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Abstract


Without transformative adaptation strategies, the impact of climate change is projected to reduce global crop yields and increase food insecurity, while rising greenhouse gas (GHG) emissions further exacerbate the crisis. While agriculture is a major contributor to climate change through unsustainable practices, it also offers significant opportunities to mitigate these emissions through the adoption of sustainable practices. This review examines climate-smart agriculture (CSA) as a key strategy for enhancing crop productivity, building climate resilience, and reducing GHG emissions, while emphasizing the need for strategic interventions to accelerate its large-scale implementation for improved food security. The analysis revealed that while nitrogen use efficiency (NUE) has improved in developed countries, the global NUE remains at 55.47%, emphasizing the need for precision nutrient management and integrated soil fertility strategies to enhance productivity and minimize environmental impacts. With 40% of the world’s agricultural land already degraded, sustainability alone is insufficient, necessitating a shift toward regenerative agricultural practices to restore degraded soil and water by improving soil health, enhancing biodiversity, and increasing carbon sequestration, thus ensuring long-term agricultural resilience. CSA practices, including precision agriculture, regenerative agriculture, biochar application, and agroforestry, improve soil health, enhance food security, and mitigate greenhouse gas emissions. However, result variability highlights the need for site-specific strategies to optimize benefits. Integrating multiple CSA practices enhances soil health and productivity more effectively than implementing a single practice alone. Widespread adoption faces socio-economic and technological barriers, requiring supportive policies, financial incentives, and capacity-building initiatives. By adopting climate-smart technologies, agriculture can transition toward sustainability, securing global food systems while addressing climate challenges.
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1. Introduction


The impacts of climate change on agricultural production and food security have become a pressing global concern, drawing widespread attention and discussion. It is broadly accepted that climate change is primarily driven by anthropogenic activities, such as land use changes, deforestation, excessive fertilizer application, and fossil fuel combustion [1]. One of the primary drivers of this crisis is the rising concentration of atmospheric carbon dioxide (CO2), which significantly accelerates global warming. In 2023, global greenhouse gas emissions reached an all-time high of 57.1 gigatonnes of CO2 equivalent (GtCO2e), marking a 1.3% increase compared to 2022 [2]. In 2022 alone, agrifood systems accounted for 16.2 GtCO2e emissions, reflecting a 10% increase compared to 2000 levels [3]. To limit global warming to 1.5 °C, nations must commit to cutting GHG emissions by 42% by 2030 and 57% by 2035 through ambitious and immediate action in their Nationally Determined Contributions (NDCs) [2].



Climate change, coupled with shifting rainfall patterns, drought, and rising temperature, continues to exacerbate challenges for food production, threatening global food security despite ongoing mitigation and awareness efforts [4,5]. Without transformative adaptation strategies, climate change is projected to reduce global crop yields by 3–12% by mid-century and 11–25% by the end of the century under an intensified warming scenario [6]. Effectively tackling the ongoing challenges of climate change requires the development of comprehensive strategies focused on reducing GHG emissions, increasing carbon sequestration, and adopting adaptive measures to mitigate negative impacts. Agriculture holds a crucial position in this effort, as it not only has the potential to enhance food security through increased productivity but also to minimize its environmental footprint by integrating sustainable practices [7].



To effectively tackle the interconnected challenges of sustainability, food security, and climate adaptation, transforming agricultural and food systems is essential. The adoption of recent climate-smart agriculture (CSA) innovations, such as precision agriculture [8], regenerative agriculture [9], crop rotation [10], biochar application [11], and agroforestry [12], provides a comprehensive approach to sustainable farming, promoting higher crop yields, better soil moisture retention, improved nutrient use efficiency, and improved nutrient availability [13,14]. Simultaneously, it reduces GHG emissions and boosts carbon sequestration, thereby contributing to climate change mitigation. However, effectively monitoring the success of these strategies remains a challenging task.



Precision agriculture (PA) is a shift from traditional farming methods, focusing on using advanced technologies to optimize farming practices based on the natural variability of agricultural ecosystems [15]. It aims to increase crop yields, improve resource efficiency, and enhance sustainability in farming, forestry, and livestock management. The advancement of information and communication technology (ICT), such as artificial intelligence, sensors, drones, and robotics, and its integration into natural resource management are critical for reducing environmental stress and boosting productivity, thereby supporting the livelihood of farming communities [16].



Climate-smart regenerative agriculture offers a promising solution for restoring degraded agroecosystems, but its development is still in the early stages [17]. Regenerative agriculture (RA) focuses on soil health and carbon sequestration through practices like minimizing soil disturbance, preserving living roots, increasing biodiversity, and reducing synthetic chemicals. While it offers potential environmental, economic, and social benefits, its adoption remains limited due to a lack of empirical evidence on its benefits and profitability, highlighting the need for long-term trials to assess its effectiveness across different agroecosystems [18].



The adoption of climate-smart agriculture (CSA) practices is essential for food security by improving farm productivity, resilience to climate change, and income generation [19]. When implemented together, various CSA practices significantly improve food security in vulnerable regions by increasing crop yields, strengthening household resilience, and aiding communities in adapting to climate change impacts [20,21]. However, farmers face several challenges in adopting CSA practices, including a lack of awareness about CSA options, the technical complexity of certain methods, limited access to credit and government support, insufficient weather and climate data, high illiteracy rates among smallholder farmers, and the incompatibility of some practices with their preferred crops.



This review examines the practical application of CSA to enhance agricultural productivity and food security while lowering GHG emissions. It explores how climate-smart technologies, such as precision agriculture, regenerative farming, integrated nutrient management, biochar application, and agroforestry, can enhance soil health, cut GHG emissions, and improve crop productivity. This paper also examines food security in relation to the adoption of CSA practices. Additionally, this study aims to address a gap in the existing literature by investigating the factors that influence the adoption of climate-smart agricultural practices and how their varying levels of adoption contribute to both food security and GHG mitigation.




