


[bookmark: _GoBack]Smart Agriculture Enabled by Digital Technologies: Sensors, Automation, and Decision Support Systems

Abstract
The survival of the human community depends on the agricultural industry. A number of actions have been taken to increase agricultural yield. Nevertheless, the loss of agriculture is caused by severe weather and frequent pest infestation. In a situation like this, integrating cutting-edge technologies like sophisticated sensors with the Internet of Things (IoT) could increase agricultural output and reduce financial loss. Research has been done all around the world that has adequately shown how integrated IoT-smart sensors may be used to monitor environmental elements that are important for crop growth, such as temperature, humidity, moisture, and soil composition. Automated sensors are also used to measure greenhouse gasses like carbon dioxide, methane, etc. In order to help farmers decide how much fertilizer to apply to their fields, smart farming also makes it possible to measure the amount of nitrogen in the soil. Unmanned aerial vehicles and some IoT-enabled devices are helpful for precise monitoring of pest attacks and related illnesses in agricultural vegetation. Although smart farming offers a lot of potential, there are certain drawbacks, such as high implementation costs, data security issues, and farmers' lack of adequate digital literacy. Future IoT-enabled smart farming may be made easier by special economic policies, data encryption, and digital literacy. The goal of this review is to give readers a thorough overview of the major advancements and new trends. By emphasizing the advantages of incorporating smart sensors and cutting-edge technologies, it hopes to educate farmers, researchers, and policymakers about best practices, present issues, and future possibilities. It seeks to promote the ongoing use and application of new technology while facilitating the shift towards more intelligent, efficient, and sustainable farming methods.
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Introduction
To fulfill the demands of an expanding human population and address current issues including climate change, food scarcity, energy, labor, and environmental concerns like soil health, biodiversity, and water quality, agricultural business sectors aim to boost production [1,2]. Additionally, the agricultural industry is thought to benefit from digital transformation [3, 4]. For example, all of the goals of the new Common Agricultural Policy (CAP: 2023-27), which will be bolstered by the creation of a European data space for agriculture, are clearly based on digitization [5]. For generations, breakthroughs have come from agriculture. Precision farming has been able to gather spatiotemporal information on the agricultural system with previously unheard-of resolution thanks to the development and use of sensors [6]. In this regard, digital technologies including cloud and edge computing, blockchain (BC), artificial intelligence (AI), big data, and the Internet of Things (IoT) are becoming more widely used [8]. Using additional smart technologies in conjunction with efficient data utilization can boost production efficiency [7]. Together with remote sensing and information and communication technology (ICT), these technologies have the potential to help farmers by improving the effectiveness and efficiency of farming systems while utilizing the best farm management techniques. The tools facilitate integrated, real-time decision-making processes and transform complex data into actionable information [9,10]. The ability to analyze and comprehend agricultural data through digitization scenarios could aid in the development of more productive, profitable, and sustainable farming practices.
Based on the use of big data analysis, IoT, AI, remote sensing, robotics, and smart sensors, digital technologies in smart farming can help make accurate use of real-time information and increase production and yield [11,12]. In this context, early warning, farm management, and decision-making systems for improved soil characteristics, water use efficiency, yields, and health assessments of crop, animal, and horticultural products can be developed using data-driven approaches utilizing massive amounts of sensor-based generated data (big data). Big data is transforming traditional methods in digital farming and, when combined with machine learning techniques, can give high-performance information to decipher, measure, and comprehend data-intensive farm operations procedures [13]. Future smart agriculture system development and financial management may also profit from it [14]. In digital farming, a vast array of data is produced and utilized. It can be divided into data sets related to climate, soil and water, crops and animals, biosecurity, genomics, farm management, and remote sensing [15,16]. These data sets come from a variety of sources, including weather stations, wearable sensors, drones, multi-platform remote sensing, on-farm sensors, weather stations, farm machinery, and robots. For example, the use of digitalization techniques has moved soil characterization from broad classifications to specific lateral, vertical, and temporal levels as well as information on the characteristics of individual soils, including texture, structure, pH, macro and micronutrients, water content, organic matter content, and carbon bixation [17]. Sustainable precision irrigation, for instance, can now be enhanced by digital farming solutions like app and web-based software combined with machine learning techniques [18]. Machine learning has a bright future in handling large data in agriculture if steps are taken to lessen the current obstacles [9,19]. Grain losses have been decreased and crop yield has increased through the application of IoT and digitalization techniques. Using previous data sets and weather forecasts, smart digital technologies