Agriculture 5.0 paradigm, many rural and resource-constrained areas have not yet embraced these innovations because of their high costs, poor infrastructure, and lack of technical capacity. Organizations like the Food and Agriculture Organization (FAO) have promoted a balanced strategy that incorporates social justice, environmental preservation, and productivity in response to these issues, and the idea of sustainable agriculture has been widely recognized. Sustainable agricultural methods have been clearly beneficial to industrialized farming systems since the 1990s, but for successful global application, both large-scale commercial farms and smallholder systems in poor nations still need focused, site-specific study. Through the promotion of diverse cropping systems, design-oriented spatial planning, and efficient resource flows, climate-smart agriculture (CSA) helps conserve biodiversity by enhancing ecosystem resilience and lowering climate-related risks. The shift to climate-smart, circular agricultural systems is further supported by the integration of spatiotemporal, data-driven sensing, monitoring, and decision support frameworks, which allows for optimal resource usage.
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Introduction
Numerous agricultural revolutions have increased capacity and raised yields and earnings to previously unheard-of levels. The earliest culture and civilization in history was established when the first agrarian revolution (10,000 BC) settled the locals. Mechanization was introduced by succeeding revolutions (1900–1930), and the "green revolution" (the latter part of the 1960s) resulted in the creation of agrochemicals, resistant plant types, and genetically modified technology (1990–2005). Although the production of staple crops increased significantly as a result of the Green Revolution, there were numerous negative repercussions on human health and environmental destruction. The "digital agricultural revolution," the most recent of them, will contribute to human survival and future prosperity [1].
A more cyclical and regenerative organic agriculture that may maintain production and its advantages indefinitely while advancing integrated concepts of natural resource conservation and socioeconomic justice is referred to as agricultural sustainability. Enabling technologies are the main emphasis of sustainable agriculture, especially tactics that lessen dependency on non-renewable or environmentally hazardous inputs. According to [3], it encompasses eco-agriculture, permaculture, low input, biodynamic, organic, ecological, environmentally friendly, community-based, on-farm fresh, and comprehensive strategies.
Climate change is drastically changing hydrological cycles and weather patterns worldwide, resulting in disparate extremes in different places. For instance, cyclones and catastrophic flooding have become more frequent and intense in South and Southeast Asia, including cyclones in the Bay of Bengal and frequent floods in Bangladesh, while extended droughts and groundwater depletion have gotten worse in parts of Sub-Saharan Africa and western India. Given the current trends in consumption and emissions, these disruptions are predicted to get worse. Water scarcity is expected to affect almost two-thirds of the world's population by 2025, significantly taxing natural resources and agricultural ecosystems [2]. Crops are also directly impacted physiologically and biochemically by rising global temperatures. Warming temperatures are frequently associated with shorter crop development and harvest periods, reduced photosynthetic efficiency, elevated respiration rates, and changes in soil microbial populations. Because increased temperatures and erratic rainfall enhance nitrogen losses through volatilization, leaching, denitrification, and runoff, climate-induced stress lowers fertilizer-use efficiency. Furthermore, warmer temperatures encourage faster conversion of organic nutrients into inorganic forms, which are more likely to be lost prior to plant uptake, due to increased microbial activity. Because of this, crop demand and nutrient availability are not well matched, which eventually reduces productivity and raises pollution levels in the environment. Additionally, it raises the soil's evapotranspiration, which ultimately causes the depletion of natural resources. By optimizing resource allocation efficiency and, eventually, generating more outputs from fewer inputs in a semi-closed system, the circular economy concept aims to create sustainable growth [4].
This research aims to manage pests, nutrients, soil, and water in an integrated and environmentally sustainable way by encouraging sustainable intensification (SI) and implementing enabling technologies, including pheromone traps, sensor-based pest surveillance, integrated pest management (IPM) tools, precision nutrient application systems, and soil-moisture-guided irrigation. To improve technology uptake and handle site-specific agricultural difficulties, the strategy places a strong emphasis on utilizing indigenous and local knowledge in conjunction with organized farmer training and capacity-building initiatives. Through low-input regenerative agriculture, which depends on active farmer participation, practical training, and co-learning throughout all phases of creation, validation, and scaling, the study also investigates strategies to boost production. This kind of involvement guarantees that regenerative approaches are socially acceptable, economically feasible, and locally tailored. Furthermore, the entire agri-food supply chain—which includes natural resources (soil, water, biodiversity), input providers, producers, processors, distributors, and consumers—as well as the relationships between stakeholders at each stage—must be taken into account in order to accomplish sustainable food production. Therefore, to guarantee long-term sustainability, resilience, and ethical use of food systems, an integrated, systems-based perspective is crucial. A thorough grasp of the ecosystems is necessary for a sustainable agri-food system's value-based digital chain technology. By improving market integration and productivity through technology advancement, this review aims to develop a spatiotemporal data-driven paradigm for sensing, monitoring, and guiding agricultural ecosystems.
