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ABSTRACT
Agriculture faces increasing risks from climate change, environmental degradation, and unpredictable market prices, global food insecurity and poor ecosystem health. Effective risk management within sustainable agricultural systems is essential for resilience and long-term viability. This review examines risk management strategies in agriculture, focusing on the comparative roles of chemical and organic fertilizers, regenerative agriculture principles, and climate-smart practices. Chemical fertilizers provide immediate nutrient availability but pose substantial environmental risks such as greenhouse gas emissions, eutrophication, and soil degradation. In contrast, organic fertilizers contribute to soil biodiversity and carbon sequestration, although they present challenges related to nutrient precision and pathogen risks. Regenerative agriculture, emphasizing minimal soil disturbance, crop diversity, continuous soil cover, and integrated livestock, enhances soil organic matter, water retention, and drought resilience, while mitigating climate impacts through carbon sequestration. Climate-smart agriculture advances, including agroecological methods, predictive climate modeling, and drought-tolerant crop varieties, further reduce agricultural vulnerabilities. Despite demonstrated benefits, adoption barriers remain due to limited extension services, institutional constraints, and policy gaps. The review underscores that integrating robust risk management within sustainable practices is critical to overcoming environmental and socioeconomic challenges, enabling resilient, productive, and environmentally sound agricultural systems globally. Recommendations stress the need for strengthened policy frameworks, farmer education programs, and targeted research to facilitate smart agricultural broad-based adoption and adaptation.
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1.0.  INTRODUCTION
1.1.
Sustainable Agriculture and Risk Management

Sustainable agriculture represents an approach to food production that seeks to balance environmental stewardship, social equity, and economic viability over long term (Muhie, 2022).  The concept of sustainable agriculture transcends mere productivity to encompass ecological resilience, resource efficiency, and community well-being (Olarewaju et al., (2025).   Risk management constitutes an integral element of sustainable agriculture rather than a supplementary activity, playing a critical role in maintaining the long-term viability and adaptive resilience of agricultural systems (Chao, 2024). Agricultural production is susceptible to many risks, including unpredictable weather patterns, pest infestations, disease outbreaks, market price volatility, and regulatory changes (Shah et al., 2021; Touch et al., 2024). Conventional risk mitigation often relies on external inputs, such as insurance or synthetic controls, which may offer short-term buffers but can result to long-term vulnerabilities and environmental degradation (Godde et al., 2021).

Sustainable agricultural practices aim to reduce risks and build resilience by enhancing soil organic matter via the techniques of cover cropping and reduced tillage, improved water retention and nutrient cycling, and subsequently help in mitigating the impacts of drought and decrease dependence on synthetic fertilizers within farming system (Reganold and Wachter, 2016; Munna and Lal, 2025). Additionally, diversifying crop rotations besides agroforestry systems plays a crucial role in disrupting pest cycles and enhancing species diversity which also provides farmers with multiple income streams, thereby setting a buffering effect against the risks of single-crop failures or market fluctuations (Fan et al., 2025). Complementing these ecological strategies, fostering local food systems and establishing direct marketing channels support economic stability by reducing supply chain vulnerabilities. To effectively navigate the ever-changing challenges faced by agricultural enterprises, it is essential to integrate robust risk assessment and adaptive management practices that promote continuous learning and responsive adjustment (Arata et al., 2023). Consequently, comprehensive risk management forms the foundation for  successful transition to resilient, environmentally sustainable, and economically viable agricultural systems on a global scale.

1.2 
Global Agricultural Challenges

The global agricultural landscape is currently facing challenges that threaten its capacity to sustainably feed a growing population. Food security remains a paramount concern, exacerbated by geopolitical instability, economic disparities, and disruptions in supply chains, leading to persistent undernourishment for hundreds of millions worldwide while also contributing to mounting food waste (Fan et al., 2025). The challenge is not merely about producing more food, but ensuring equitable access, nutritional adequacy, and resilient distribution systems for an anticipated 9.7 billion people by 2050 (United Nations Department of Economic and Social Affairs, 2022). An estimated 8.2 percent of the global population, or about 673 million people, experienced hunger in 2024, down from 8.5 percent in 2023 and 8.7 percent in 2022 (WHO, 2025). Acute food insecurity affected more than 295 million people across 53 countries in 2024, an increase of nearly 14 million from 2023, highlighting the ongoing severity of crises in many regions (FSIN and Global Network against Food Crises, 2025). These data show that the challenge is not about producing more food but ensuring equitable access, nutritional adequacy, and resilient distribution systems for an anticipated 9.7 billion people by 2050 (United Nations, 2022).