2. Climate-Smart Agriculture and Its Role in Mitigating GHG Emissions


Climate change, marked by rising temperatures, erratic rainfall, droughts, and increasing climate variability, represents a global threat with profound impacts on humanity, disrupting key sectors and production systems. Its effects are particularly severe for smallholder farmers, who face reduced agricultural productivity and heightened food insecurity due to long-term weather variations [22]. African countries and small-scale farming communities are especially vulnerable, as they often lack the resources and adaptive capacity needed to cope with these challenges [23].



Agricultural practices play a dual role in climate change. Unsustainable farming methods and excessive input use contribute significantly to greenhouse gas (GHG) emissions, while sustainable agricultural practices offer immense potential to mitigate these emissions by enhancing carbon sequestration and improving resource efficiency [24,25]. Carbon sequestration, the process of capturing and storing carbon in soil, plants, or ecosystems, is a key strategy for reducing atmospheric CO2 levels [26].



The agricultural sector significantly contributes to global greenhouse gas emissions, particularly carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4), accounting for one-third of total emissions, with its impact expected to grow as food demand rises to meet the needs of a projected 9.7 billion people by 2050 [27,28]. The rising global demand for agricultural goods, fueled by rapid population growth, has resulted in the expansion of farmlands, the adoption of energy-intensive production systems, and an increased reliance on chemical and organic inputs [28]. These practices, including agricultural expansion and unsustainable resource utilization, contribute to a self-reinforcing cycle of rising greenhouse gas emissions and soil degradation.



To address these challenges, international efforts have led to major climate initiatives, including the Kyoto Protocol (1997) and the Paris Agreement (2015), which aim to curb global warming and mitigate climate change impacts. The Paris Agreement provides a global framework for countries to set GHG reduction targets, with a goal of limiting global warming to well below 2 °C and striving for 1.5 °C [29]. While the Paris Agreement sets ambitious goals to limit global warming, the current levels of greenhouse gas emissions are on track to cause temperature increases well beyond these targets. This discrepancy suggests that, despite the agreement’s intent, more aggressive action is required to mitigate the worsening impacts of climate change.



In response, climate-smart agriculture (CSA) has emerged as a strategic approach to reshape agricultural production systems and food supply chains, ensuring sustainability and food security in the face of climate change [30]. This approach focuses on three key goals: enhancing agricultural productivity and income sustainably, fostering adaptation and resilience to climate change, and minimizing or eliminating greenhouse gas emissions where feasible [31]. Several agricultural practices align with this framework, including precision agriculture, regenerative agriculture, agroforestry, integrated nutrient management, and efficient water resource management [14]. By leveraging technology and innovation, CSA not only enhances food production but also reduces the environmental footprint of agriculture, making it a crucial strategy for addressing climate change [32].




3. Strategies for Sustainable Agriculture and Greenhouse Gas Reduction


3.1. Precision Agriculture


Precision agriculture (PA) is an advanced management approach that involves collecting, processing, and analyzing temporal, spatial, and individual data. By integrating this information with other relevant insights, it enables informed decision-making to address variability, ultimately enhancing resource productivity, efficiency, profitability, quality, and the sustainability of agricultural systems (adopted from Internation Society of Precision Agriculture in 2024, https://www.ispag.org, accessed on 25 January 2025). Precision agriculture (PA) uses site-specific data to optimize agronomic practices, allowing farmers to make informed decisions on crop placement, soil conditions, and chemical usage, resulting in improved productivity and a more sustainable environment [33].



Advanced precision agriculture technologies integrate cutting-edge tools to enhance crop productivity, optimize resource use, and minimize environmental impacts, making them a vital component of climate-smart farming [14]. Precision agriculture technologies (PATs), including the Internet of Things (IoT), GPS-guided machinery, remote sensing, drones, sensors, and robots, monitor field variability, optimize resource use, and enhance crop yields through data-driven decision-making [8,34,35]. IoT technology connects devices and systems via the internet, allowing for remote management and control by integrating with existing infrastructure to optimize their operation [36]. Drones, also known as Unmanned Aerial Vehicles (UAV), and remote sensing technologies provide detailed imagery and data, facilitating accurate assessment of crop health, soil properties, water stress, and pest dynamics [37]. Precision machinery equipped with GPS ensures efficient planting, fertilization, and harvesting, minimizing waste and maximizing productivity [8].



Moreover, PA helps mitigate greenhouse gas (GHG) emissions by optimizing resource use, including nutrients, fertilizers, water, and energy, thereby minimizing waste and reducing the environmental footprint of farming activities [38]. Precision agriculture enhances productivity while lowering emissions, making it a sustainable solution for global food security in a changing climate. Two essential aspects of this approach are precision nutrient management and water management, which ensure optimal resource use by supplying crops with the right nutrients and water at the right time, improving yields while reducing environmental impact.



3.1.1. Precision Nutrient Management


Site-specific nutrient management (SSNM) is essential for optimizing fertilizer application and enhancing crop productivity by aligning nutrient inputs with crop requirements and soil nutrient supply [39]. Overapplication of nitrogen fertilizers and imbalanced plant nutrition are major drivers of anthropogenic GHG emissions, particularly in the form of nitrous oxide (N2O) [40]. The SSNM approach has demonstrated its effectiveness in improving crop yields, profitability, and nutrient use efficiency while mitigating GHG emissions [41]. However, meeting global food security and farm productivity while reducing nitrogen pollution is a major challenge, as current nitrogen use efficiency (NUE) is insufficient to prevent widespread exceedance of environmental thresholds.



A Food and Agriculture Organization (FAO) report highlights significant progress in nitrogen use efficiency (NUE) across European countries, with some nearing an average NUE of 70%; however, most countries still face major challenges in achieving this target [42] (Figure 1). Despite these improvements, the global NUE remains at 55.47%, indicating that nearly 44.53% of applied nitrogen is lost through various pathways such as leaching, volatilization, and denitrification. This disparity underscores the need for region-specific nitrogen optimization strategies, enhanced nitrogen-use technologies, and integrated soil fertility management approaches to enhance productivity while mitigating environmental impacts.