Global Views on Food Security and Climate Change
A significant concern is ensuring food security for the world's expanding population. Sustainable increases in agricultural output are necessary to end world hunger [5]. Nearly two billion people worldwide suffer from micronutrient deficiencies, such as iron-deficiency anemia in South Asia and Sub-Saharan Africa, vitamin A deficiency in children in parts of Southeast Asia, and iodine deficiency in several landlocked and low-income regions. Approximately 815 million people worldwide suffer from chronic hunger. According to recent studies, undernourishment has increased since 2014 in several African regions and growing countries in Western Asia, primarily due to economic instability, conflict, and climate stress [6]. Even if economic expansion has a significant role in raising household incomes and food availability, it is not enough to end hunger and malnutrition due to the intricate and multifaceted character of global food insecurity. In low-income and lower-middle-income (non-emerging) nations, growth can dramatically reduce poverty and hidden hunger; however, in developing economies, where inequality, urban-rural gaps, and inadequate food distribution systems still exist, its effects are frequently unequal. Therefore, especially in vulnerable places, economic development, nutrition-sensitive agriculture, social protection, climatic resilience, and inclusive food systems must all be incorporated into effective food security plans [7].
Globally, agricultural yields are seriously threatened by climate variation. Crop yields will undoubtedly decline, despite the difficulty of accurately estimating the costs of climate change impacts. Concerns regarding agricultural productivity are raised by climate change, which also elevates global temperatures and modifies the geographic distribution of rainfall. The nutritional value of many crops has been expected to be impacted by an increase in in carbon dioxide (CO2), and other types may become hazardous due to chemical changes in the cells. These changes also contribute to global warming. Climate change-related extreme events increase biotic and abiotic pressures and result in the loss of agricultural land [8].
Communities That Sustain Agriculture CSA
CSA is a technique that addresses climate change and food security in order to improve sustainable food production (Fig 1). By increasing resource efficiency, cutting postharvest losses, and eliminating waste, it seeks to raise agricultural output and incomes. Additionally, by guaranteeing food security and reducing losses, CSA assists farmers in adapting to climate change. Additionally, it lowers greenhouse gas emissions by using fertilizer and managing manure better. CSA is a regionally tailored method of agricultural system management that considers the relationships between crops, livestock, soil, water, and climate [9]. In order to ensure that the practices are technically feasible, economically viable, and culturally relevant, CSA implementation necessitates integrating farmers and stakeholders in decision-making. Crop diversification, agroforestry, integrated pest control, water-efficient irrigation techniques, and better animal management are examples of CSA activities. These strategies seek to improve animal health, lower greenhouse gas emissions, increase soil fertility, decrease crop failure, and conserve water [10].
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Fig 1: Climate Smart Agriculture
CSA seeks to lower greenhouse gas emissions, increase agricultural productivity, and strengthen resilience. It encompasses techniques like precision farming, agroforestry, sustainable farming, and crop management. CSA enhances soil health, increases water efficiency, lessens erosion, stores carbon, and preserves biodiversity. It seeks to improve living conditions and farmers' incomes without endangering the environment, biodiversity, or human welfare [11, 12]. Additionally, CSA incorporates ecological and social factors to guarantee that present food production practices do not jeopardize future food production. Conversely, traditional farming methods, which entail growing easily accessible low-yielding cultivars with high nitrogen fertilizer use, are no longer viable [15]. These methods heavily rely on synthetic fertilizers, encourage monoculture, and utilize a lot of agrochemicals, all of which increase greenhouse gas emissions. Data analytics and remote sensing are examples of precision agricultural tools that support site-specific management choices. Crop varieties that are resistant to heat, drought, and disease are crucial for sustaining food supply in a changing climate [13]. Finding and prioritizing appropriate methods, taking into account local climatic concerns, and realizing the need for creative solutions are the primary obstacles to incorporating CSA in various farming areas. It is crucial to develop frameworks and structures that are suited to the unique requirements of each site in order to help farmers adapt to climate change and increase their resilience [14]. When promoting CSA, it is important to consider the adaptation measures that farmers currently use and assess how well they handle climate risks particular to a certain place [12].
