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Abstract
A shift toward resource-efficient and sustainable production systems is required due to the mounting strain that climate change, resource scarcity, and rising food demand are placing on global agricultural systems. This study examines new technical advancements that increase output while reducing the consumption of vital resources including electricity, water, and agrochemicals. Precision agriculture tools that allow for real-time monitoring and site-specific management of crops and soils, such as remote sensing, geographic information systems (GIS), and Internet of Things (IoT)-enabled smart farming, are highlighted. Automation, artificial intelligence (AI), and machine learning developments are also covered because of their potential to improve input-use efficiency, minimize labor dependency, and optimize decision-making. The study additionally examines at cutting-edge agricultural techniques like hydroponics, shielded cultivation, and vertical farming that guarantee higher yields and higher-quality produce while drastically lowering the amount of land and water needed. Another important factor in sustainable intensification is the incorporation of renewable energy, especially solar-powered irrigation and farm mechanization. Additionally, the contribution of bio-based inputs and nanotechnology to improving nutrient usage efficiency and lowering environmental pollution is examined. In order to assess the efficacy, scalability, and economic viability of these technologies in various agro-ecological situations, the paper summarizes recent empirical data and case studies. It also highlights current issues, such as high upfront costs, limited access to technology, and farmers' lack of knowledge. In order to encourage inclusive adoption and guarantee the long-term sustainability of agricultural systems, the article concludes with strategic recommendations for stakeholders, researchers, and policymakers. This work adds to the expanding body of research focused on using resource-efficient, technologically advanced agricultural practices to achieve sustainable development goals.
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Introduction
One of the main challenges facing economic entities at both the micro and macroeconomic levels is identifying the factors that drive their sustainable competitiveness in light of contemporary trends of intellectualization, digitalization, and humanization of socio-economic processes, as well as rising social standards and environmental demands. Determining the variables that make economic entities resilient to different risks and sustaining long-term competitiveness are equally critical aspects of sustained competitiveness in the face of contemporary problems of varied origins. Because they enable flexible adaptation to incredibly complex and changing conditions, technical advancements should be a reaction to contemporary challenges of an ecological, epidemiological, military, etc. nature.
Given that their production systems are more conventional than those of powerful nations [2], developing nations have substantial obstacles in their efforts to achieve economic progress [1]. It seems sense that these nations would look for new technologies to apply in different spheres of society in order to improve and broaden their current capacities for manufacturing goods and services. Information and communication technologies (ICTs) are regarded as instruments that boost businesses' and manufacturing units' competitiveness and productivity. As ICTs are used and adopted more widely, these advantages expand [3]. In a similar vein, agricultural businesses are under pressure to implement ICTs because of safety and quality standards. With defined norms for traded goods, consumers are embracing models similar to those seen in industrialized nations [4]. Thus, it is essential to put into practice measures that support economic development and expansion in tropical agricultural areas. Despite obstacles caused by soil composition [6] and climate circumstances [5], these places supply the food that the world's population needs. ICTs, which include a variety of tools and services that help farmers gather, store, analyze, and share information, are one of these tactics. In many aspects, these technologies enable access to services like drones for comprehensive aerial images, mobile banking, and satellite-provided current weather forecasts [7].
In emerging nations, information and communication technologies (ICTs) are essential because they present chances for international integration. They improve access to more reasonably priced connectivity, particularly broadband availability, change how basic services are provided, spur productivity development and innovation, and boost competitiveness. However, in order to reduce the effects of overuse of agrochemicals, especially insecticides [8], fertilizers [9], and herbicides [10], it is crucial to guarantee the best possible management of soil and water resources. Production systems are moving toward precision agriculture [11], which is turning into smart agriculture [12], in order to increase the efficiency of natural resource management in agricultural output. This strategy depends on technical advancements that make it possible to handle enormous volumes of data for decision-making while applying herbicides, insecticides, and fertilizers. The most popular tools for managing soil and water are based on artificial intelligence, machine learning [13], drones [14], mobile apps [15], and the Internet of Things [16].
