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Digital Soil Insight: Advancing Agriculture Through Data Collection and Digitalization for Smart Farming


Abstract
Digital soil insight plays a vital role in advancing agriculture by leveraging data collection and digitalization technologies to enhance smart farming practices. This review explores the integration of cutting-edge digital tools like remote sensing (RS), soil sensors and data analytics to enhance soil health monitoring, nutrient management and crop productivity. By utilizing real-time soil data, farmers can make informed decisions on irrigation, fertilization and pest control, leading to more effective and sustainable farming practices. The paper also examines challenges such as data accuracy, integration of heterogeneous datasets and the accessibility of digital tools for small-scale farmers. Furthermore, it highlights emerging trends in precision agriculture (PA), including artificial intelligence (AI), machine learning (ML) and Internet of Things (IoT) technologies, which offer the potential to revolutionize farming practices. Ultimately, this review provides insights into how digital soil insights are transforming agricultural systems, contributing to higher yields, reduced environmental impact and improved food security.
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1. Introduction
Agriculture is a cornerstone of the global economy, fulfilling the essential human need for food and serving as a primary source of employment in many countries. Despite its critical importance, farmers especially in developing nations like India often hesitate to adopt modern farming technologies. This reluctance is primarily due to factors like limited awareness, high costs and a lack of expertise regarding the benefits of these innovations [1]. Agriculture remains a vital development engine for "agriculture-based countries," where an important portion of the population resides in rural areas and where agricultural activities contribute substantially to Gross Domestic Product (GDP) growth [2]. Attaining global food and nutrition security requires a comprehensive method to food systems. Addressing the four pillars of food security availability, utilization, access and stability is essential to make sure the fundamental human right to food. This challenge is underscored by Goal 2 of the United Nations Sustainable Development Agenda, which aims to end hunger, improve nutrition and food security, and support sustainable agriculture [3].
Fifty years ago, there were doubts about whether the world could feed itself. Today, while the poorest populations still face food access challenges, the global food system has succeeded in producing an abundance of cheap calories. However, this success has paradoxically led to a global health crisis, with obesity now affecting three times as many individuals as undernutrition [4]. Advances in crop and livestock production technologies have played a major role in improving food availability, but these gains have come at a significant environmental cost, with agriculture contributing to water pollution, biodiversity loss and greenhouse gas emissions [5]. In response, PA has appeared as a promising solution. By leveraging data and advanced technologies, PA addresses temporal and spatial variability in agricultural fields, offering a way to increase efficiency as the global population is estimated to reach 9–10 billion by 2050. To meet this population's food demands, global food production must rise by at least 70%, making innovative farming practices more essential than ever [6]. Smart agriculture provides farmers with tools to tackle challenges related to productivity, environmental impact, food security and sustainability [7]. Digital soil mapping (DSM) has become a key area of focus in soil science, driven by factors like the growing demand for spatial soil information, the development of extensive soil databases and advancements in computational tools for data analysis [8]. Soil health defined as the soil's ability to support plants, animals and humans as a vital ecosystem connects agricultural research, policy and sustainable supply chain management. As PA continues to employ sensing technologies to collect soil data, public-private collaborations are increasingly important for gathering, storing and utilizing this information [9, 10].
Table 1 Historical Trend Analysis of Digital Soil Insight
	S. No
	Period
	Technology Focus
	Farmer Challenges
	Collaboration Role