According to Issahaku and Abdulai's study [16], a practice is considered "climate-smart" if it satisfies the three main climate-smart agricultural objectives set forth by the FAO [7]: (a) raising agricultural productivity and incomes in a sustainable manner; (b) strengthening climate change resilience; and (c) lowering greenhouse gas emissions. Diversifying cropping methods, planting drought-resistant cultivars, and implementing conservation tillage techniques are some specific actions that support each objective. It is important to stress that in this study, adopters of CSA will only be identified as farmers using agricultural techniques that satisfy all three climate-smart agriculture objectives.
Components of the CSA
CSA is a sustainable farming approach that attempts to improve food security, productivity, and climate change resilience while lowering greenhouse gas emissions. This strategy includes methods that boost crop yields, maintain soil health, and adjust to shifting weather patterns. Crop systems, precision farming, integrated pest control, water and soil conservation, and animal husbandry are all included in CSA [17].
Long-Term Intensification
Increasing crop and animal productivity while reducing environmental effect is the aim of the agricultural component. Improved crop and livestock management, integrated soil and water management, and production system diversity will all help achieve this. Using high-yielding crop types, maximizing livestock nutrition, and precision farming are important tactics. Water conservation and a decreased dependency on outside resources are further benefits of integrated soil and water management strategies.
Climate Change Adaptation
The necessity of strengthening agricultural systems' resistance to the effects of climate change is emphasized in the passage. Choosing climate-resistant crops and livestock, improving water management through rainwater collection and drought-resistant infrastructure, making extra money through ecotourism and agroforestry, and setting up early warning systems to make climate-informed decisions are all important tactics. By taking these steps, farmers will be less dependent on susceptible crops and will have access to timely weather data and tools for better decision-making [18]. It is critical to reduce these losses in order to fulfill the growing demand for food [19] and acknowledge that different plant species have variable levels of stress tolerance at different stages of growth [20]. In addition to conventional breeding and biotechnology methods, a variety of tactics, such as molecular priming, have been developed recently to mitigate the detrimental effects of abiotic stresses on agricultural yields. Reactive oxygen species are produced by abiotic stresses, which lower crop productivity [22]. Plants have developed intricate defense systems with several layers to withstand harsh environmental conditions as heat, salt, drought, and heavy metal toxicity. Biochemical pathways (accumulation of compatible solutes and antioxidants), physiological regulation (stomatal control and osmotic adjustment), morphological changes (e.g., altered root architecture), and molecular signaling networks involving stress-responsive genes and hormones are some examples of these defense responses. When together, these systems allow plants to endure harsh environments and preserve cellular equilibrium. It has been demonstrated in recent years that a number of external stress-reduction techniques strengthen these innate defense mechanisms. Applications of beneficial microorganisms (plant growth-promoting rhizobacteria and mycorrhizae), biostimulants (seaweed extracts, humic substances, and amino acids), micronutrients, and plant growth regulators (salicylic acid, jasmonic acid, abscisic acid, and brassinosteroids) have shown favorable effects on plant stress tolerance. In order to lessen oxidative damage and improve development under stress, these interventions improve osmotic balance, photosynthetic efficiency, antioxidant enzyme activities (such as superoxide dismutase, catalase, and peroxidase), and mineral nutrient uptake [21].
Reduction of Greenhouse Gas Emissions
In the context of climate change, mitigation particularly refers to the elimination or reduction of greenhouse gas emissions. This entails reducing greenhouse gas emissions from farming operations by the application of techniques including better manure management, effective fertilizer application, conservation agriculture, agroforestry, and afforestation. Methane emissions are also captured by biogas digesters and composting, while nitrous oxide emissions are decreased by optimal fertilizer application rates. Additionally, conservation agricultural techniques improve soil carbon sequestration [23]. Additionally, incorporating CSA techniques and principles presents intriguing ways to improve agriculture's ability to adapt to climate change while also addressing food loss and waste [24].
By using climate-resilient crop varieties, using precision farming methods, maximizing water use efficiency, and encouraging sustainable soil management practices, CSA seeks to lessen the negative effects of climate change on agricultural production [25]. It is an agricultural development approach that tackles the interconnected problems of climate change and food security [27]. It focuses on three main objectives: (i) increasing agricultural productivity sustainably to support equitable growth in farm incomes, food security, and development; (ii) making food systems more climate resilient; and (iii) reducing greenhouse gas emissions from agriculture whenever possible [71]. CSA is frequently used to describe initiatives to address livelihood and development issues in a sustainable manner. For a number of years, African nations have included CSA ideas in their objectives for agriculture policy and research [26]. CSA's primary objectives are to increase climate resilience, lower GHG emissions, and improve food security. CSA programs have promoted, among other things, the use of climate-resilient crop varieties and the adoption of technology to increase the efficiency of water and nutrient usage [29]. These three CSA components are related to one another and support one another. While adaptation techniques can foster sustainable intensification, sustainable intensification practices can assist mitigation and adaptation efforts. It is important to note that resilience and productivity can benefit from mitigation actions. In general, a comprehensive strategy is needed to deploy effective CSA [28].