Due to a number of constraints, the majority of Latin American and Caribbean nations are still in the early phases of using ICTs in small and medium-sized agriculture, according to [17]. In spite of this, they are creating initiatives pertaining to the efficient use of ICTs, electronics, and telecommunications, enhancing socioecological independence. But in addition to high imports, volumes, and restrictions that hinder the region's development, especially in terms of innovation and job creation, this is insufficient to meet demand [18]. The disparity between the populations of industrialized and developing nations is one of the main issues raised by international organizations examining the state of the world economy and society. This is especially true in the field of technology, where there is a notable digital divide brought on by things like lack of access to new technologies, ineffective use of them, ignorance of the advantages of new technologies for personal well-being, and a lack of digital competencies for successful engagement and adoption of new technologies [19]. However, ensuring that everyone in society can use these technologies and all of their capabilities in a fair and equitable manner is what makes the internet and digital public services so important. As a result, it is recognized that cities are at the forefront of striking a balance between everyone's rights, efficiency, availability, choice, security, and equal access to services. However, this requirement also exists in rural communities, which are in charge of the nation's agricultural output [20].
Identifying the best ways to close the digital divide and promote strong economic growth and long-term agricultural competitiveness in developing nations is the primary task [21]. In what ways may reducing the digital divide boost economic development and improve agricultural sustainability and competitiveness in these countries? The mapping of digital tools that enable Latin American communities to embrace innovations that boost agricultural output and promote responsible environmental stewardship is the main emphasis of this project [22]. In order to lessen the risks to the environment and human health that come with overusing fertilizers, insecticides, and herbicides, as well as the contamination of soil and water resources, the study focuses especially on the careful and sensible application of these chemicals [23, 24].
Innovations in the agricultural field
The agricultural industry's efficiency and sustainability have undergone a sea change because to innovations centered on precision agriculture and the extensive use of ICTs (Fig 1).  According to the reviewed studies, automation of agricultural operations has led to considerable time savings and increased accuracy in the administration of resources such fertilizer, insecticides, and herbicides [26]. Furthermore, the use of digital techniques, such as machine learning, has broadened agriculture's focus beyond productivity, tackling important environmental issues like water quality and climate change [27]. As demonstrated by particular instances from nations like Ecuador [28,29], the use of ICTs in agriculture has promoted innovation and knowledge management, optimizing the management of natural resources and raising the caliber of finished goods [25].
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Fig: 1: Precession agriculture as modern agricultural technologies
Agriculture has benefited greatly from technological advancements, particularly with regard to the Internet of Things (IoT) and the usage of drones, which have made it possible to foresee and adjust to changes in microclimates as well as to gather data more precisely and effectively [30]. In addition to increasing agricultural output and facilitating effective information management, these new technologies are essential for addressing climate change issues and guaranteeing the sector's sustainable growth [31]. In example, drones have transformed data collecting by making it possible to monitor agricultural conditions more precisely and frequently, which lowers costs and improves crop management [32]. When combined, these technologies offer creative approaches to resource management and environmental issue adaption, marking a significant shift in agriculture. ICT integration in water management has been shown to be essential for enhancing access to vital information and boosting involvement in environmental decision-making. The problems associated with the depletion of high-quality water supplies have been successfully addressed by digital tools, particularly in irrigation and drinking water management [33]. In addition to optimizing data collection in agriculture, advances in hardware and software also make it easier to manage a sufficient water balance for crops, underscoring its significance in terms of scalability and adaptability to the sector's future requirements [34].
Agricultural planning and watershed management have greatly benefited from the application of machine learning in fields including early warning, mapping, and remote sensing [35]. These techniques have made it possible to analyze and simulate hydrometeorological data effectively, which is essential for sustainable water management. Furthermore, controlled irrigation system management via the Internet of Things (IoT) and the application of big data and machine learning have been shown to be crucial for more effective and ecologically sustainable water management, lowering costs and guaranteeing water quality for human consumption [36,37,38]. Hydrology and environmental studies are undergoing a transformation thanks to emerging technologies like big data and machine intelligence. The accuracy of short-term water quality prediction has increased with the use of hybrid machine learning models, such as those based on decision trees [39]. In situations when water is scarce, this precision is crucial for efficient resource management [40]. Furthermore, real-time data collection and analysis are made possible by the integration of these technologies with cutting-edge sensors and sophisticated agrometeorological networks, enabling precise and well-informed decisions in water management and agriculture.