Applying the appropriate fertilizer at the optimal rate, synchronized with the crop’s growth stages and targeted at the correct location (4R principle), can enhance fertilizer use efficiency while minimizing environmental pollution [43]. Variable rate technology (VRT) is essential in precision agriculture, enabling site-specific application of fertilizers, chemicals, and water [44]. Using either map-based or sensor-based approaches, VRT incorporates data collection, processing, decision support, and applicator design. GPS-guided machine guidance further enhances farming efficiency by steering equipment with precision, reducing overlaps and gaps during field operations.



A recent study [45] evaluated the impact of variable rate technology (VRT) on nitrogen fertilizer application and crop productivity. The study found that VRT led to a maximum saving of 24.30% in nitrogen fertilizer use for groundnut crops, enhancing fertilizer use efficiency and profitability, and reducing environmental impact. Similarly, another study [46] conducted in a Mediterranean context assessed the effect of VRT on nitrogen fertilization in durum wheat cultivation. This research demonstrated a 13.3% increase in energy use efficiency and a 15.3% improvement in net energy gain. Furthermore, VRT reduced the total environmental footprint of wheat production by 12.2% per ton and 13.1% per hectare, highlighting both the efficiency and sustainability improvements associated with precision nitrogen management.



Further research has demonstrated the advantages of site-specific nutrient management. Using Nutrient Expert® software combined with conservation tillage practices such as permanent bed planting (PB) and zero tillage (ZT) with residue retention significantly improved soil biochemical properties. It enhanced yields by 13–18% and increased net returns by USD 330–400 compared to conventional tillage practices [47]. Moreover, according to [48], precision nutrient management using Nutrient Expert + Leaf Color Chart [NE-(LCCN) NPK] in zero-till wheat significantly improved grain yield by 8.05% and nutrient use efficiency by 58.1% over recommended doses of fertilizer while reducing cumulative N2O emissions by 19.5%. These findings suggest that NE-(LCCN) NPK is a sustainable approach to improving yield, soil health, and resource efficiency while mitigating greenhouse gas emissions in rice–wheat systems.



The study [49] found that field trials contrasting traditional practices with NDVI-guided nitrogen application on wheat crops resulted in significant reductions. Greenhouse gas emissions decreased by 20–27%, GHG intensity dropped by 15–20%, and nitrogen fertilizer application was reduced by 15–25 kg per hectare. Similarly, customized fertilizer recommendations resulted in a 44% reduction in CO2 emissions and a 31% decrease in GHG intensity, outperforming conventional agricultural methods.



In this context, PA enables farmers to apply inputs such as pesticides and fertilizers with high accuracy, targeting specific areas of their fields using real-time data, thereby minimizing waste and reducing both variable costs and environmental impacts [50]. By leveraging proximal and remote sensing, PA enables site-specific nutrient management, minimizing nitrogen losses, reducing GHG emissions, and improving crop productivity [51]. However, its effectiveness in strengthening climate resilience depends on factors such as climate, soil, farming practices, and access to technology. To optimize the advantages of precision nutrient management, ongoing research, improved technological accessibility, standardized implementation protocols, and collaboration among farmers, researchers, and industry stakeholders are essential for long-term sustainability.



Although North America has seen higher adoption of precision agriculture technologies compared to Europe, the growth of variable rate application remains slow, with only one-third of developed-country farms using automated spatial management [52]. A study [53] showed that the adoption of machine guidance (MG) and variable rate nitrogen technologies (VRNT) in European countries is influenced by factors like farm size, income, economic optimism, innovation, and information-seeking behavior. While subsidies and taxation serve as positive drivers, informational support and demonstration may be more effective in addressing industry bias and proving the economic viability of these technologies. Further, the European Commission [54] also highlighted that farmers generally have a high awareness of machine guidance (MG) and variable rate technology (VRT), yet significant adoption potential remains. In developing countries, however, the adoption of precision agriculture technologies (PATs) faces several challenges. Despite their potential benefits, the uptake of these technologies remains low due to factors such as lack of education and awareness, limited financial resources, inadequate infrastructure, insufficient technical expertise, and unsuitable farming models for small landholdings [55,56]. To overcome these challenges, it is essential to provide targeted informational support, practical demonstrations, and financial incentives to bridge the gap between awareness and implementation, enabling farmers to harness the benefits of precision agriculture technologies.




3.1.2. Water Management


The advancement of smart irrigation systems is driven by the integration of artificial intelligence (AI), remote sensing, the Internet of Things (IoT), and machine learning (ML), revolutionizing precision water management and enhancing agricultural sustainability [57,58]. These innovations address challenges posed by climate change and water scarcity by enabling farmers to optimize irrigation strategies through real-time data on soil moisture dynamics, weather patterns, and crop health. By improving irrigation efficiency, these technologies help conserve water resources while maintaining or even increasing crop productivity [59].



Soil moisture, a critical regulator of microbial activity and oxygen levels, significantly influences GHG emissions, highlighting the growing importance of effective water management in mitigating climate change impacts [60,61]. Soil sensors enable precise monitoring of soil moisture levels, allowing farmers to adjust irrigation schedules in response to fluctuating rainfall trends, thereby optimizing water use and reducing the risk of drought. Research findings demonstrate the effectiveness of these technologies: for instance, the bioristor biosensor effectively monitored real-time water status in tomato plants, enabling a reduction in water use by at least 36% while improving irrigation efficiency and supporting sustainable water management practices [62]. Similarly, sensor-based irrigation scheduling of soybeans using a lower soil moisture threshold reduced consumptive water use by 49% without negatively impacting yield, returns above irrigation costs, or irrigation water use efficiency (IWUE) [63]. Furthermore, integrating sprinkler irrigation at 80% crop evapotranspiration with precision nutrient management significantly enhanced soybean physiological performance, increased grain yield (2.63 t ha−1), and improved water use efficiency, presenting a sustainable strategy for optimizing irrigation management [64].



With its ease of operation and significant potential for water savings, precision irrigation, including automated, sensor-based, and simulation modeling approaches, is becoming increasingly popular among farmers. The global smart irrigation market, valued at USD 2.0 billion in 2024, is projected to reach USD 5.8 billion by 2033, growing at a compound annual growth rate (CAGR) of 12.68% [65]. This growth is driven by increasing awareness of water conservation, advancements in sensor technology, and government incentives promoting sustainable agriculture.