Compounding the food security crisis is the impact of climate change, which poses an existential threat to agricultural productivity and stability. Rising global temperatures, altered precipitation patterns, and increase in the frequency and intensity of extreme weather events such as prolonged droughts, torrential floods, and severe heat waves are directly impacting crop yields, livestock health, and fisheries (Durodola, 2019; Ebi et al., 2021). These climatic shifts also facilitate the spread of agricultural pests and diseases into new regions, further reducing yields and increasing production costs (Skendžić et al., 2021; Singh et al., 2023). The inherent variability introduced by climate change amplifies the risks farmers face, making long-term planning and investment increasingly difficult.

Agricultural expansion and intensified conventional practices on the other hand, have resulted to widespread environmental degradation (Chowdhury et al., 2022). Key concerns include extensive soil erosion and degradation, leading to reduced fertility and increased desertification. Furthermore, the excessive use of synthetic fertilizers and pesticides contaminates water bodies, disrupts aquatic ecosystems, and contributes to biodiversity loss, including critical pollinator populations (Aktar et al., 2009). These challenges are deeply interconnected (Fig.1) as unsustainable agricultural practices contribute significantly to greenhouse gas emissions, thereby accelerating climate change and consequently increase the rate of water scarcity and land degradation (Onyeaka et al., 2024). Addressing these interwoven global challenges critically necessitates a systemic shift towards more resilient and environmentally regenerative agricultural systems.
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1.3 
Transitioning From Conventional To Sustainable Agricultural Systems
The decision to address the complex agricultural challenges detailed above necessitates a fundamental paradigm shift from conventional, input-intensive farming to more sustainable and resilient systems. Conventional agriculture, characterized by monocultures, heavy reliance on synthetic fertilizers and pesticides, and extensive mechanization, has undeniably boosted productivity in the short term but often at significant environmental and social costs (Elouattassi et al., 2023). These costs include soil degradation, water pollution, biodiversity loss, and increased greenhouse gas emissions, which collectively undermine the long-term viability of food production. The transition to sustainable agricultural systems, therefore, represents not merely an option but a critical pathway towards ensuring global food security and environmental conservation for future generations (Muhie, 2022). However, this transition is fraught with a multitude of complexities and barriers. Initial investments in sustainable practices such as establishing cover crops, diversifying rotations, or adopting organic certification can entail higher upfront costs and potentially reduced yields in the short term, leading to financial disincentives for farmers (Sharma et al., 2018). Furthermore, a significant knowledge gap often exists, with many farmers lacking the technical expertise, training, and access to extension services required to implement complex agroecological methods effectively. Policy and institutional frameworks frequently favor conventional agriculture through subsidies and market structures, thereby creating systemic barriers to the adoption of sustainable alternatives (Bastidas-Orrego et al., 2023).

Social and cultural factors, including established farming traditions, community norms, and risk aversion among farmers, also play a crucial role in hindering the uptake of new practices (Erekalo et al., 2025). Despite these challenges, innovative approaches, supportive policies, and interdisciplinary research offer promising pathways for facilitating this essential transition. Strategies include providing financial incentives for eco-friendly practices, investing in farmer education and peer-to-peer learning networks, fostering research into climate-resilient crop varieties and ecological pest management, and developing robust market infrastructure for sustainably produced goods (UN Environment Programme, 2021; Chao, 2024). Integrating agronomic, economic, social, and policy dimensions, thus is an indispensable approach for increasing the shift towards agricultural systems that are productive, environmentally regenerative, and socially equitable. Therefore, this systemic shift describes the critical importance of effective risk management strategies to navigate the uncertainties inherent in such a transformative process (Pereponova et al., 2023).