	1
	1980s–1990s
	Manual sampling, GIS
	Slow, costly data
	Limited

	2
	2000s
	GPS, remote sensing, VRT
	Adoption barriers
	Emerging

	3
	2010s
	IoT sensors, big data
	Cost, training, data ownership
	Growing

	4
	2020s
	AI, cloud, blockchain
	Climate change, integration
	Strong

	5
	2025–2026
	Advanced soil sensors, AI DSS
	Affordability, usability
	Essential



Therefore, traditional farming methods are becoming increasingly unsustainable due to resource shortages, climate change, and growing populations. To address these challenges, it is essential to combine technology, market strategies and strategic management. Innovations such as biotechnology, artificial intelligence (AI), IoT devices and precision farming are revolutionizing agriculture [11]. Digitalization has dramatically impacted agriculture, enabling advanced data processing techniques and addressing key issues like resource management, food security and climate protection. However, due to the dynamic nature of the agricultural industry, sophisticated management approaches are essential. It is expected that digital methods will continue to optimize agricultural processes and enhance decision-making [12]. 
Objectives
· To examine the role of digital soil insights and PA in enhancing farm productivity and sustainability.
· To assess the impact of modern technologies, like AI, IoT, and digital mapping, on resource management and food security.
· To explore the challenges faced by farmers in adopting new technologies, particularly in developing countries.
· To investigate the potential of digital tools in addressing climate change and environmental sustainability in agriculture.
· To highlight the importance of public-private collaborations in utilizing agricultural data for optimized decision-making and improved farming practices.
2. Literature review
Searle et al., [13] examined the future of Digital Soil Mapping and Assessment (DSMA) as a key tool for addressing sustainability challenges. It highlights advancements in DSMA, including improved data generation and modeling, enabling more precise tracking of soil attributes at finer resolutions. The application of DSMA is expected to expand, supporting better land management through the creation of a soil and landscape digital twin. The growth of DSMA expertise and public-private partnerships will drive further progress in this field. Sishodia et al., [14] explored how RS technologies can revolutionize PA by improving crop production and reducing environmental harm. It highlights key advancements in satellite imagery, Unmanned Aerial Vehicles (UAVs) and data processing techniques, stressing the need for accessible systems to encourage broader use in agriculture. Idoje et al., [15] reviewed the role of smart technologies, like IoT, cloud computing and AI, in transforming agriculture. It discusses the challenges in applying these technologies, identifies gaps in current research and recommends further studies to improve food production and sustainability worldwide. 
Saraiva et al., [16] examined consumer interest in natural foods, especially natural sweeteners and their health, food security and sustainability aspects. It finds that consumers prefer clean-labeled, natural foods with functional benefits, and the food industry is responding with healthier alternatives. However, it emphasizes that being natural alone doesn't guarantee market success. Saiz-Rubio et al., [17] discovered the role of data-driven agriculture and smart farming in optimizing productivity and sustainability. It reviews the use of advanced methods like AI, sensors and robotics to help farmers make informed decisions, reduce waste and prepare for future food production challenges. Munawar et al., [18] discussed the role of biotechnology in creating climate-resilient agriculture to ensure sustainability amidst climate change. It highlights biotechnological advancements in genomics and genetic engineering as key tools for developing crops capable of withstanding climate impacts. Smyth et al., [19] explored the role of public-private partnerships in tackling the global food security crisis. It argues that accelerating such partnerships is essential for improving food production and distribution to address the rising hunger worldwide.
3. Digital tools for soil health monitoring in smart farming
Mohamed et al., [20] explored advanced technologies like IoT, AI, UAV and 5G for smart farming, focusing on soil health monitoring. It reviews innovations in data collection, analysis and smart systems from 2019 to 2021. Findings emphasize IoT sensors and decision support systems as critical tools, though adoption in developing countries faces challenges requiring more support. Cambra Baseca et al., [21] demonstrated the potential of IoT-based platforms for transforming agriculture by enabling real-time, data-driven decisions for improved ferti-irrigation and resource management. The methodology involves integrating field parameters, aerial imagery and irrigation data into a decision-making system using prediction rules and the Drools rule engine, coupled with a multimedia platform for remote control and data sharing. Findings show that IoT platforms enhance decision-making, optimize resource use and provide added value through collaboration among farmers, fertilizer providers and technicians, improving efficiency and sustainability in smart farming. 
Alves et al., [22] developed a digital twin for agriculture by leveraging techniques from the Sensing Change and SWAMP projects to improve resource management and farm monitoring. The methodology integrates soil probe data and an IoT-based water management platform into a cyber-physical system (CPS) that visualizes real-time farm conditions via a dashboard. Findings demonstrate the system's ability to gather and display soil data, paving the way for deploying additional soil probes and monitoring devices to generate a fully functional digital twin. Paul et al., [23] discovered the role of smart sensors and digital technologies in improving soil and plant monitoring, enhancing resource management and boosting agricultural productivity. The methodology includes discussing the use of smart sensors, IoT-based management and automation in precision farming, as well as their applications in field cultivation, greenhouses and hydroponics. Findings show that these technologies enable real-time data collection, optimize resource use, enhance crop yields and promote sustainable farming practices, leading to more efficient food value chains and new business models. 