based on mobile apps may now estimate a crop's output, productivity, and health. They can also link to the most recent government support and compliance programs pertaining to farmers and farming [20]. Using clever digital technology and sophisticated data analytics techniques, information from soil, weather, irrigation, plant growth and health status, fertilizer and pesticide use, and more can now be combined to give farmers crop management strategies. Farmers can enhance their precision, technical efficiency, and expertise for improved overall farm management by integrating smart digital tools with autonomous machines and farm machinery [21, 22]. Precision agriculture can currently make use of digital farm equipment, such as wearable virtual fencing devices [25, 23] or yield forecast and informed decision-making systems [24]. On the other hand, the data is frequently not well understood or utilized. For farmers who require a trusting, straightforward, single point of access to pertinent, succinct, and trustworthy information that can help with farm management and enhance sustainability, the requirement to acquire new technological skills and data interpretation presents an additional obstacle [26]. Integration is necessary because different data sources (such as multi-sensor data, meteorological and Earth observation data, map services, and historical data sets) have different formats and time intervals. Thus, a concept that makes it possible to handle the various difficulties of merging and utilizing disparate data sources—such as sizable national and farm-based sensor data sets—must be developed. This calls for: knowledge of existing data sets, data sources, and analysis methodologies as well as the creation of new ones; data governance and management frameworks; and the application of relevant data technologies to generate value. In the end, this will show how useful and valuable upscaled data is for more environmentally and economically sustainable farm management. The paper's main goal is to present a data fusion concept for an integrated smart farming system, where information from various sources, including ground-based and earth observation, is integrated to enable the efficient and sustainable use of resources, and to conduct a thorough literature review of the state of the art for the adoption of smart farming through the use of integrated digital data and sensor-based systems.
· Additionally, this could result in improved economic and environmental performance, which would boost the agriculture sector's overall resilience and sustainability. The suggested idea is to:
· incorporate real-time data and improve the ability to track agricultural and production situations;
· Combine and oversee data from many sources, including distant, proximal, and ground sensing
· provide an integrated data platform that can combine environmental (air, soil, and water) data with data on crops, pastures, trees, and animals into a single point of access;
· Make effective use of AI in smart farming to analyze and categorize data, identify patterns that can forecast events, and facilitate the creation of digital solutions for smart farming;
· Create a decision support system (DSS) that may be robust and dependable in a variety of farming scenarios by utilizing mobile sensor integrated platforms and different data sources.
This review makes a significant contribution by offering an integrated data fusion perspective, bringing together information generated from sensors, remote sensing, automation tools, and farm management platforms. Unlike studies that examine individual technologies in isolation, this review synthesizes how multi-source data streams can be combined to improve situational awareness, predictive capability, and system-level understanding in smart agricultural ecosystems.
In addition, the review emphasizes the evolving role of decision support systems (DSS) as the core link between data generation and actionable farm decisions. By critically analyzing existing DSS frameworks, analytics approaches, and implementation challenges, the study highlights pathways for enhancing decision accuracy, usability, and scalability, thereby providing a structured foundation for future research and practical deployment of digital agriculture solutions.
Key innovations in intelligent farming systems
The development and deployment of smart agriculture systems rely heavily on digital technologies such as artificial intelligence (AI), big data, cloud and edge computing, smart sensors, IoT, BC, satellites, and robots [[2], [8], [12], [27]]. AI is used in smart agriculture with deep learning and machine learning technology [28]. One important technology that gives users effective DSSs is machine learning, which comes in a variety of models. It allows farmers to make quick decisions, such as managing water and soil, detecting crop diseases, using pesticides, managing animals, etc. [[2], [8], [29]]. In smart agriculture, deep learning is being implemented to tackle complicated issues and process data and images [30]. Using smart technologies like Bluetooth and wireless sensor networks, the Internet of Things (IoT) connects various devices via the internet, allowing people to effectively operate the linked objects [[2], [8]]. Smart agriculture leverages digital technologies such as sensors, automation, and decision support systems to optimize farm operations and improve decision-making. Evidence from published studies indicates that these technologies can result in 10–25% increases in crop yield through precision monitoring and timely, data-driven interventions [55, 56]. Furthermore, improved management of water, fertilizers, and energy has been reported to enhance input-use efficiency by 15–30%, contributing to reduced resource wastage and improved sustainability [57]. Collectively, these advancements support resilient and productivity-oriented agricultural systems.