2.0 
FERTILIZER APPLICATIONS AND ENVIRONMENTAL RISKS

2.1 
Global Fertilizer Consumption

Study on global fertilizer consumption has revealed an upward trend in recent decades, driven primarily by an escalating global population and evolving dietary preferences towards more resource-intensive agricultural products (Tilman et al., 2011). This increase, particularly recorded in developing countries experiencing rapid agricultural intensification, implies the critical role fertilizers play in boosting crop yields and ensuring food security for the growing global population (Pawlak & Kołodziejczak, 2020; Penuelas et al., 2023). The demand for essential macronutrients (nitrogen (N), phosphorus (P), and potassium (K)) fertilizers, for plant growth, continues to rise as conventional farming practices heavily rely on these inputs to achieve optimal productivity on marginal arable land with projections indicating that this consumption will further intensify in the coming decades, especially in regions striving to close yield gaps and meet domestic food demands, thereby amplifying existing environmental pressures (Fang et al., 2023; Penuelas et al., 2023). The historical reliance on synthetic fertilizers, encouraged by the Green Revolution, has transformed agricultural output successfully however, with significant environmental consequences that are globally recognized. Despite regional variations in application rates influenced by climate, soil type, and crop specificities, the overarching global pattern points towards an unsustainable dependence on external nutrient inputs that often exceed plant uptake capacity (Khangura et al., 2023). This excessive application contributes substantially to increase pollution, directly linking consumption magnitudes to the severity of ecological degradation across diverse agroecosystems (Tilman et al., 2011).

2.2 
Precision Agriculture and Smart Fertilizer Application Technologies

The advent of precision agriculture (PA) represents a transformative shift in modern farming, offering potent solutions for optimizing fertilizer application and mitigating associated environmental risks (Getahun et al., 2024). It involves the use of sophisticated smart technologies such as remote sensing, Global Positioning Systems (GPS), Geographic Information Systems (GIS), and the Internet of Things (IoT). Precision agriculture (PA) enables highly localized and customized nutrient management specificity based on crop needs and soil conditions within individual fields (Dhanaraju et al., 2022; Barrile et al., 2025). Variable Rate Technology (VRT), a cornerstone of PA, facilitates the precise delivery of fertilizers at varying rates across crop field, contrasting sharply with traditional blanket application methods (Zhou, 2024). Such a targeted approach directly addresses the spatial variability inherent in agricultural landscapes, minimizing nutrient over-application in low-demand areas and ensuring adequate supply in high-demand zones, thereby substantially enhancing nutrient use efficiency (NUE) (Jin & Jiang, 2002).
Advanced sensor technologies, including unmanned aerial vehicles (UAVs) equipped with multispectral or hyperspectral cameras, further provides real-time data on plant health and nutrient deficiencies, allowing for proactive and highly responsive fertilizer interventions (Nahiyoon et al., 2024; Reza et al., 2025). The integration of artificial intelligence and machine learning algorithms further refines decision-making processes, predicting optimal application timing and dosages based on vast datasets of historical yield, weather patterns, and soil analyses. By reducing nutrient losses to the environment through leaching, runoff, and volatilization, precision fertilizer application technologies offer a scientifically robust pathway to diminish water pollution, lower greenhouse gas emissions, and conserve valuable resources, while simultaneously maintaining or even enhancing crop productivity and profitability for farmers (Getahun et al., 2024).