Despite its vast potential, widespread adoption of smart irrigation systems faces challenges, including high initial costs and the need for farmer training. However, increasing awareness of water scarcity, coupled with government subsidies, is accelerating adoption, positioning these technologies as crucial for future global food security. The integration of precision agriculture (PA) technologies not only enhances water management but also boosts crop yields, improves soil health, and reduces GHG emissions by increasing soil carbon storage and mitigating methane (CH4) emissions [66]. By minimizing water waste and optimizing resource use, precision irrigation systems enhance agricultural productivity while reducing environmental impacts. However, their successful implementation depends on farmers’ financial capacity, supportive institutional policies, government incentives, and effective extension education programs to facilitate widespread adoption.





3.2. Regenerative Agriculture


Regenerative agriculture (RA), while lacking a universally accepted definition, is broadly defined as a holistic approach to farming that combines specific processes, such as the use of cover crops, crop rotation, livestock integration, and reduced or no-tillage practices, with the pursuit of measurable outcomes, including improved soil health, increased carbon sequestration, and enhanced biodiversity [67]. These approaches aim to restore soil health, improve ecosystem processes, increase water retention, enhance biodiversity, and mitigate climate change by sequestering carbon and reducing chemical inputs (Figure 2).



RA is gaining recognition as a transformative approach to addressing ecological and social challenges by restoring ecosystems, prioritizing soil health and biodiversity, and actively combating climate change through practices that surpass conventional sustainability efforts [68]. However, with 40% of the world’s agricultural land already degraded, sustainability alone is inadequate to address the challenges we face [69]. Instead, the focus must shift toward regeneration. At renature, we emphasize that “sustainability is the bridge, and regeneration is the destination” for land and farming. Regenerative agriculture builds upon sustainable practices by prioritizing soil-focused methods over traditional seed-based approaches to restore and enhance ecosystems. The core principles of RA focus on actively restoring degraded soils and ecosystems, going beyond sustainability toward regeneration.



Regenerative agriculture is built on four fundamental pillars: soil, water, biodiversity, and carbon. These form the basis of its guiding principles, which are broad and universal. However, achieving these principles requires implementing various specific practices, as listed in [70]. In this section, we will focus on some of the key practices.



3.2.1. No-Till or Minimum Tillage


Soil degradation is a global issue that poses a significant threat to food security, with the UN reporting that up to 40% of the world’s land is affected [69]. The primary cause of this degradation is excessive mechanical tillage, which damages soil structure, accelerates erosion, and depletes soil fertility. One of the most effective methods for stabilizing and regenerating degraded land is no-till technology, which eliminates tillage, providing economic benefits to farmers while preventing soil erosion, preserving moisture, and maintaining organic matter.



Tillage is a widely used agricultural practice that serves a vital function in croplands globally, helping to mitigate climatic and soil constraints while supporting various ecosystem services [71]. No-till (NT), also known as zero tillage or direct drilling, is a practice in which the soil remains undisturbed before planting, helping to reduce erosion and restore degraded soil, particularly in sandy, dry, or sloped areas. A successful no-tillage system relies on effective weed control, which is achieved through appropriate crop rotations, the use of aggressive cover crop species, mechanical termination of cover crops using tools like knife rollers or mulchers, and/or the application of suitable herbicides. Minimum tillage (MT) is a sustainable farming practice that limits soil disturbance, preserving soil structure, promoting microbial biodiversity, and improving nitrogen fixation, while also enhancing agricultural productivity, improving farmers’ livelihoods, and increasing farming system resilience [72,73].



Soil conservation practices that retain moisture, such as maintaining a minimum of 30% soil cover with crop stubble and leaf litter, are critical in reducing wind and water erosion [74]. The effectiveness of these practices, however, depends on factors like the tillage method, equipment used, and the nutrient content of the crop residues. Rather than burning crop residues, which contributes to air pollution, farmers can incorporate these residues into the soil, boosting carbon storage and enhancing soil health.



Tillage practices, particularly minimum tillage, have been extensively studied for their role in soil carbon sequestration. Minimum tillage helps preserve organic matter and minimizes soil disturbance, which supports soil health [75]. Surface residues improve soil porosity, enhancing water retention and availability for crops. Practices like NT and MT are effective in promoting carbon sequestration and reducing carbon dioxide (CO2) emissions [71,76,77]. Studies spanning 11 years have demonstrated the substantial benefits of no-till farming over conventional tillage, with increased soil organic matter observed across various soil types. Notably, no-till practices have consistently enhanced soil organic carbon storage, thereby highlighting their efficacy in promoting sustainable carbon management across various agricultural systems [78]. Moreover, [79] reported that under no-tillage practices, soil organic carbon (SOC) levels improved by 30% compared to conventional tillage. The SOC sequestration potential improved significantly with higher crop residue rates and the application of farmyard manure. These results highlight the importance of increasing crop residue and applying organic fertilizers, particularly under NT, to enhance SOC stock in semi-arid regions.



The study [80] found that field trials revealed that winter wheat yields dropped by up to 67% under MT compared to conventional tillage, primarily due to lower mineralization and higher weed pressure. The research highlighted that further improvement in NT and MT practices in organic farming requires innovation and collaboration between agricultural practice and science. On the other hand, another study [81] found that while no significant changes in long-term yields were observed between no-till and conventional tillage for corn, soybean, and wheat, no-till resulted in higher net returns per acre. This increase in profitability was primarily due to lower farm operation costs associated with no-till, and the relative profitability of no-till improved with longer-term adoption, supporting the idea that continuous no-till is beneficial in the long run.



According to [82], after 9 years of NT, RT, and conventional till (CT) practices in southern Queensland, Australia, NT led to a modest rise in organic carbon and a notable enhancement in total nitrogen within the upper 10 cm of soil compared to RT and CT. NT showed 18% more organic carbon and 21% more total nitrogen than CT in the 0–10 cm depth, with a higher concentration of these nutrients in the topsoil. NT also enhanced soil chemical properties, such as exchangeable potassium and phosphorus, compared to CT. These findings suggest that NT and RT practices positively affect soil organic matter and nutrient retention, potentially benefiting long-term soil health and crop production, despite some reduction in nutrient availability, such as phosphorus and potassium, in the surface layers.