Soil management in agriculture has been transformed by the introduction of digital instruments, particularly artificial intelligence (AI). The planning and management of natural resources in open field and greenhouse agriculture has been made easier by these technologies, which have made regulated and effective access to information possible. The study of processes like desertification has been greatly impacted by developments in deep learning (DL) and machine learning (ML), which offer a more global and interdisciplinary perspective [41]. AI has also shown itself to be essential in the development of agricultural policies, recognizing regions with agricultural potential and figuring out the best ways to maintain soil adaptability and advance sustainable agriculture [42]. Efficiency in areas like soil moisture, infiltration, and erosion has greatly increased with the use of hybrid intelligent models in soil management [43]. The accuracy of estimating important factors like soil organic carbon variability and erosion susceptibility has increased thanks to these models, which incorporate cutting-edge AI techniques including artificial neural networks, support vector machines, and cubistic regression [44,45]. The usefulness of these technologies in sustainable soil management is further highlighted by the use of AI in the exploration of remediation techniques, which helps to remediate polluted soils while lowering costs and limiting environmental effect [46,47].
By offering user-friendly, adaptable interfaces that can be tailored to different agroecosystems, mobile applications and artificial intelligence (AI) technologies are transforming fertilizer dosing in agriculture [48,49]. Using this information, a machine learning-based recommendation system can be created [50, 6]. In addition to making data management and collecting easier, these tools help increase resource efficiency and lessen pollution in the environment [51]. These apps' capacity to communicate with neural networks and adjust to soil fluctuations greatly boosts yields and profitability while enhancing environmental sustainability. When AI and machine learning systems are combined in agriculture, important insights are obtained to maximize agricultural choices. Accurate fertilizer type and quantity recommendations are made possible by algorithm-based systems such random forests and support vector machines, which increase production and reduce environmental impact [52, 3]. The improved control of soil nutrients made possible by these technological developments promotes soil fertility and long-term sustainability.
An important development in precision agriculture is the use of machine learning models into intelligent fertilization systems [8]. These methods offer effective resource management under limited soil and environmental circumstances in addition to improving agricultural yield forecasts. The use of artificial intelligence (AI) based on nitrogen–phosphorus–potassium (NPK) spectroscopy in hydroponic systems and greenhouses demonstrates how these technologies can boost agricultural production in compact areas, thereby addressing the difficulties of contemporary agriculture [10].
Agrochemical management is changing as a result of technological advancements in agriculture, particularly the deployment of artificial intelligence (AI) and intelligent sensing and application systems [11]. By enabling more accurate and targeted dosage of herbicides and other goods, these technologies greatly lower the dangers and misuse of agrochemicals [17]. Modern weed detection systems and variable rate sprayers, like the VGG-16 model, have been shown to be successful in cutting expenses, lowering the dangers of environmental pollution, and encouraging more environmentally friendly and health-conscious farming methods [5]. Precision agriculture has advanced significantly with the use of drones in pesticide applications, which has both economic and environmental benefits. Drones minimize environmental effect, save time and resources, and use less water and pesticides despite their high initial investment cost [6]. The effectiveness of these systems in a range of agricultural settings, from small holdings to big farms, is confirmed by experimental results [7]. An essential step toward more sustainable and ethical farming methods is their capacity to apply items precisely and effectively, which lowers management expenses and lessens the influence on the environment.
Water management and smart irrigation
70% of freshwater withdrawals are used for irrigation, frequently inefficiently, making water scarcity one of the biggest threats to world agriculture [4]. By maximizing use, cutting waste, and increasing agricultural yields, smart irrigation systems that incorporate IoT-based sensors and drip irrigation technologies are revolutionizing water management. Precise irrigation scheduling is made possible by real-time data on water availability at different root depths provided by soil moisture sensors like tensiometers and capacitive probes. These sensors send data to cloud platforms via cellular networks or LoRaWAN, where AI algorithms examine patterns and make irrigation decisions automatically [8]. As an example, Microsoft's FarmBeats reduces water use in pilot farms by 20–30% by using IoT and drone footage to create soil moisture maps [7]. In addition to sensor networks, automated drip irrigation systems minimize evaporation and runoff by delivering water directly to plant roots via pressurized tubing [13]. When compared to flood irrigation, advanced systems like Netafim's Precision Irrigation improve water-use efficiency (WUE) by 40–60% by integrating weather forecasts and evapotranspiration (ET) data to dynamically modify drip [15]. In dry areas like California and Israel, where drip irrigation has made agriculture possible despite ongoing water shortages, such advances are crucial. But there are also issues, such as expensive initial expenses, complicated sensor calibration, and energy requirements for IoT infrastructure, especially in underdeveloped nations. Smart water management solutions support sustainability and climate resilience in addition to increasing efficiency. In order to monitor field-scale water use and help policymakers respond to drought, satellite-coupled IoT networks, like NASA's OpenET platform, link distant sensing with ground sensors [21]. IoT-enabled drip systems have maintained yields while reducing groundwater depletion in rice-wheat systems by 35% in the Punjab region of India [43]. New technology, such as electrochemical sensors, allow farmers to modify fertigation schedules and minimize pollution by detecting nutrient leaching in real time. Energy hurdles in off-grid locations are being addressed with solar-powered IoT systems, which are also gaining popularity. For example, SunCulture's solar drip kits in Kenya have reduced water and energy expenditures for smallholders by 50% [27]. In the meantime, transparent distribution of conserved water resources is made possible via blockchain-based water trading platforms that have been tested in Australia's Murray-Darling Basin [34]. Despite these developments, farmer training, compatible IoT standards, and policy assistance (such as subsidies for drip systems) are necessary for expanding smart irrigation [43].