2.3 
Greenhouse Gas Emissions from Fertilizer Application

One of the most critical environmental concerns associated with fertilizer application, particularly nitrogen-based fertilizers, is its substantial contribution to atmospheric greenhouse gas (GHG) emissions, significantly accelerating climate change (Wu et al., 2024; Xing & Wang, 2024). The primary GHG of concern is nitrous oxide (N2O), a potent and long-lived gas with a global warming potential approximately 265 - 298 times that of carbon dioxide (CO2) over a 100-year timescale (Hassan et al., 2022). N2O is primarily emitted from agricultural soils through microbial processes of nitrification and denitrification, which are heavily influenced by the availability of reactive nitrogen from applied fertilizers (Fig. 2) (Wu et al., 2024). Several studies have reported that when nitrogen fertilizers are applied, a portion of the nitrogen is lost to the atmosphere as N2O through these microbial transformations, with emission rates influenced by factors such as fertilizer type, application method, soil moisture, temperature, and pH (Gworek et al., 2021; Wang et al., 2021; Fudjoe et al., 2023). The production of synthetic nitrogen fertilizers through the Haber-Bosch process is also highly energy-intensive, indirectly contributing to CO2 emissions from fossil fuel combustion, thus compounding the climate footprint of fertilizer use (Zhang et al., 2013). Significant research efforts are currently focused on developing mitigation strategies to reduce these emissions, including improving nitrogen use efficiency through precision agriculture, using enhanced efficiency fertilizers (EEFs) like nitrification inhibitors or urease inhibitors, and adopting improved nutrient management practices such as split applications or cover cropping. Despite uncertainties in accurately quantifying N2O fluxes due to their high spatial and temporal variability, global assessments consistently identify agricultural N2O emissions, predominantly from fertilizer use, as a major contributor to national GHG inventories, implying that there is urgent need for concerted efforts to decouple food production from climate impact.


3.0 
CHEMICAL FERTILIZERS VERSUS ORGANIC FERTILIZERS

3.1 
Chemical Fertilizers

Chemical fertilizers, characterized by their high concentration of readily available plant nutrients, have greatly revolutionized agricultural productivity since the mid-20th century with specific proportions of nitrogen (N), phosphorus (P), and potassium (K), besides various micronutrients, these formulations facilitate precise nutrient delivery to crops, optimizing growth and yield potential (Tilman et al., 2011). The immediate availability of nutrients is a critical factor in addressing global food security challenges hence it permits rapid uptake by plant roots, translating into enhanced vegetative development, increased biomass accumulation, and ultimately, higher crop yields per unit area,. The agronomic efficiency of chemical fertilizers is fundamentally linked to their solubility and the direct assimilation of inorganic nutrient forms by plants as a direct pathway that minimizes the biological conversion processes inherent in organic nutrient sources, thereby accelerating nutrient delivery (Swify et al., 2024; Chali, 2023).  It has been reported that modern synthetic fertilizers are composed mainly of nitrogen, phosphorus, and potassium and they can be classified as Nitrogenous fertilizers (Urea, DAP, NH4NO3), Phosphorus fertilizers (super phosphate, triple phosphate, (NH4)3PO4, Nitro phosphate) and Potassium fertilizers (KCl, K2SO4, KNO3). (Chali, 2023)  The industrial production of these fertilizers has significantly augmented the global nitrogen cycle, enabling the cultivation of nutrient-demanding crops on a large scale (Zhang et al., 2013).

3.2 
Organic Fertilizers


Organic fertilizers unlike chemical fertilizers (Table 1) originate from natural sources such as compost, animal manure, plant residues, and biosolids. Their efficacy is intrinsically linked to the intricate interactions within the soil microbiome, a complex community of bacteria, fungi, archaea, and other microorganisms (Lazcano et al., 2021; Sivojiene et al., 2021). Organic materials serve as a diverse carbon and energy source for these microbial communities, stimulating their activity and proliferation resulting in enhanced microbial life which in turn plays a major role in nutrient cycling, converting complex organic compounds into plant-available inorganic forms through processes such as mineralization, nitrification, and ammonification (Lazcano et al., 2021). The gradual decomposition of organic matter releases nutrients over an extended period, providing a more sustained nutrient supply compared to the rapid release characteristic of synthetic fertilizers (Xing et al., 2025). More so, the application of organic fertilizers contributes significantly to the accumulation of soil organic matter, improving soil structure, water retention capacity, and aeration. This enhancement of the physical and chemical properties of soil, coupled with the stimulation of beneficial microbial populations, fosters a healthier soil ecosystem that can enhance nutrient use efficiency, suppress plant diseases, and improve overall plant vigor and resilience (Naghman et al., 2023; Wei et al., 2024). The interplay between organic amendments and the soil microbiome represents a major aspect of sustainable soil fertility management.