A key challenge of minimum tillage is balancing effective weed control with the increased reliance on herbicide applications [83]. The success of minimum tillage systems varies depending on factors such as soil type, climate, and crop species. These systems can lead to issues like soil compaction, reduced macroporosity, and impaired air and water movement, which can hinder their effectiveness. Hence, to optimize the advantages of minimum tillage, it is important to adapt practices to the specific conditions of the soil, climate, and crops being grown. Moreover, the adoption of NT faces additional hurdles in developing countries, where the lack of appropriate planting equipment, such as specialized drills, mulch spreaders, and sprayers, restricts its widespread use. While NT offers significant long-term benefits, including enhanced soil organic carbon sequestration and sustainable carbon management, the challenges of achieving stable yields and accessing modern machinery remain substantial in resource-limited regions.




3.2.2. Cover Crop


Cover crops are increasingly valued for their ability to improve soil health, reduce agricultural inputs, and support environmental sustainability. These practices enhance water retention, soil porosity, and aggregate stability while boosting microbial populations and facilitating nutrient cycling, all of which contribute to improved soil quality and ecosystem sustainability [84]. Furthermore, by reducing the risks of soil erosion and nitrogen leaching, cover crops can mitigate climate change impacts, increase subsequent crop yields, and reduce the need for additional land [85]. Planted after the primary crop harvest, cover crops can be annual, biennial, or perennial, either as single-species or mixed-species systems. They are typically terminated or tilled into the soil in the winter or spring, or grazed, depending on the goal, to minimize competition with the primary crop and promote organic nitrogen mineralization. Ultimately, cover crops offer a viable solution to increase crop productivity while minimizing inputs and environmental impacts [86].



Cover crops significantly impact soil organic carbon (SOC), playing a crucial role in enhancing soil health and contributing to the long-term sustainability of the system. Meta-analysis studies have shown that cover crops increased SOC by approximately 7.3%, making cover cropping an effective strategy to enhance carbon sequestration and improve the resilience of corn production systems to climate change [87]. An analysis of 190 studies across various countries, climates, and agricultural practices revealed that cover crops reduce soil bulk density by 1–24%, increase organic matter by 7–74%, enhance macroporosity by 1–67%, and improve water infiltration rates by 5–629%, with cumulative infiltration rising by 29–170% [88]. However, the variability across studies highlights the need for further research to develop site-specific management strategies that optimize cover crop benefits for soil fertility, crop productivity, and environmental sustainability.



A meta-analysis from 77 paired comparison studies showed that cover crops have demonstrated mixed results in terms of carbon sequestration in soil, with only 29% of 77 paired comparisons from U.S. studies showing increased SOC stocks, primarily influenced by factors such as low initial SOC, high biomass production, and prolonged use. Conversely, 71% of comparisons found no significant impact, which was attributed to variables including cover crop species, tillage, irrigation, fertilization, soil texture, initial SOC, and climate; however, the lack of a quantitative synthesis was due to insufficient variance data [89]. Therefore, the influence of cover crops on soil SOC accumulation is dependent on several factors, including climate variations, soil properties, cropping sequences, cover crop biomass, tillage practices, and the duration of their application.



Cover crops are effective in reducing nitrate leaching, but their impact on N2O emissions varies. Nitrogen leaching from agricultural soils is a significant concern, as it contributes to elevated nitrate (NO3−) concentrations in groundwater and runoff, indirect GHG emissions such as nitrous oxide (N2O), and the loss of costly nitrogen fertilizer [90]. Cover cropping can help reduce post-harvest soil nitrate (NO3−) surplus, particularly when high NO3− levels coincide with high drainage [91,92]. Cover crops can decrease N2O emissions by lowering mineral nitrogen levels and surface soil moisture, but they may also increase emissions by adding organic substrates that release nitrogen during decomposition or by raising summer soil water content [93]. This study revealed that cover crop species, biomass, and timing play a more crucial role in reducing nitrate leaching, which in turn impacts indirect N2O emissions [93]. Furthermore, in a tile-drained corn–soybean rotation, cover crops reduced NO3− losses by over 50% during the corn year, leading to a 64% reduction in environmental damage costs over the two-year rotation despite increased N2O emissions in the soybean year [94]. On the other hand, cover crops, particularly peas and their mixtures, increased soil CO2 emissions and microbial activity, while canola and pea–oat mixtures reduced emissions, with seasonal variations linked to soil temperature, water content, and precipitation events [95].



A meta-analysis study [86] revealed that cover crops significantly increased soil organic carbon sequestration, with the potential to mitigate net GHG balances by 2.06 ± 2.10 Mg CO2-eq ha−1 year−1 without significantly affecting direct nitrous oxide emissions. While cover crops reduced primary crop yields by about 4%, this effect could be mitigated by using a mix of legumes and non-legumes, which increased yields by approximately 13%, supporting the widespread adoption of cover cropping with appropriate management practices tailored to local conditions.



Moreover, another study showed that the integration of regenerative agriculture, including cover crops and no-tillage, presents promising agricultural practices that enhance soil organic carbon (SOC) sequestration, support food security, and reduce GHG emissions under changing climate conditions. In a long-term organic soybean system, NT combined with a cover crop significantly reduced net global warming potential (GWP) and yield-scaled GWP, making it an effective CSA practice for humid, subtropical regions [96].




3.2.3. Crop Rotation


Crop rotation, the practice of cultivating a series of different plant species on the same land over time, has been an important farming tradition for millennia. Crop rotation is a fundamental agricultural practice that influences soil carbon dynamics and biogeochemical processes, playing a crucial role in maintaining soil health and enhancing productivity [97,98]. By improving nutrient availability, regulating pH levels, and ensuring nutrient balance, it helps sustain soil fertility while also suppressing pest, weed, and disease cycles. Additionally, crop rotation supports nutrient cycling, fosters microbial diversity, enhances soil hydrological properties, and optimizes resource use efficiency by maximizing residual moisture and soil water retention [99,100].