Dhanaraju et al., [24] explored the integration of innovative technologies like IoT, wireless sensors and cloud computing in smart farming, focusing on their applications in monitoring and managing soil health throughout the farming process. The methodology involves investigating the tools and equipment used in IoT agriculture and the challenges faced when merging these technologies with traditional farming practices. Findings reveal that these technologies can significantly improve farm efficiency from sowing to harvest, although challenges remain in fully integrating them with conventional farming methods.
4. Integration of IoT and AI in precision agriculture
Sharma and Shivandu., [25] explored the integration of AI and IoT in PA, focusing on techniques like RS, high-throughput phenotyping and automated robots. Findings show that these innovations improve crop monitoring, reduce labor costs and optimize management through real-time data. However, challenges such as data integration, scalability for small farms and privacy concerns need further research for wider adoption and sustainability. Senoo et al., [26] discovered the effect of IoT and AI in PA to improve efficiency, sustainability and productivity. Using a systematic literature review, it identifies trends, challenges and opportunities in integrating these technologies, highlighting their potential to address agricultural challenges and promote sustainable practices. 
Singh et al., [27] explored how IoT, AI and other multidisciplinary technologies are transforming PA by improving productivity and resource optimization. It uses a comprehensive survey and proposes the Agri-Fusion architecture for cost-effective agriculture solutions. The findings highlight the integration of technologies like Wireless Sensor Networks (WSNs), Machine Learning (ML), AI, fog/edge computing, Software Designed Network (SDN) and big data in PA, emphasizing their role in addressing challenges like soil degradation and climate change. The paper also identifies industrial solutions, performance metrics and open research issues, offering future directions for the field. Akintuyi., [28] evaluated the impact of adaptive AI on PA, focusing on improving efficiency, productivity and sustainability. Through a literature review, it finds that AI and IoT integration optimize resource use, increase crop yields and decrease environmental impact. Challenges like high costs and data privacy are identified, with proposed solutions to enhance AI adoption in agriculture. 
Sheikh et al., [29] developed an intelligent and secure system for PA, integrating sensors, wireless communication and an android application to manage farm operations. The methodology involves creating a prototype system with a web interface for knowledge management and a repository to store crop data for informed decision-making. Findings suggest that the system will facilitate farm management by providing real-time data and decision-making support, with an interactive interface designed to assist illiterate users. The project bridges the gap between agricultural research and technology, aiming to enhance farming practices through IoT and AI integration.
5. Real-time soil data for sustainable farming practices
Fan et al., [30] explored the potential of real-time continuous soil monitoring (RTCSM) for improving soil management in agriculture. It reviews existing technologies, challenges in data acquisition, sensor networks and data processing. Findings highlight RTCSM's promise in providing continuous soil data, but also point to barriers like sensor reliability and data management issues, emphasizing its role in enhancing sustainable farming practices. Burton et al., [31] explored the potential of real-time soil sensors, reviewing available and research-based systems. It highlights their promise in boosting agricultural productivity and sustainability while addressing challenges like soil heterogeneity. These sensors, integrated with IoT, could revolutionize agricultural decision-making. 
SS et al., [32] discovered the role of AI and advanced technologies in creating a sustainable and productive agricultural ecosystem. It proposes an agricultural intelligence framework, analyzing how AI, IoT, blockchain and other disruptive technologies can improve productivity, enable precision farming, enhance supply chain efficiency, and support decision-making in pest management and crop care. The findings highlight that such technology-driven approaches can significantly boost yields, ensure economic stability for farmers and make agriculture more appealing to future generations, fostering self-sustained growth in a post-pandemic world. Getahun et al., [33] explored the application of PA Technologies for sustainable crop production and environmental health. It reviews tools like RS, Variable Rate Technology (VRT), GPS-guided equipment and IoT devices, which utilize real-time data to optimize resource use, reduce waste and increase efficiency. The findings highlight that PATs significantly improve productivity and profitability while promoting environmental sustainability by conserving water, reducing chemical inputs and enhancing soil health, offering a promising pathway to meet global food demand sustainably. 