     Table 1: Comparison of Chemical versus Organic Fertilizer

	Chemical fertilizer
	Organic fertilizer

	Availability depends on production, cost and region
	Readily available

	High concentration of nutrients
	Large non-nutrient content

	Ease of transport
	Bulky

	Large direct energy use in manufacture
	No direct energy use in manufacture

	Made from finite resources
	Imprecise content analysis

	Creates wastes in processing, but can also utilize wastes from other manufacturing processes
	Source of waste utilization

	Increasing cost
	Little direct cost


Source: Zhang et al., 2013; Naghman et al., 2023

3.3 
Environmental Risk Profiles: Carbon Footprint, Biodiversity Impact, and Soil Degradation Potential

The environmental implications of both chemical and organic fertilizers necessitate a comprehensive risk assessment. Chemical fertilizers possess a substantial carbon footprint primarily due to their energy-intensive production processes, particularly the Haber-Bosch process for ammonia synthesis (Ribeiro, & Santos, 2025). Moreover, their application frequently leads to the emissions of potent greenhouse gases, notably nitrous oxide (N2O), resulting from denitrification processes in agricultural soils (Hassan et al., 2022). Runoff and leaching of excess nutrients, especially nitrogen and phosphorus, constitute major contributors to eutrophication of freshwater bodies and coastal zones, leading to harmful algal blooms and the creation of hypoxic "dead zones" that devastate aquatic biodiversity (Devlin & Brodie, 2023). Studies have reported that long-term reliance on chemical fertilizers can also diminish soil organic matter content, disrupt the natural soil microbial community structure, and contribute to soil degradation through acidification or salinization in various contexts (Gao et al., 2024; Ribeiro et al., 2025). While generally considered more environmentally benign, organic fertilizers are not without their own risk profiles. The decomposition of organic materials, particularly animal manures, can lead to methane (CH4) and nitrous oxide emissions if not managed effectively through controlled composting or anaerobic digestion (Montes et al., 2013), Improper application of raw or partially composted organic amendments has also been reported to introduce pathogens such as Escherichia coli into food chain or water systems, and the uncontrolled accumulation of heavy metals, if present in the source materials, poses a long-term risk to soil health and food safety (Johannessen et al., 2005)

3.4
Long-term Sustainability Implications for Soil Fertility and Ecosystem Health

Persistent reliance on chemical fertilizers, while offering immediate yield benefits, often contributes to a decline in soil quality over time (Hossain et al., 2022), as well as reduced soil organic carbon levels, diminished microbial biomass and diversity, increased bulk density, and impaired soil structure. Such degradation caused by fertilizer application on agricultural soil, compromises the inherent capacity of the soil for efficient nutrient cycling, water infiltration, and buffering against environmental stresses, thereby necessitating ever-increasing external inputs to maintain productivity which is a trajectory inconsistent with long-term ecological resilience (Aryal et al., 2021). On the other hand, farming systems integrating organic fertilizers and other organic matter inputs consistently demonstrate improvements in soil fertility indicators over extended periods ensuring improved soil aggregation, increased water holding capacity, greater microbial diversity, and a more robust nutrient cycling capacity (Liu et al., 2024; Singh et al., 2024). Thus, continuous addition of soil organic matter through organic amendments promotes the formation of stable humic substances, contributing to carbon sequestration and mitigating climate change impacts. Consequently, organic approaches contribute to the development of resilient agroecosystems that are less dependent on external, energy-intensive inputs, thereby supporting long-term productivity and broader ecosystem health, including biodiversity conservation and improved water quality (Feliziani et al., 2025). The shift towards resilient and regenerative soil nutrient management, integrating the strengths of both approaches while mitigating their respective risks, represents a crucial step towards cultivating a truly sustainable agricultural future.

4.0 
REGENERATIVE AGRICULTURE
The concept of regenerative agriculture (RA) is multidisciplinary (Fig.3) hence it addresses the environmental, economic, and social dimensions of farming with it foundational principles centered on optimizing natural processes to enhance ecosystem services rather than relying predominantly on external inputs. Its’ broad scope cut across combining adaptable principles with context-specific practices, prioritizing soil conservation as a foundational step to restore soil health, enhance ecosystem functions, and improve socioeconomic outcomes (Feliziani et al., 2025). These principles are interconnected, creating synergistic effects that amplify their individual benefits. A primary principle of regenerative agriculture involves minimizing soil disturbance, which primarily manifests as reduced tillage or no-till farming practices (Khangura et al., 2023).  It has been documented that conventional tillage disrupts soil aggregates, accelerates the decomposition of organic matter, releases sequestered carbon dioxide, and diminishes the intricate networks of soil microbes and fungi critical for nutrient cycling (Kibblewhite et al., 2008). However, limiting physical disturbance to preserve soil structure, maintain intact root systems, and support flourishing microbial communities, a healthier soil environment is fostered, as well as  maximizing crop diversity and continuous living roots through strategies such as complex crop rotations, intercropping, and the persistent use of cover crops have been reported (Bodner et al., 2021; Țopa et al., 2025). 