Integrating legumes into diversified crop rotations significantly enhances soil carbon sequestration, reduces GHG emissions, and sustains crop productivity. A six-year field study [10] revealed that replacing maize–wheat monoculture with legumes (soybean, peanut) and cash crops (sweet potato) led to a 38% increase in equivalent yield and a 39% reduction in N2O emissions. Additionally, legume-based rotations enhanced soil microbial activity, increased SOC stocks by 8%, and improved soil health by 45%, highlighting the potential of crop diversification to boost food production, farmer income (by 20%), and environmental sustainability.



A meta-analysis of 85 studies further confirmed that integrating legumes into cropping systems significantly increased various SOC fractions, with stronger effects under favorable climatic conditions, nutrient-limited soils, and low nitrogen inputs, emphasizing the need for site-specific strategies to optimize SOC dynamics for sustainable agriculture [101]. The winter wheat–summer maize–spring maize rotation under irrigation achieved the highest SOC stocks, carbon sustainability index, and yield while maintaining the lowest carbon footprint, making it the most effective strategy for balancing productivity with environmental sustainability [102].



Crop rotation and diversification are vital strategies for enhancing soil fertility, reducing pests, and improving nutrient and water use efficiency while sustainably increasing food production and minimizing greenhouse gas emissions and reliance on synthetic inputs [103,104]. By alternating crops in a systematic sequence, crop rotation helps manage crop diseases, reduce pathogen buildup, and improve soil health. This practice, alongside other integrated crop management techniques like genetic resistance, intercropping, and canopy manipulation, enhances environmental sustainability and crop protection. This approach offers a promising solution to the dual challenges of climate change and food security, contributing to more resilient and efficient agricultural systems.





3.3. Biochar Application


Biochar has emerged as a focal point in agricultural and environmental research due to its promising benefits for soil health, carbon sequestration, and pollution mitigation. As a strategy in climate-smart agriculture, it offers a sustainable way to enhance crop productivity, boost resilience to climate variability, and mitigate greenhouse gas emissions [11]. Biochar is a carbon-rich solid material generated through the high-temperature pyrolysis of biomass, including crop residues, wood, manure, municipal wastes, and various other feedstocks [105]. These materials are derived from both lignocellulosic and non-lignocellulosic biomass. Lignocellulosic biomass, which includes agricultural waste, energy crops, grasses, forest biomass waste, and municipal solid waste, is a valuable source of animal and plant components [106]. In contrast, non-lignocellulosic biomass, such as sewage sludge, algae, fur, animal waste, and skeletal remains, poses significant challenges for management and utilization due to its complex and varied composition [107]. The composition of these components varies depending on factors such as the biomass type, growing conditions, harvesting methods, storage practices, and the extraction techniques employed. Biochar derived from varying levels of hemicellulose, cellulose, and lignin can exhibit a broad spectrum of physicochemical properties [106].



Studies have shown that biochar affects physical, chemical, and biological soil properties in diverse ways, largely due to variations in its characteristics. It has been found to increase soil pH and cation exchange capacity (CEC), and improve water and nutrient retention, aggregate stability, and soil structure by lowering bulk density [108,109,110]. Moreover, biochar directly affects soil microbial communities and their activities, contributing to overall soil health [111]. The impacts of biochar on SOC, GHG emissions, and crop yields are influenced by its specific properties, as well as soil conditions and management practices [105]. SOC plays a critical role in soil fertility, supporting food security while also acting as a significant carbon sink for climate change mitigation [112]. High-temperature, lignin-rich biochar is particularly effective at enhancing carbon sequestration and reducing methane and nitrous oxide emissions in acidic soils. In contrast, low-temperature biochar derived from manure is more beneficial for improving crop yields in nutrient-deficient soils [113].



Biochar improves crop yield by enhancing plant-available nutrients through its influence on soil moisture retention, pH balance, cation exchange capacity, and microbial-driven nutrient cycling. A global meta-analysis showed that biochar increased crop productivity by 10% compared to fertilized controls and 186% compared to non-fertilized controls, with low application rates (0.9 t ha−1) achieving similar benefits as biochar used as a soil conditioner [114]. Moreover, other studies showed that biochar and inorganic fertilizers individually increased crop yield by 25.3% and 21.9%, respectively, while their co-application with organic or inorganic fertilizers boosted yield by 179.6%, with the greatest benefits observed in acidic soils (pH ≤ 5) and when biochar was produced at 401–500 °C with a C:N ratio of 31–100 [115]. Hence, co-applying biochar with inorganic or organic fertilizers in acidic soils boosts crop productivity more effectively than using either alone while also enhancing fertilizer efficiency and profitability.



Moreover, according to [116], a global meta-analysis showed that biochar application increased crop yield by 15.1% when applied alone and by 48.4% when combined with chemical fertilizers. It also improves soil organic carbon (SOC), raising it by 32.9% with biochar alone and 34.8% when combined with fertilizers. In terms of global warming potential (GWP), biochar alone reduces GWP by 27.1%, while the combination with fertilizers leads to a smaller reduction of 14.3%. The effectiveness of biochar in enhancing crop yield, SOC, and reducing GWP is largely influenced by its carbon-to-nitrogen ratio and soil pH, which are the key factors determining the overall impact.



Several meta-analyses have been conducted to investigate the effects of biochar additions on soil methane (CH4) and nitrous oxide (N2O) emissions [117,118], soil organic carbon (SOC) [119,120], and crop yields [121,122]. Most of the studies have revealed that applying biochar is a beneficial strategy to enhance yield and SOC, and mitigate GHG emissions. Specifically, biochar application has been shown to significantly boost microbial abundance, increase the potential nitrification rate by 40.8%, and reduce cumulative N2O emissions by 12.7%, with biochar derived at lower pyrolysis temperatures improving nutrient retention but increasing cumulative CO2 emissions [123]. Additionally, biochar reduced N2O and NO emissions by 16.2% and 14.7%, respectively, with the most effective biochar being high in carbon content and pH, derived from woody or herbaceous feedstocks, pyrolyzed at high temperatures, and applied to soils with high silt content, moderate pH, and coarse texture [124]. These findings suggest that biochar amendments can mitigate nitrogen oxide emissions in crop production, with efficacy influenced by soil properties, biochar characteristics, and field management.