Robotics and automation technologies
By solving labor shortages, cutting operating costs, and improving field operations precision, the combination of autonomous tractors and AI-driven harvesting systems is transforming agricultural output (Figure 2). Self-driving tractors, such Case IH's Autonomous Concept Vehicle and John Deere's 8R Autonomous, use computer vision, GPS, and LiDAR to navigate fields with centimeter-level accuracy, allowing for round-the-clock operation without human involvement [51]. In comparison to traditional tractors, these systems use 15–20% less fuel by avoiding obstacles, optimizing path planning, and adjusting for terrain fluctuations through the use of real-time kinematic (RTK) positioning and machine learning algorithms. Robotic tools, such as autonomous planters and sprayers, complement autonomous tractors by using IoT connectivity to apply insecticides, fertilizers, and seeds at variable rates based on crop and soil data, reducing input waste by 30–50%. For instance, Blue River Technology's "See & Spray" robot targets herbicide sprays with 95% accuracy by using computer vision and artificial intelligence to differentiate between crops and weeds. In a similar vein, harvesting robots—like Agrobot's strawberry picker and FFRobotics' apple harvester—use robotic arms, 3D cameras, and AI classifiers to recognize ripe produce and gather it damage-free, filling the $30 billion yearly labor gap in the production of fruits and vegetables. Despite these developments, widespread adoption is hampered by issues like high capital expenditures ($500,000+ per autonomous tractor) and field safety regulations, especially for small-scale farmers [43].
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Fig 2: Automation and AI-driven harvesting technologies and their advantages and disadvantages
Literacy and technology disparities

Technical skill shortages and digital illiteracy are major obstacles to the widespread use of precision agriculture technologies, especially in rural and smallholder farming areas. Many sophisticated tools, such automated livestock management systems [28], drone-based crop monitoring, and AI-driven pest identification [23], require a level of digital competency that many farmers still lack. Just 28% of smallholder farmers in sub-Saharan Africa had gotten any training on digital agricultural equipment, according to a survey, underscoring a significant adoption barrier. Farmers may underuse or abuse these technologies if they are not properly trained to interpret data from soil sensors, satellite images, or machine learning-based advice [19]. Many precision agricultural technologies require technological know-how and digital literacy, which may not be easily accessible in rural areas. Only 28% of smallholder farmers in sub-Saharan Africa have any training in digital agricultural equipment, according to a research. Farmers who lack the necessary training find it difficult to understand data from soil sensors, drones, or AI-driven warnings, which results in less than ideal usage of these technology. Farmer field schools (such as the FAO's Digital Villages Initiative) and streamlined mobile apps with voice-based instructions in regional languages are two ways that governments and non-governmental organizations are tackling issue. Governments, non-governmental organizations, and agrotech developers are carrying out focused capacity-building programs to close this gap. For instance, through practical workshops, the FAO's Digital Villages Initiative teaches farmers in low-income areas how to use sensor technology and mobile-based agricultural advisories. Similarly, farmers who are illiterate or semi-literate may now receive real-time farming information without the need for sophisticated technical abilities thanks to simplified mobile apps with voice-based instructions in local languages. In order to guarantee that farmers can use drones efficiently, the Kisan Drones program in India offers mandatory training sessions in addition to subsidies for drone purchases [27].