Many cropping systems introduce a wider range of root exudates, which feed a more varied soil microbiome and contribute to improved nutrient cycling and pest suppression. Cover crops, planted between cash crops, ensure that the soil is continuously covered with vegetation, preventing erosion, suppressing weeds, and contributing biomass and root matter to the soil during fallow periods, thereby maintaining an active carbon pump (Sharma et al., 2018; Quintarelli et al., 2022). Another key principle emphasizes keeping the soil covered and maintaining soil armor by leaving crop residues on the surface or applying organic mulches. This protective layer reduces evaporation, moderates soil temperature, suppresses weed growth, shields the soil from erosion caused by wind and rain, provides habitat for beneficial insects, and supports decomposition.

Livestock integration into cropping systems through managed grazing is also considered as regenerative agriculture. When animals are managed appropriately, their grazing patterns and manure deposition mimic natural ecosystems, stimulating plant growth, improving nutrient distribution, and enhancing soil organic matter content (Stanley et al., 2024). This important relationship between plants and animals can significantly accelerate the regeneration of degraded land. Another principle of regenerative agriculture advocates minimizing the use of synthetic inputs such as chemical fertilizers, pesticides, and herbicides, which, despite historically boosting yields, can degrade soil health, harm biodiversity, and contribute to water pollution when used long-term (Fig. 3) (Feliziani et al., 2025). Adherence to these principles collectively shifts the field of agriculture towards a more symbiotic relationship with natural ecological processes, enhancing both environmental sustainability and long-term agricultural productivity.


5.0.
 ENVIRONMENTAL RISK MITIGATION STRATEGIES IN SUSTAINABLE AGRICULTURE

5.1.
 Soil Health Monitoring and Adaptive Management Approaches

Soil health constitutes the bedrock of sustainable agricultural productivity and environmental stability, representing a dynamic equilibrium of physical, chemical, and biological properties essential for supporting plant and animal life while performing vital ecosystem functions (Arata et al., 2023). The degradation of soil health, manifested through erosion, compaction, salinization, nutrient depletion, and organic matter loss, including impaired water infiltration, increased nutrient runoff into aquatic systems, and reduced carbon sequestration potential directly amplifies environmental risks (Gregory et al., 2015). Consequently, the proactive monitoring of soil health indicators and the subsequent implementation of adaptive management approaches are paramount for mitigating these risks. Comprehensive soil health monitoring involves the systematic assessment of various parameters that reflect the capacity of the soil to function effectively. Key physical indicators include bulk density, aggregate stability, water infiltration rate, and pore space, which collectively influence aeration, water retention, and root penetration (Sainju et al., 2022).Chemical indicators such as soil pH, nutrient concentrations (nitrogen, phosphorus, potassium, micronutrients), cation exchange capacity, and organic carbon content provide insights into nutrient availability and soil fertility (Bostani et al., 2025), while biological indicators including microbial biomass, enzyme activity, respiration rates, and earthworm populations reflect the soil’s living component and its role in nutrient cycling and organic matter decomposition (Bhaduri et al., 2022).