Sivakumar et al., [34] developed a real-time soil health monitoring system by integrating IoT and Geographic Information Systems (GIS) techniques to enhance agricultural practices. It employs IoT devices with sensors to monitor soil parameters like moisture, pH, temperature and nutrients, transmitting data wirelessly to a cloud database for spatial mapping and analysis via GIS. The findings demonstrate that this system enables data-driven decisions for effective resource use, crop management, and timely interventions, significantly enhancing crop productivity while reducing environmental impacts.
6. Challenges in data accuracy for digital soil insights
Wadoux et al., [35] reviewed the use of ML in DSM, highlighting challenges like sampling, spatial data use, uncertainty analysis and integration of soil knowledge. It finds that while ML improves mapping accuracy, gaps in interpretability and process understanding remain, emphasizing the need for plausibility and explainability to advance the field. Yaseen., [36] assessed the progress of ML models for simulating heavy metals (HMs) in contaminated soil and aqueous solutions. It explores key aspects such as limitations of classical methods, dataset types, input parameter selection, model tuning and performance metrics. The findings highlight the need for improved ML model versions and better understanding of underlying processes to enhance scientific consistency and reliability in environmental science. The review concludes by suggesting future research directions to further advance HM simulation and promote accurate modeling in environmental studies. 
Ma et al., [37] explored the synergy between pedology and DSM, highlighting how DSM can enhance soil spatial prediction and deepen understanding of pedogenesis. It discusses the integration of field and laboratory data with environmental covariates in DSM and how pedological knowledge can improve soil classification and mapping. The findings show that DSM can accurately map soil classes, forecast soil horizons and provide insights into pedogenic processes. It also highlights the potential for combining data-driven DSM methods with knowledge-based approaches to further advance pedology and improve soil mapping accuracy. Zhao et al., [38] explored the evolution of geoscientific inquiry, comparing traditional physics-based models with modern data-driven approaches using AI, ML and deep learning (DL). It discusses the challenges of data scarcity, computational demands and the "black-box" nature of AI models, while highlighting the potential of hybrid models that combine domain knowledge with AI techniques for improved performance. The findings show that integrating AI with geoscience can unlock new insights, though challenges remain in achieving seamless model integration. The paper emphasizes the growing potential of AI in advancing geoscientific exploration and understanding. 
Knierim et al., [39] explore farmers' and stakeholders' perceptions of smart farming technologies (SFT) in Germany, focusing on the challenges and potential of these technologies in enhancing agricultural sustainability. Using a multi-actor approach, both quantitative and qualitative data were collected to assess attitudes towards SFT. The findings show generally positive attitudes but highlight farmers' concerns about the environmental benefits of SFT. Adoption barriers were identified at both the technological and institutional levels and while the multi-actor approach raised awareness among stakeholders, close cooperation between practitioners and developers remained limited.
7. Applications of remote sensing in soil nutrient management
Mandal et al., [40] assessed current soil carbon status and identify research priorities for improving carbon sequestration practices in agriculture to combat climate change. It examines practices like conservation tillage, residue management and biochar application and emphasizes the utilization of RS and simulation models to monitor and map soil carbon. Findings suggest that these practices can enhance soil carbon storage, reduce land degradation, and promote environmental sustainability, while highlighting the need for further research to optimize their integration with modern technologies. 
Shanmugapriya et al., [41] highlighted the importance of RS in agronomical research for monitoring and managing agricultural systems. It utilizes RS, GPS and GIS to assess crop conditions, soil moisture, fertility and detect stress, diseases and pests. Findings highlight that RS enables timely, accurate data, supporting crop monitoring, yield estimation and sustainable agriculture, ultimately enhancing soil nutrient management and contributing to economic growth. Feng et al., [42] emphasized the use of RS technologies for diagnosing crop nitrogen nutrition and growth. It discusses the application of hyperspectral and visible light RS, along with canopy color analysis, as non-destructive, rapid methods for monitoring plant nitrogen levels. Findings suggest that with advancements in satellite, UAV and IoT technologies, these techniques will increasingly enhance real-time plant nutrition diagnosis and improve soil nutrient management. 
Havlin., [43] emphasized the importance of effective nutrient management for sustainable crop productivity and soil fertility. It involves quantifying nutrient requirements and soil nutrient supply through testing, followed by determining the optimal nutrient rates, sources and application timing. Findings highlight that nutrient mobility and mineralization are crucial for nutrient availability and RS technologies can aid in optimizing nutrient management by providing real-time data on soil and crop health. 
Diaz-Gonzalez et al., [44] used RS and ML to estimate soil quality and enhance nutrient management in agriculture. It integrates RS, soil quality indicators, environmental and crop management data to create a model for predicting crop yield and optimizing soil practices. Findings highlight the challenges and benefits of applying RS and ML for soil quality assessment at local scales, with the model helping improve crop yield by adjusting agricultural practices based on data analysis.
Table 2 Comparative Trend Analysis
	S. No
	Category
	Past Approach
	Current Trend
	Key Challenge