Robots are made to do tasks and imitate human movements. They are crucial for carrying out certain agricultural tasks, especially in challenging circumstances. Cloud computing provides features like data access and cloud storage. Edge computing is emerging as an effective data processing method to address issues with centralized cloud computing, and it integrates with IoT and cloud services [[2], [11]]. These days, cloud and edge computing methods are being used extensively in smart agriculture, such as for weather forecasting and agricultural data collection. With its sophisticated analytics models, big data technology uses vast amounts of data collected from many sources, such as aerial and ground sensors. Big data facilitates precise forecasting in smart agriculture by utilizing vast volumes of agricultural data. BC is a distributed digital ledger technology that could be used in smart agriculture, for example, to create agri-food supply networks that are easier to trace [8,32]. 
Challenges in smart agriculture
The accounting of agricultural stocks and fluxes is difficult due to the lack of agricultural data and individual data, which creates uncertainty in agricultural performance indicators and the environmental impact [31]. In recent years, the agriculture sector has been experiencing a new "green revolution" due to the exponentially growing use of information and communication technologies [33], despite the fact that it has been lagging behind in the application of new smart technologies, particularly during the pre-harvest and post-harvest stages]. The use of sensors for crops [34,35], dairy farming to enhance farm decision-making [36], food safety and security [37,38], utilization of robotics and drones in crop production [39], remote sensing [40], analytics and communication technologies for agricultural sustainability [41], open digital platform and network of digital innovation in agriculture [42,43], and e-tools and good practices for e-governance to facilitate data and information flow [44,45] are some of the projects that evaluate the digital transformation of agriculture and rural areas. Additionally, a lot of free and detailed satellite imagery has been made possible by the Copernicus initiative, which can be utilized to scale up data-driven solutions [46]. However, due to missing data, noise, and inconsistencies in scales, scopes, and formats, the massive data volumes must be harmonized and pre-processed before they can be utilized in extensive agricultural applications. It is common for data of various modalities to be retained without being used, and more research and funding are needed to integrate and exploit these data [47]. Despite the numerous attempts to implement smart agriculture, there are still issues that require further investigation.
Sensors and the production and collection of data
Climate, soil and water, crop and animal, biosecurity, genomics, farm management, and remote sensing are only a few examples of the agricultural data sets that are frequently divided into "silos" [47]. With helpful examples like the FaST-EU Space Data for Sustainable Farming [48], the work to harmonize and provide several data sources for developing digitized farming is only getting started. By integrating, storing, managing, and sharing the data, smart technology applications and the effective use of agricultural data resources should be promoted. The data streams must be harmonized by interpolation and various forms of pre-processing to allow for a combined use, as different data sources supply the data in different formats and at different times. For example, models that adapt to phenological changes in changeable weather circumstances can be created using the constant stream of earth observation data. When both terrestrial and airborne platforms are used effectively, very high spatial and temporal resolution data can be used to advise the best use of scarce farm resources. The state of crops and animals, such as crop development stage and yield, can be tracked using satellite photos, which offer precise information at a broad scale [49]. Additionally, a number of DSS have been developed using satellite data, such as CropSAT, which uses Sentinel-2 data to provide vegetation index maps [50].
AI applications for data analysis and integration
Many studies have been conducted over the past ten years to use data to evaluate the past, forecast the future, and create DSS tools through ongoing monitoring or targeted big data science investigations [51]. The growing volume of agricultural data makes it possible to create more complicated and accurate models, which improves process comprehension. In many recent efforts, such as AI classification problems, where state-of-the-art machine learning (like deep learning) techniques usually demand more data than traditional model-based approaches, this data-driven development has been proved. Neural network-based data fusion is the foundation of advanced approaches [52]. In order to obtain better accuracy and more precise conclusions than could be obtained with only one sensor, data fusion approaches integrate data from several sensors with relevant information from linked databases [53]. The ability to combine heterogeneous and multi-modular data sets is the primary benefit of data fusion. A unified, adaptable, and flexible solution for comprehensive farm data analysis is still lacking, despite the significant efforts made by researchers and software developers in this area [54]. Finding a universal system with flexible data processing options and the ability to work with various data sources is challenging.