Advancements in remote sensing technologies, near-infrared spectroscopy, and precision agriculture tools now facilitate high-resolution, spatial explicit monitoring, and enabling farmers to identify localized issues and target interventions more effectively (Abdulraheem et al., 2023). Laboratory analyses, while more detailed, complement on-farm rapid tests and visual assessments, providing a holistic understanding of soil status. Adaptive management is linked to effective soil health which involves continuous learning and adjustment based on monitoring outcomes, recognizing the uncertainties and complexities of agricultural ecosystems, and soil health (Rakshit et al., 2017). This translates into a process where initial assessments inform management decisions such as cover crop selection, tillage practices, and nutrient application rates. The effects of these decisions are monitored, and subsequent adjustments are made to optimize outcomes and minimize environmental impact (Birgé et al., 2016). The implication is that consistent monitoring of soil organic carbon levels can guide adjustments in residue management or the frequency of compost application, aiming to enhance carbon sequestration. Real-time nutrient monitoring through plant tissue analysis or soil testing can also inform variable-rate fertilizer application, reducing the risk of nutrient leaching and eutrophication.

Financial incentive mechanisms represent the dominant policy approach for promoting sustainable agricultural practices adoption (Piñeiro et al., 2020). Government support for enterprises can be provided in different forms, such as subsidies, tax incentives, or direct public investment, with systematic reviews demonstrating that programmes linked to short-term economic benefit have a higher adoption rate than those aimed solely at providing an ecological service (Kronfol and Steenbergen, 2020). However, the effectiveness of these mechanisms varies significantly based on design and implementation with subsidy programs constituting the most widely implemented policy mechanism, yet their outcomes remain mixed. Recent analysis by the International Monetary Fund revealed that direct support measures can result in resource misallocation in instances where they fail to address market failures, such as imperfect information about the returns to fertilizers (Amaglobeli et al., 2024). It was also reported that poorly designed subsidies can undermine sustainability goals, as subsidies can also contribute to farm input overuse (including fertilizer), causing harm to the environment and the agricultural system. The Chatham House policy mapping demonstrates that subsidies targeting producers have the most significant effect on production, and the greater trade-distorting effect, often leading to market distortions rather than genuine sustainable practice adoption (Bellmann and Hepburn 2019). The Food and Agriculture Organization emphasizes that incentives that support improved production and yields can support soil fertility, more effective use of resources, profitable yields, and access to markets while simultaneously addressing environmental concerns (FAO et al., 2024). These mechanisms show greater promise for achieving dual sustainability and productivity objectives compared to production-focused subsidies.

5.2 
Technology Transfer and Farmer Education Programs

Transition towards sustainable agriculture is not a technical or policy challenge but a knowledge and capacity-building endeavor resulting to most innovative sustainable practices or well-designed policies that will remain unadoptedi without effective technology transfer and robust farmer education programs. These initiatives bridge the critical gap between scientific research and practical application, empowering agricultural producers with the knowledge, skills, and confidence to implement new technologies and management strategies (Siebrecht, 2020). Technology transfer in agriculture encompasses the processes through which new scientific discoveries, technical innovations, and best management practices are disseminated from research institutions and expert bodies to agricultural practitioners, and this involves various communication channels and approaches (Clavel-Maqueda et al., 2024). Abhijeet et al. (2023), has documented that traditional agricultural extension services, often government-funded, have historically played a crucial role, providing on-site advice, training workshops, and demonstration plots to farmers. Recent technology transfer mechanisms are increasingly incorporating digital platforms and information communication technologies (ICTs). Mobile applications, online databases, weather forecasting services, and specialized agricultural software provide farmers with real-time data, expert advice, and market information, enhancing decision-making for sustainable practices such as precision nutrient management or integrated pest management (IPM) (Ayim et al., 2022; Morepje et al., 2024; Sen et al., 2025). Remote sensing and drone technologies also offer new avenues for monitoring crop health, soil conditions, and water stress, thus requiring specific training for their effective utilization (Inoue, 2020; Getahun et al., 2024). These platforms ensure knowledge exchange, problem-solving, and collective action, providing a supportive environment for innovation adoption.

Challenges to technology adoption are numerous and complex, including limited access to capital for investment in new technologies, perceived risks associated with switching from traditional to modern practices, inadequate infrastructure (internet connectivity in rural areas), and socio-cultural barriers (Kala, 2023; Adel, 2024). Lack of awareness, understanding, or technical skills can also impact adoption rates. Therefore, effective farmer education programs is required to ensure information dissemination using programs which are aimed at addressing financial literacy, helping farmers understand the economic benefits and risks associated with sustainable investments. Success of these programs relies on multidisciplinary collaboration among research institutions, government extension agencies, non-governmental organizations (NGOs), private sector, universities and research centers. By investing in robust technology transfer and comprehensive farmer education, societies can accelerate the adoption of sustainable agricultural practices, minimize environmental risks, and cultivate a more resilient and productive future for global food systems.