A global meta-analysis revealed that biochar application significantly enhances crop growth and reduces the accumulation of potentially toxic metal(loid)s (PTMs) in crops, with the highest reduction observed in grains (36.1%), followed by shoots (31.1%) and roots (27.5%) [125]. Additionally, biochar modifications further amplified its remediation potential, contributing to improved soil quality and lower health risks from PTM-contaminated crops, reinforcing its role in sustainable soil management and safe food production.



Some studies have reported no or even negative impact of biochar application on soil properties [126], crop yield [127], and methane emissions [128], with these outcomes influenced by soil conditions, biochar characteristics, and the complex interactions between soil, climate, crops, and management practices. Additionally, the influence of biochar utilization on crop yield, SOC, and GHG emissions varies widely, depending on factors such as soil type, biochar properties, and environmental conditions [129]. Moreover, feedstock composition, pyrolysis conditions, and additives influence biochar’s porosity and functional groups, ultimately affecting its nutrient release mechanisms. Hence, long-term studies are essential to resolve inconsistencies in results, establish optimal application practices, and elucidate the underlying mechanisms driving these effects.



The integration of one or more conservation agricultural practices enhances soil organic carbon, nutrient availability, and carbon sequestration. Biochar and biochar-compost amendments enhanced soil organic carbon, nutrient availability, and soil water content, leading to increased maize yield while also showing potential to mitigate greenhouse gas emissions, particularly by reducing N2O emissions over time [130]. A meta-analysis of 417 peer-reviewed studies shows that biochar application proved to be the most successful CSA practice for enhancing SOC levels (by 39%), followed by cover crops (6%) and conservation tillage (5%), with greater benefits observed in warmer climates and low nitrogen input systems [112].




3.4. Agroforestry for Climate-Smart Agriculture


Agroforestry has been advocated as a climate-smart agricultural approach across the region to support biodiversity conservation and improve various ecosystem functions [131]. Climate-smart agroforestry (CSAF) is an integrated approach to land use that combines trees, crops, and sometimes animals within managed farmlands, offering a sustainable farming system that helps mitigate and adapt to climate change [132]. This approach not only offers numerous environmental benefits but also enhances the sustainability of agricultural practices and food security.



Climate change, alongside biodiversity loss, soil degradation, and resource scarcity, poses a significant threat to global agricultural systems, with rising temperatures and shifting rainfall patterns jeopardizing food production unless effective adaptation measures are implemented [133]. Agroforestry systems are a promising strategy for both adapting to and mitigating climate change impacts, offering multiple benefits such as ecosystem services, improved crop production, and enhanced rural livelihoods [134,135]. Agroforestry-based climate change adaptation strategies include reversing negative tree cover trends, optimizing resource utilization, affecting rainfall distribution, and adjusting tree–crop interactions according to weather predictions [136].



Evidence suggests that agroforestry, which can alter microclimates and reduce soil erosion, could be a viable adaptation strategy for enhancing agricultural resilience [12,137,138]. For instance, a study found that integrating agroforestry systems with 50% shade cover helps counteract rising temperatures by reducing heat stress, thereby maintaining 75% of the suitable coffee-growing area [139]. While crop improvement programs are widely advocated for adapting to climate change, focusing on drought- and heat-tolerant varieties, alternative strategies, such as modifying local climates through tree planting, are often overlooked. Moreover, current agricultural adaptation strategies tend to prioritize crop substitution or relocation while overlooking the potential benefits of tree-based solutions.



Agroforestry systems (AFS) are considered more effective in carbon sequestration due to their enhanced capacity to capture and utilize growth resources such as light, nutrients, and water compared to monoculture crop or pasture systems [140]. They improve ecosystem functions, enhance biodiversity, sequester carbon, strengthen soil health, reduce GHG emissions, and offer additional income opportunities [141,142]. AFS can sequester 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 1 m depth, with carbon storage influenced by tree density, species richness, and environmental conditions [143]. By fostering sustainable land management practices, agroforestry not only contributes to reducing GHG emissions but also supports food production and resilience against climate impacts, making it a critical component of global efforts to achieve a low-carbon future [144].





4. Enhancing Food Security and Nutrition Through the Adoption of CSA Practices


CSA is increasingly recognized as an approach to alleviate the impacts of climate change on agriculture while fostering more resilient communities and enhancing global food security [30]. Among the most pressing development challenges of our time are the threats that climate change poses to food and nutrition security [145]. Climate change, coupled with structural and institutional challenges, exacerbates food insecurity, particularly in Sub-Saharan Africa and other developing regions. Shrinking agricultural land [146,147], declining soil fertility [148], a growing population, low productivity [149], and persistent rural poverty hinder the development of sustainable agricultural practices. In these areas, rising drought frequencies, shifting climate patterns, and a heavy reliance on rain-fed agriculture have resulted in declining crop yields, reduced food availability, and financial instability for farming communities.



Moreover, climate change has the potential to impact both the quality and availability of micronutrient-rich foods [150]. Variability in climate indirectly affects food security and nutrition by diminishing food quality, increasing prices, and disrupting distribution networks [151]. Increased carbon dioxide concentrations are lowering the nutrient density in crops, particularly essential minerals and bioactive compounds. The shift towards high-yielding, less nutritious crop varieties, combined with changing farming practices, further contributes to the decline in food quality. This worsening situation exacerbates malnutrition and nutrient deficiencies, especially among vulnerable populations in developing countries [152].



Addressing the effects of climate change on food security and nutrition requires adopting CSA practices. These practices bridge climate change adaptation with food production, offering a path to improved food security [153]. In developing countries, where smallholder farmers face significant challenges such as limited land and climate change impacts, CSA offers a crucial opportunity to enhance livelihoods [154]. Key CSA strategies include promoting regenerative agriculture, crop diversification, biochar application, and agroforestry, all of which improve soil health and reduce greenhouse gas emissions.