	1
	Soil Health Monitoring
	Lab tests, GIS
	IoT sensors + AI dashboards
	Cost, farmer training

	2
	IoT + AI Integration
	Raw sensor data
	Predictive AI models, automated systems
	Data interoperability

	3
	Real-Time Soil Data
	Seasonal sampling
	ML-driven real-time insights
	Sensor calibration

	4
	Data Accuracy
	Manual errors
	AI + geostatistics
	Data noise, trust issues

	5
	Remote Sensing
	Vegetation indices
	Nutrient-specific RS + ML
	Resolution limits



8. Conclusion
In conclusion, digital soil insights are revolutionizing agriculture by enabling more accurate and informed decision-making in farming practices. The integration of advanced digital tools such as IoT sensors, RS, AI and ML into soil health monitoring systems provides farmers with real-time data that is essential for optimizing soil management, nutrient application and overall farm productivity. These innovations contribute considerably to sustainable farming by increasing resource efficiency and decreasing the environmental impact of agricultural activities. However, challenges remain in ensuring data accuracy, integrating diverse datasets and making these technologies accessible to small-scale farmers. Despite these hurdles, the potential of digital tools to transform agricultural practices is immense. As technology continues to advance, it is expected that precision agriculture will play a key role in boosting crop yields, improving soil health and enhancing food security globally. Addressing the existing challenges and fostering inclusivity in the adoption of these methods will be vital in realizing the full benefits of digital soil insights for future farming systems.