6.0 
FUTURE DIRECTIONS AND EMERGING TECHNOLOGIES

6.1 
Digital Agriculture and Artificial Intelligence Applications in Risk Management

Integration of digital agriculture and artificial intelligence (AI) has revolutionized risk management in farming by enhancing precision, efficiency, and decision-making capabilities. According to digital agriculture encompasses technologies such as remote sensing, Internet of Things (IoT), machine learning, and big data analytics, which collectively contribute to data-driven agricultural practices (Abiri et al., 2023). Similarly, AI-driven predictive models enable farmers to anticipate weather-related risks, pest infestations, and soil degradation with higher accuracy, thereby allowing proactive mitigation measures (Aijaz et al., 2025). Satellite imagery combined with AI-powered image recognition helps in early detection of crop diseases, reducing yield losses (Nyakuri et al., 2025), while IoT-based smart farming systems facilitate real-time monitoring of soil moisture, nutrient levels, and microclimatic conditions, ensuring optimized resource allocation (Ajiboye et al., 2025). Furthermore, AI algorithms process vast datasets from multiple sources, including drones and ground sensors, to generate actionable insights for precision irrigation and fertilizer application (Aijaz et al., 2025). Despite these advancements, challenges such as high implementation costs, data privacy concerns, and the digital divide between large-scale and smallholder farmers persist.

6.2 
Policy Recommendations for Supporting Regenerative Agriculture Adoption

Transitioning to regenerative agriculture, a system aimed at restoring ecosystem health through soil regeneration, biodiversity enhancement, and carbon sequestration, demands comprehensive and robust policy interventions that prioritize a range of financial incentives including subsidies, tax breaks, and access to low-interest loans to facilitate farmer adoption (Vamshi et al., 2024; Ranjan, 2024; Ogwu & Kosoe, 2025). The European Union’s Common Agricultural Policy (CAP) reform integrates agroecological eco-schemes which reward farmers for sustainable practices, promoting eco-friendly and economically viable agriculture (Langlais, 2023). Legislative frameworks must also address critical issues such as land tenure security to prevent short-sighted farming practices that degrade soil health and hinder long-term sustainability (Olumba et al., 2024). Additionally, agricultural extension services require revitalization to provide farmers with practical, hands-on training and technical support in regenerative methods. Policymakers should incorporate carbon markets and payment-for-ecosystem-services schemes to financially reward farmers for their role in carbon sequestration, biodiversity preservation, and enhanced ecosystem services. These integrated measures involving financial, legal, educational, and market mechanisms are essential for fostering resilient agricultural systems and ensuring food security in the face of climate change.

7. 
CONCLUSION

The transition from conventional to sustainable agriculture represents a critical path for global food security and environmental health. This analysis reveals that while conventional farming has increased yields, it has created unsustainable environmental costs including greenhouse gas emissions, water pollution, and soil degradation. Heavy reliance on chemical fertilizers creates a destructive cycle where degraded soils require increasing inputs, further damaging ecosystems. Regenerative agriculture offers a promising alternative through practices that sequester carbon, enhance biodiversity, and improve water retention while maintaining productivity. However, successful transformation requires comprehensive policy support, farmer education programs, and technological innovation. The integration of precision agriculture can bridge conventional and sustainable systems during transition periods. Despite challenges including upfront costs and knowledge requirements, the evidence demonstrates that sustainable practices provide superior long-term benefits for soil health and ecosystem function. The choice between continuing destructive conventional methods or embracing regenerative alternatives will determine whether agriculture becomes part of the climate solution while ensuring food security for future generations.
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Fig. 1: The linkage between climate change, land degradation and food security. Source: Shafique et al. (2024).











Fig. 2: Direct and indirect pathways of emissions from agricultural soil after nitrogen-based fertilizer applications. Source: Benghzial et al. (2023).








Fig. 3: Fundamental principles of Regenerative Agriculture 


            Source: Feliziani et al. (2025)











71
 