Agricultural practices that accomplish these goals are referred to as "climate-smart," and a technology is considered CSA based on its effects on these outcomes [31]. These goals are likely to be achieved by interventions like field management and climate information services [30]. These tactics have the potential to minimize postharvest losses and increase overall food security in addition to lowering greenhouse gas emissions and boosting ecosystem services [32]. Additionally, by developing high-yielding and climate-resilient crop types (both biotic and abiotic), crop modification tactics have been crucial in overcoming crop production limits.
Sustainable approaches
The Internet of Things (IoT) is a network of physical objects that are connected to one another and have sensors, software, and other technologies installed that allow them to trade and gather data online. Communication between these devices which can range from commonplace items to complex machinery and centralized systems enables remote process automation, control, and monitoring. By enabling precision agriculture methods and offering real-time data insights, IoT technology has the potential to completely transform conventional farming methods in the agricultural sector. In order to increase productivity and decrease human labor in the agriculture industry, scientists are increasingly using IoT-based products. These cutting-edge initiatives seek to use IoT solutions to boost agricultural quality and production [32, 33] (Fig 2). Agriculture is being revolutionized by IoT-based methods that increase productivity and efficiency. One notable breakthrough is the creation of automated farms that make use of wireless sensor technology. Plant care is made easier with this technology, which uses digital sensors connected to the Internet of Things to monitor and regulate important aspects of plant growth and health. The use of wireless sensor networks (WSNs) in the construction of polyhouse tracking systems is another creative endeavor. By using IoT innovation to precisely monitor and manage the polyhouse environment, these systems optimize growing conditions by integrating sensors for temperature, light, humidity, and carbon dioxide [34].
A WSN-based system that uses GPS and ZigBee protocols has also been developed by researchers to track farming characteristics like soil temperature, humidity, and water availability. The system's capacity to capture data efficiently and exhaustively allows farms to use this link to make informed decisions based on up-to-date and comprehensive data [35]. A Real-Time Crop-Tracking System has been created to address the unique requirements of rice farming. This strategy seeks to increase rice output and boost crop management by continuously monitoring important indices and giving farmers timely feedback. Since agriculture is one of the most fragile landforms that is impacted by environmental factors, a number of Internet of Things-based solutions have been developed to solve these issues. Better crop results are the result of these technologies' efficient monitoring and control of the environmental elements affecting rice agriculture [36]. It has been proposed to monitor agricultural parameters like temperature using low-cost Bluetooth devices. When combined with microprocessors, these gadgets can serve as weather stations, giving farmers vital environmental information to enhance agricultural productivity and management [37]. Farmers can make well-informed decisions based on timely and accurate information by using this technology to track field data in real time. Nevertheless, this technology's limited coverage area and requirement for constant mobile phone Bluetooth activation for continuous monitoring are its drawbacks [38].
Smart monitoring systems that farmers can utilize to better monitor and control the surrounding region can be constructed using further IoT technology. These systems improve the capacity to make well-informed agricultural decisions by offering extensive data and insights. For example, [39], researchers are developing a ZigBee-based smart sensor platform that can monitor temperature, humidity, sunlight, and pressure. There are numerous low-cost devices with dependable sensors and quick data communication capabilities that allow nodes to communicate easily and collect environmental data effectively. Furthermore, a lot of research is being done on how IoT-based technologies can improve irrigation management [40]. For example, a GSM-based irrigation tracking device has been developed, using the global system for mobile communication (GSM), which includes an Android app for measuring water levels, humidity, and temperature [41]. This economical wireless irrigation control solution neces knowledge of the commands required to start motors and modify crop settings. The Internet of Things has also transformed greenhouse monitoring. A GSM and field-programmable gate array (FPGA) system can be used to assess greenhouse factors including temperature and humidity [42]. This is a quick and low-cost tracking device that makes it simple to monitor the soil and crops in a greenhouse. Additionally, scientists are working hard to create adaptable and affordable greenhouse monitoring systems [43]. Fuzzy-control systems are useful because they make it possible to track several important greenhouse operation parameters. Similarly, scientists look forward to future developments in greenhouse tracking and control systems, tackling problems including wireless node clustering, electromagnetic interference mitigation, and standardization of WSN components [44]. Other IoT technologies used for greenhouses, crops, and animals have also made monitoring easier [45]. Numerous instruments have been created by researchers to assess the health of animals and identify frequent illnesses, whether they are caused by drugs or natural causes. These devices use the Internet of Things to collect vital data like body temperature, location, and heart rate. This makes it possible to identify problems early and provide help and intervention as soon as possible.