Soil health is central to crop nutrition, directly influencing both crop yield and nutrient content. By supporting farmers with climate-resilient technologies and sustainable practices such as precision agriculture and regenerative agriculture technologies, we can help reverse declining food quality trends. Increased agricultural productivity resulting from CSA can also boost household incomes, improve self-sufficiency in food production, and strengthen food security. Households that adopt CSA practices are more likely to see improved food consumption, greater dietary diversity, and enhanced overall food security.



Climate change disrupts food markets and threatens the food supply; however, these risks can be mitigated by enhancing farmers’ adaptive capacity and improving resource use efficiency. An integrated approach to climate change mitigation, involving local, national, and international collaboration, is essential. Governments and stakeholders must work together to strengthen climate risk management, reduce vulnerability, and build resilience through comprehensive economic, social, and environmental strategies. As noted by [30], climate-resilient pathways should focus on evidence-based solutions, strengthening local institutions, harmonizing agricultural and climate policies, and integrating climate and agricultural financing. This integrated approach stands out by emphasizing adaptable and context-driven solutions supported by innovative policies and financing mechanisms.




5. Bridging the Gap: Challenges, Opportunities, and Future Directions


The agricultural sector faces significant obstacles in achieving sustainable development goals due to the far-reaching effects of climate change. Rising temperatures, shifting rainfall patterns, and increasing occurrences of extreme weather events are already straining global food production systems, heightening the risk of food insecurity, particularly in agriculture-dependent economies. Smallholder farmers in sub-Saharan Africa and other developing regions are especially vulnerable, as these climatic changes threaten both their livelihoods and food security [155].



The challenge of feeding a growing global population is further compounded by the stagnation of agricultural productivity. Major grain yields are increasing by only 1% annually, failing to keep pace with rising food demand [156]. With urbanization and climate change limiting available arable land, improving agricultural efficiency and sustainability is the only viable path forward. Sustainable agricultural development must address the interconnected challenges of productivity, environmental sustainability, economic viability, and food security to ensure resilience in the sector.



Precision agriculture (PA) offers a promising solution by enhancing productivity, nutrient use efficiency, and water conservation while reducing greenhouse gas emissions. However, its widespread adoption remains limited due to substantial initial investments and inadequate infrastructure [34]. The high costs of acquiring advanced technologies, including sensors, GPS-guided machinery, and drones, along with expenses related to data collection and analysis, pose significant barriers to implementation, particularly in developing regions [8]. While PA has been advancing in the United States and Europe since the 1980s, its adoption in developing countries remains in its early stages [157].



For instance, in Europe, progress in CSA has been driven by policy frameworks, financial incentives, and the integration of innovative technologies, such as subsidies for sustainable farming and research initiatives aimed at improving climate resilience [33]. By contrast, many developing nations struggle with financial constraints, limited technological access, and insufficient infrastructure, making CSA adoption more difficult. Addressing these barriers requires targeted research to develop cost-effective, efficient infrastructure solutions that can accelerate the adoption of CSA, enabling more sustainable and productive farming systems.



The success of CSA management techniques in enhancing soil health and increasing SOC sequestration varies depending on experimental approaches, site-specific conditions, and environmental factors [158,159,160]. Certain studies have reported that CSA management practices can sometimes have adverse effects on SOC, highlighting the complexity of their impact under different environmental and management conditions [161]. Recent studies suggest that integrating multiple CSA practices enhances SOC accumulation more effectively than implementing a single practice alone [96,112,130,162,163]. Hence, identifying suitable CSA strategies for mitigating GHG emissions and maintaining crop productivity requires careful consideration of local environmental factors, including soil condition, climate, and their interactions with alternative management strategies.



The adoption of CSA is influenced by a range of demographic, economic, and sociocultural factors. While practices such as crop rotation, integrated soil fertility management, crop diversification, and intercropping are commonly used, overall adoption remains low due to constraints related to farm size, infrastructure, equipment, machinery, irrigation access, extension services, and access to weather information [164]. This study recommends enhancing extension programs, providing context-specific CSA technologies and training, and supporting farmers with necessary inputs to improve CSA adoption. A lack of farmer awareness and expertise can significantly hinder the adoption of CSA practices, as training is essential for connecting farmers with supportive institutions, reliable input suppliers, and access to credit facilities required for successful implementation.




6. Conclusions


Climate-smart agriculture (CSA) presents a viable pathway for enhancing agricultural productivity, resilience, and sustainability in the face of climate change. Precision agriculture plays a crucial role in optimizing resource use by integrating site-specific nutrient management, smart irrigation, and data-driven decision-making to maximize crop yields while minimizing greenhouse gas (GHG) emissions. Despite its potential, widespread adoption remains limited due to high initial investment costs, technological barriers, and the need for farmer training. In parallel, regenerative agriculture presents a transformative approach by actively restoring soil health, enhancing carbon sequestration, and promoting biodiversity through practices such as zero-tillage, cover cropping, and crop rotation. Unlike conventional sustainability models, regenerative agriculture not only mitigates environmental degradation but also revitalizes ecosystems, making it a critical component of climate adaptation and mitigation strategies. Adopting multiple climate-smart innovations in the agri-food sector boosts crop productivity, ensures food security, and optimizes SOC accumulation, ultimately contributing to the mitigation of GHG emissions. Identifying effective CSA strategies for mitigating GHG emissions while maintaining crop productivity requires a comprehensive approach that considers local environmental factors such as soil conditions, climate variability, and their interactions with sustainable management practices. Its widespread adoption is hindered by financial constraints, technological limitations, and inadequate infrastructure, particularly in developing regions. Addressing these challenges requires a comprehensive approach that combines policy reforms, targeted investments, research advancements, and farmer capacity-building initiatives. Strengthening extension services, improving access to CSA technologies, and fostering international collaboration will be crucial in scaling up these practices. By addressing these barriers, CSA can play a transformative role in sustainably increasing productivity, mitigating climate change, and ensuring long-term food security for a growing global population.
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Figure 1. Nitrogen use efficiency across selected European countries (source: FAO cropland nutrient balance database, https://www.fao.org/faostat/en/#data/ESB, accessed on 30 January 2025). 
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Figure 2. Benefits of regenerative agriculture. 
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