[bookmark: _GoBack]References
[1] Meshram, V., Patil, K., Meshram, V., Hanchate, D., & Ramkteke, S. D. (2021). Machine learning in agriculture domain: A state-of-art survey. Artificial Intelligence in the Life Sciences, 1, 100010.
[2] de Janvry, A., & Sadoulet, E. (2020). Using agriculture for development: Supply-and demand-side approaches. World development, 133, 105003.
[3] Giller, K. E., Delaune, T., Silva, J. V., Descheemaeker, K., van de Ven, G., Schut, A. G., & van Ittersum, M. K. (2021). The future of farming: Who will produce our food?. Food Security, 13(5), 1073-1099.
[4] Basso, B., & Antle, J. (2020). Digital agriculture to design sustainable agricultural systems. Nature Sustainability, 3(4), 254-256.
[5] Springmann, M., Clark, M., Mason-D’Croz, D., Wiebe, K., Bodirsky, B. L., Lassaletta, L., & Willett, W. (2018). Options for keeping the food system within environmental limits. Nature, 562(7728), 519-525.
[6] Karunathilake, E. M. B. M., Le, A. T., Heo, S., Chung, Y. S., & Mansoor, S. (2023). The path to smart farming: Innovations and opportunities in precision agriculture. Agriculture, 13(8), 1593.
[7] Abbasi, R., Martinez, P., & Ahmad, R. (2022). The digitization of agricultural industry–a systematic literature review on agriculture 4.0. Smart Agricultural Technology, 2, 100042.
[8] Wadoux, A. M. C., Minasny, B., & McBratney, A. B. (2020). Machine learning for digital soil mapping: Applications, challenges and suggested solutions. Earth-Science Reviews, 210, 103359.
[9] Lehmann, J., Bossio, D. A., Kögel-Knabner, I., & Rillig, M. C. (2020). The concept and future prospects of soil health. Nature Reviews Earth & Environment, 1(10), 544-553.
[10] Hou, D., Bolan, N. S., Tsang, D. C., Kirkham, M. B., & O'connor, D. (2020). Sustainable soil use and management: An interdisciplinary and systematic approach. Science of the Total Environment, 729, 138961.
[11] Raji, E., Ijomah, T. I., & Eyieyien, O. G. (2024). Integrating technology, market strategies, and strategic management in agricultural economics for enhanced productivity. International Journal of Management & Entrepreneurship Research, 6(7), 2112-2124.
[12] Nasirahmadi, A., & Hensel, O. (2022). Toward the next generation of digitalization in agriculture based on digital twin paradigm. Sensors, 22(2), 498.
[13] Searle, R., McBratney, A., Grundy, M., Kidd, D., Malone, B., Arrouays, D., ... & Andrews, K. (2021). Digital soil mapping and assessment for Australia and beyond: A propitious future. Geoderma Regional, 24, e00359.
[14] Sishodia, R. P., Ray, R. L., & Singh, S. K. (2020). Applications of remote sensing in precision agriculture: A review. Remote sensing, 12(19), 3136.
[15] Idoje, G., Dagiuklas, T., & Iqbal, M. (2021). Survey for smart farming technologies: Challenges and issues. Computers & Electrical Engineering, 92, 107104.
[16] Saraiva, A., Carrascosa, C., Raheem, D., Ramos, F., & Raposo, A. (2020). Natural sweeteners: The relevance of food naturalness for consumers, food security aspects, sustainability and health impacts. International Journal of Environmental Research and Public Health, 17(17), 6285.
[17] Saiz-Rubio, V., & Rovira-Más, F. (2020). From smart farming towards agriculture 5.0: A review on crop data management. Agronomy, 10(2), 207.
[18] Munawar, S., ul Qamar, M. T., Mustafa, G., Khan, M. S., & Joyia, F. A. (2020). Role of biotechnology in climate resilient agriculture. Environment, climate, plant and vegetation growth, 339-365.
[19] Smyth, S. J., Webb, S. R., & Phillips, P. W. (2021). The role of public-private partnerships in improving global food security. Global Food Security, 31, 100588.
[20] Mohamed, E. S., Belal, A. A., Abd-Elmabod, S. K., El-Shirbeny, M. A., Gad, A., & Zahran, M. B. (2021). Smart farming for improving agricultural management. The Egyptian Journal of Remote Sensing and Space Science, 24(3), 971-981.
[21] Cambra Baseca, C., Sendra, S., Lloret, J., & Tomas, J. (2019). A smart decision system for digital farming. Agronomy, 9(5), 216.
[22] Alves, R. G., Souza, G., Maia, R. F., Tran, A. L. H., Kamienski, C., Soininen, J. P., ... & Lima, F. (2019, October). A digital twin for smart farming. In 2019 IEEE Global Humanitarian Technology Conference (GHTC) (pp. 1-4). IEEE.
[23] Paul, K., Chatterjee, S. S., Pai, P., Varshney, A., Juikar, S., Prasad, V., ... & Dasgupta, S. (2022). Viable smart sensors and their application in data driven agriculture. Computers and Electronics in Agriculture, 198, 107096.
[24] Dhanaraju, M., Chenniappan, P., Ramalingam, K., Pazhanivelan, S., & Kaliaperumal, R. (2022). Smart farming: Internet of Things (IoT)-based sustainable agriculture. Agriculture, 12(10), 1745.