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Fig 2: Climate Smart Innovations
Climate-Smart Agriculture with Agroforestry
Throughout the region, agroforestry has been promoted as a climate-smart farming strategy to promote biodiversity conservation and enhance a number of ecosystem functions [46]. A sustainable farming system that helps mitigate and adapt to climate change is provided by climate-smart agroforestry (CSAF), an integrated approach to land use that incorporates trees, crops, and occasionally animals inside managed farmlands [47]. This strategy improves food security and agricultural sustainability in addition to providing a number of environmental advantages.
Global agricultural systems are seriously threatened by climate change, biodiversity loss, soil degradation, and resource shortages. Rising temperatures and changing rainfall patterns put food production at risk unless appropriate adaptation strategies are put in place [48]. Agroforestry systems, which provide numerous advantages such ecosystem services, increased agricultural productivity, and improved rural livelihoods, are a viable approach for both adapting to and mitigating the effects of climate change [49]. Reversing negative trends in tree cover, maximizing resource use, influencing rainfall distribution, and modifying tree-crop interactions in accordance with weather forecasts are all examples of agroforestry-based climate change adaptation measures [50].
Research indicates that agroforestry may be a practical adaptation approach for improving agricultural resilience since it can change microclimates and lessen soil erosion [51]. According to one study, for example, incorporating agroforestry systems with 50% shade cover helps mitigate rising temperatures by lowering heat stress and preserving 75% of the appropriate area for growing coffee [53]. Alternative approaches, such altering local climates through tree planting, are frequently disregarded in favor of crop improvement projects that emphasize drought- and heat-tolerant varieties as a means of responding to climate change. Furthermore, the benefits of tree-based solutions are often overlooked in favor of crop substitution or relocation in existing agricultural adaptation efforts. Compared to monoculture crop or pasture systems, agroforestry systems (AFS) are thought to be more efficient in sequestering carbon because of their improved ability to absorb and use growth resources like light, nutrients, and water [140]. They raise soil health, increase biodiversity, sequester carbon, improve ecosystem services, lower greenhouse gas emissions, and provide new revenue opportunities [52]. AFS can store between 0.29 to 15.21 Mg C ha−1 yr−1 aboveground and 30 to 300 Mg C ha−1 in the soil up to a depth of 1 m. Tree density, species diversity, and climatic factors all affect carbon storage [54].
Conclusion
A practical strategy to improve agricultural productivity, resilience, and sustainability in the face of climate change is through climate-smart agriculture, or CSA. By combining site-specific nutrient management, intelligent irrigation, and data-driven decision-making to optimize crop yields while reducing greenhouse gas (GHG) emissions, precision agriculture plays a critical role in optimizing resource usage. Despite its potential, high initial investment costs, technological obstacles, and the requirement for farmer training continue to prevent its widespread implementation. By actively restoring soil health, improving carbon sequestration, and fostering biodiversity through techniques like zero-tillage, cover crops, and crop rotation, regenerative agriculture offers a revolutionary approach. Regenerative agriculture is an essential part of climate adaptation and mitigation measures since, in contrast to traditional sustainability models, it not only reduces environmental degradation but also revitalizes ecosystems. In the agri-food industry, implementing several climate-smart solutions increases crop productivity, guarantees food security, and maximizes SOC accumulation, all of which help to reduce greenhouse gas emissions. A thorough strategy that takes into account regional environmental aspects like soil conditions, climate variability, and their interactions with sustainable management techniques is necessary to identify viable CSA solutions for reducing GHG emissions while preserving agricultural output. Financial limits, technological constraints, and inadequate infrastructure, especially in underdeveloped nations, impede its widespread implementation. A comprehensive strategy that incorporates scientific improvements, targeted investments, legislative reforms, and farmer capacity-building programs is needed to address these issues. Scaling up these approaches will require strengthening extension services, expanding access to CSA technology, and encouraging global cooperation. By removing these obstacles, CSA can significantly contribute to long-term food security for an expanding world population, climate change mitigation, and sustainable productivity growth.
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