Prospects and innovations for the future

Cutting-edge innovations that promise to improve productivity, sustainability, and climate change resilience are reshaping agriculture's future. While the incorporation of renewable energy is making farming more sustainable, emerging technologies, such as blockchain-enabled supply chains and AI-driven predictive farming, are opening up new efficiencies. These developments have enormous potential to reduce the environmental impact of agriculture while addressing issues related to global food security.
· AI-Driven Predictive Farming: In order to foresee agricultural hazards before they arise, artificial intelligence is progressing beyond real-time surveillance. In order to predict droughts, disease outbreaks, and the best planting windows with 90%+ accuracy, machine learning models currently examine weather patterns, soil health trends, and insect migratory data [29]. AI-powered drones are used by startups like Taranis to identify early indicators of agricultural stress, allowing for preventative treatment. 
· Blockchain for Transparent Supply Chains: By logging all transactions, from farm to supermarket, on an unchangeable ledger, blockchain technology is enhancing food traceability and lowering fraud. By quickly identifying hazardous fruit, Walmart's IBM Food Trust Network has shortened food recall timelines from seven days to 2.2 seconds. In agriculture, similar methods are being used for carbon credit verification and fair-trade certification.
· CRISPR & Next-Gen GMOs: By avoiding the regulatory obstacles that traditional GMOs face, gene-editing technologies like CRISPR-Cas9 are making it possible to generate climate-resistant crops (such as heat-resistant wheat and flood-tolerant rice) without introducing foreign DNA [49].

Policy-focused implications and suggestions

In addition to technological developments, supportive policy frameworks are also necessary to address the obstacles to the implementation of contemporary agricultural technologies. PPPs, or public-private partnerships, are essential for removing financial obstacles to the adoption of new technologies. PPPs can aid in the development and spread of contemporary agricultural technologies by fusing the resources and inventiveness of the private sector with the government's regulatory and public interest focus. By combining funding for research and development projects that might otherwise be too expensive or dangerous for individual organizations, these collaborations help hasten the advancement of technology. By utilizing government-backed marketing campaigns and private sector distribution channels, they also improve the spread of innovations. Additionally, PPPs can enhance training and access by creating and executing initiatives that provide farmers with the know-how and abilities needed to successfully employ new technologies. In order to create an atmosphere that encourages the use of contemporary agricultural technologies, enabling policy frameworks are crucial. The high upfront costs of new technology can be reduced by financial incentives and subsidies, increasing farmers' access to them. Regulations should be put in place to promote innovation while guaranteeing that environmental and safety requirements are fulfilled. Policies that facilitate farmers' access to credit and financial services can also assist them invest in new technologies without having to pay exorbitant upfront expenses.

Conclusion

Modern agricultural technologies provide a revolutionary chance to tackle the dual problems of environmental sustainability and global food security, but their widespread adoption necessitates concerted efforts from several sectors. The main conclusions of this thorough analysis show that vertical farming systems can enhance land and water use efficiency by up to 95%, while precision farming methods can boost crop yields by 20–50% while decreasing input waste. While AI-driven predictive analytics is transforming farm management through real-time decision assistance, biotechnology advancements, especially drought-resistant and pest-resistant crop varieties, have demonstrated impressive efficacy in maintaining yields under climate stress. Significant obstacles still exist, though, such as the high upfront costs for smallholder farmers—autonomous equipment can cost anywhere from $300,000 to $500,000, and IoT sensor networks can cost anywhere from $500 to $2,000 per hectare—which highlights the urgent need for creative financing solutions and public-private partnerships. In addition to investing in digital literacy programs to close the technology skills gap common in rural communities, policy frameworks must change to overcome regulatory impediments regarding GMO uptake, data privacy issues, and drone usage prohibitions. Environmental concerns continue to be crucial since the agricultural industry must strike a balance between the adoption of new technology and sustainable practices in order to avoid unforeseen consequences like the disturbance of soil microbiomes due to over-automation or the buildup of e-waste from outdated equipment. The most viable course for the future is a synergistic approach that combines regenerative agriculture principles with precision technologies. This approach is bolstered by targeted legislative interventions, greater funding for research and development, and inclusive implementation tactics that give smallholder farmers priority. In the upcoming decades, modern agriculture may be positioned as a key component of both global food systems and efforts to mitigate climate change by combining this balanced adoption framework with the integration of renewable energy and circular economy principles for agrotech equipment.
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