Blockchain technology application
The use of smart technologies like BC and Smart Contracts for food product traceability and security [8], agricultural supply chain management, land registry and management, and agricultural insurance as part of flood impact adaptation strategies in rural areas have all been the subject of recent research studies. In order to encourage the use of digital technologies, adopt more intelligent farming practices, boost agricultural productivity and sustainability, and minimize resource waste, data and information are crucial [13]. ICT makes it easier to collect, store, process, analyze, and apply data for prompt decision-making [23]. By dispersing data management among several parties (such as network nodes), enhancing transparency, and making data manipulation challenging inside the BC environment, BC technology is a useful tool for preventing this kind of bias [34]. The BC is a distributed digital ledger that cannot be altered. It offers a steady stream of reliable information. The complexity of data security in smart agriculture rises in tandem with the number of interconnected devices used for information gathering. It is crucial to create a system that connects the BC and the IoT system in order to overcome this difficulty. This makes it possible for an automated and optimized administration of agricultural systems as well as a more transparent, dependable, secure, and decentralized data storage service [35]. Although BC technology is an example of a developing technology with enormous potential to benefit the agriculture industry, it is energy-intensive, poorly developed, and has not yet been extensively used in the industry. This BC advances Europe's smart and sustainable agriculture by improving the creation, archiving, regulating, sharing, utilizing, and tracking of pertinent data resources.
Decision support system
A data platform's primary goal is to give decision-makers the precise, timely information they need to make the best decisions. Since the successful implementation of the suggested decisions for the end users can be used to assess the effectiveness of the data analysis, the development of the DSS is therefore an essential component of the suggested concept. A DSS's primary responsibility is to support stakeholders and end users in making decisions, with the ultimate goal of enhancing agricultural operations and management procedures [34]. Instead of making decisions on its own, the DSS offers a number of options. It should be underlined that the end user is ultimately in charge of making decisions and is accountable for their actions. In order to better understand solutions for a particular farm-related problem (e.g., management of water resources, low-input farming, management of grazing plans, improving livestock performance, health and welfare, increasing crop yield, environmental condition), the DSS operation will combine data from multiple sources (sensory data, farmers input, crop, animal data, etc.) that may be analyzed and run through a collection of models (statistical, machine learning, etc.). In order to facilitate decision-making for the particular settings, the data to be examined must be retrieved, saved, and arranged.
Additionally, the DSS will offer a user interface (UI) that serves as a bridge between the user and the system. Generally speaking, the end user's needs greatly influence the UI's implementation, which can take many different forms (such as command line or graphical features). As a result, the UI in the suggested idea takes into account the technical abilities and proficiencies of the end users, and the integrated BC technology enables transparency, security, and simple comprehension of procedures that foster trust in the DSS. The many components of the DSS that will be created assist different data-analysis-based decisions. For instance, tools can help farmers make decisions regarding the health, welfare, and/or reproduction of their animals as well as decision assistance for grassland management [45]. Utilizing the DSS effectively can help create farming systems that are more resilient and sustainable in a variety of climates.
Opportunities and challenges for DSS
Models that are responsive to phenological changes in changeable weather circumstances can be developed using the ongoing flow of earth observation data. When both terrestrial and airborne platforms are used effectively, very high spatial and temporal resolution data can be used to advise the best use of scarce farm resources. The state of crops and animals, such as crop development stage and yield, can be tracked using satellite photos, which offer precise information at a broad scale [23]. Additionally, a number of DSS have been developed using satellite data, such as CropSAT, which uses Sentinel-2 data to provide vegetation index maps [29]. Nonetheless, there are issues with digital systems, including a lack of technologies for real-time in-situ crop and sward qualitative data measurement, heterogeneity in grassland and arable crops, low stakeholder knowledge, and the high cost of sensor networks to gather large spatiotemporal data. Smart technologies can assess inter- and intra-field spatial and temporal variability in crop and animal production systems [49], but need to be developed and implemented with effective DSSs. Real-time observations and measurements of temporal and geographical variability are made possible by the efficient use of cutting-edge smart technology. It can increase the economic competitiveness of farms, e.g., through reducing the labour requirement and repetitive tasks on livestock farms. Seasonal forecasts combined with local knowledge can boost the resilience of rain-fed agriculture during dry spells and improve agricultural decisions, as demonstrated by Streefkerk et al. [40]. Similarly, grassland farmers can now employ DSSs for crop, grassland, and animal management [41].  In order to constantly train a model to mimic growth parameters between pasture measurement dates, certain DSSs have used algorithms. Additionally, Bonfante et al. created a fully transferable DSS for crop irrigation [42]. The graphical user interface, which serves as the conduit between the system and the end user, is one of the most crucial elements of DSS [53]. However, farmers' adoption and acceptance of DSS is still very low [14], and there are a number of obstacles preventing DSS from being used more widely. This could be as a result of farmers' lack of familiarity with sensors, ICT, and data storage and analysis [15]. Additionally, DSS are utilized by farmers, who must change their perspective on these systems. A number of factors, including the system's functionality, usability, and output trust, as well as the system's cost, limit farmers' ability to use DSS [16]. Additionally, in order to successfully deploy these farmer-supporting systems, farmers must have a different perspective on DSS and use a participative approach [20].