[25] Sharma, K., & Shivandu, S. K. (2024). Integrating artificial intelligence and Internet of Things (IoT) for enhanced crop monitoring and management in precision agriculture. Sensors International, 100292.
[26] Senoo, E. E. K., Anggraini, L., Kumi, J. A., Luna, B. K., Akansah, E., Sulyman, H. A., ... & Aritsugi, M. (2024). IoT solutions with artificial intelligence technologies for precision agriculture: definitions, applications, challenges, and opportunities. Electronics, 13(10), 1894.
[27] Singh, R. K., Berkvens, R., & Weyn, M. (2021). AgriFusion: An architecture for IoT and emerging technologies based on a precision agriculture survey. IEEE Access, 9, 136253-136283.
[28] Akintuyi, O. B. (2024). Adaptive AI in precision agriculture: a review: investigating the use of self-learning algorithms in optimizing farm operations based on real-time data. Research Journal of Multidisciplinary Studies, 7(02), 016-030.
[29] Sheikh, J. A., Cheema, S. M., Ali, M., Amjad, Z., Tariq, J. Z., & Naz, A. (2021). IoT and AI in precision agriculture: Designing smart system to support illiterate farmers. In Advances in Artificial Intelligence, Software and Systems Engineering: Proceedings of the AHFE 2020 Virtual Conferences on Software and Systems Engineering, and Artificial Intelligence and Social Computing, July 16-20, 2020, USA (pp. 490-496). Springer International Publishing.
[30] Fan, Y., Wang, X., Funk, T., Rashid, I., Herman, B., Bompoti, N., ... & Li, B. (2022). A critical review for real-time continuous soil monitoring: Advantages, challenges, and perspectives. Environmental Science & Technology, 56(19), 13546-13564.
[31] Burton, L., Jayachandran, K., & Bhansali, S. (2020). The “Real-Time” revolution for in situ soil nutrient sensing. Journal of The Electrochemical Society, 167(3), 037569.
[32] SS, V. C., Hareendran, A., & Albaaji, G. F. (2024). Precision farming for sustainability: An agricultural intelligence model. Computers and Electronics in Agriculture, 226, 109386.
[33] Getahun, S., Kefale, H., & Gelaye, Y. (2024). Application of Precision Agriculture Technologies for Sustainable Crop Production and Environmental Sustainability: A Systematic Review. The Scientific World Journal, 2024(1), 2126734.
[34] Sivakumar, V. G., Baskar, V. V., Vadivel, M., Vimal, S. P., & Murugan, S. (2023, October). IoT and GIS Integration for Real-Time Monitoring of Soil Health and Nutrient Status. In 2023 International Conference on Self Sustainable Artificial Intelligence Systems (ICSSAS) (pp. 1265-1270). IEEE.
[35] Wadoux, A. M. C., Minasny, B., & McBratney, A. B. (2020). Machine learning for digital soil mapping: Applications, challenges and suggested solutions. Earth-Science Reviews, 210, 103359.
[36] Yaseen, Z. M. (2021). An insight into machine learning models era in simulating soil, water bodies and adsorption heavy metals: Review, challenges and solutions. Chemosphere, 277, 130126.
[37] Ma, Y., Minasny, B., Malone, B. P., & Mcbratney, A. B. (2019). Pedology and digital soil mapping (DSM). European Journal of Soil Science, 70(2), 216-235.
[38] Zhao, T., Wang, S., Ouyang, C., Chen, M., Liu, C., Zhang, J., ... & Wang, L. (2024). Artificial intelligence for geoscience: Progress, challenges and perspectives. The Innovation.
[39] Knierim, A., Kernecker, M., Erdle, K., Kraus, T., Borges, F., & Wurbs, A. (2019). Smart farming technology innovations–Insights and reflections from the German Smart-AKIS hub. NJAS-Wageningen Journal of Life Sciences, 90, 100314.
[40] Mandal, A., Majumder, A., Dhaliwal, S. S., Toor, A. S., Mani, P. K., Naresh, R. K., ... & Mitran, T. (2022). Impact of agricultural management practices on soil carbon sequestration and its monitoring through simulation models and remote sensing techniques: A review. Critical Reviews in Environmental Science and Technology, 52(1), 1-49.
[41] Shanmugapriya, P., Rathika, S., Ramesh, T., & Janaki, P. (2019). Applications of remote sensing in agriculture-A Review. Int. J. Curr. Microbiol. Appl. Sci, 8(01), 2270-2283.
[42] Feng, D., Xu, W., He, Z., Zhao, W., & Yang, M. (2020). Advances in plant nutrition diagnosis based on remote sensing and computer application. Neural Computing and Applications, 32(22), 16833-16842.
[43] Havlin, J. L. (2020). Soil: Fertility and nutrient management. In Landscape and land capacity (pp. 251-265). CRC Press.
[44] Diaz-Gonzalez, F. A., Vuelvas, J., Correa, C. A., Vallejo, V. E., & Patino, D. (2022). Machine learning and remote sensing techniques applied to estimate soil indicators–review. Ecological Indicators, 135, 108517.