AI applications for data analysis and integration
AI models and statistical methods can identify phenomena and extract patterns and information from sensor data. In order to minimize the amount of dynamic variables from pre-processed sensor data, the suggested concept's AI techniques can offer a framework for feature/metric selection. Asset state (farm) prediction for a given input state is made possible by the advancement of analytics and machine learning algorithms. The sensor data can be used to validate the models' outputs. In this situation, the AI models can be trained using historical data as well as data gathered from satellite, aerial, and ground sensors. The actual farming system could make use of the results of digital data processing and integration models. As a result, the verified models might be sufficiently reliable. Descriptive analytics, diagnostic analytics, and predictive analytics can be developed in this context to analyze the information gathered from various sources and to anticipate future events in various farming circumstances. Crop dynamics, such as seasonality and trends, could be predicted using dynamic forecasting models. The best land surface dynamics model will be chosen, for example, using the Schwarz and Akaike information criterion and the Ljung-Box Q test. To enhance the performance of the produced models in the suggested idea, the forecasting procedure's accuracy can be assessed.
Data valorization
The suggested solution allows users to address one of the major drawbacks of advanced machine learning techniques, such as deep learning applied in various agriculture fields, such as discontinuity and non-integrated data, since climate change is generating significant interest in the development of specific tools and models adjusted for each type of crop and land-based livestock. By acquiring real-time and continuous data on specific variables, the use of the suggested concept might produce accurate and trustworthy farm management information from the integration of several data sets. For example, massive data was produced in different parts of Europe in recent years, but it was site-, crop-, or study program-specific. Although efforts have been made to compile these data and offer it in a user-friendly format for farmers, researchers, government officials, businesses, and other relevant stakeholders, general use and valorization are still far off. A solid answer in this area might be provided by a data warehouse concept combined with integrated AI and analytical models, which is a novel approach to smart and digital farm management systems. Consequently, farmers will be able to make decisions more easily, which will save money and resources for both the agricultural and technology-providing sectors. With all the unique features, techniques, algorithms, and tools for valuing historical data, working with it, and responding to current and upcoming possibilities and difficulties in farming systems, the system improves the idea of a data warehouse. Additionally, high-resolution models co-designed with user data, spatial field data, and satellite data will be included in the integrated data set and digital solution tools. New data streams are produced by combining the historical data with farming technologies and real-time environmental monitoring. The construction of models based on distant and ground-based information including climate, meteorological, environmental, and farm factors may boost the reliability of integrated data utilization. The development of algorithms for processing Earth observation data to enable the estimate of variables or parameters required in the DSS led to a rise in the efficiency of using farm data. More widespread use of enhanced monitoring and DSS systems based on high-quality data would also help farmers and policymakers make better decisions.
Sustainability of smart farming methods
The desire for healthier products, market strategies, climate change, and the decline in the agricultural labor force have all put further strain on the sector. Climate variability, land degradation, loss of ecosystem functioning, an increase in the world's population, and dietary changes are some of the issues facing agricultural productivity. Significant harm is caused to the environment by agriculture, which is also susceptible to both short-term weather events and long-term climate change [26]. Worldwide, crop yields are already being impacted by climate change, including changes in average temperatures and rainfall as well as an increase in both short- and long-term extreme events. In order to prevent potential losses, farmers must be given "early warning" information. At the farm, processing, logistical, and consumer levels, the use of ICT components in agriculture offers the potential for paradigm changes [28].
The suggested idea makes it possible to use resources more effectively, increases farmers' economic competitiveness, preserves biodiversity, and lessens climate change. It enables the redesign of agricultural systems with improved sustainability performance by utilizing digital and geospatial technology [23]. Through more effective use of resources (material and human) and open access to digital data and tools (multi-actor platform, DSS), it enhances farming operations, including planning and management of crop and animal production. It is possible to greatly improve production efficiency, resource utilization, and animal welfare while lowering emissions through the development of a multidisciplinary, multi-stakeholder, whole-farm approach. This will enhance agricultural farming's competitiveness, environmental performance, and public perception. However, after the concept is put into practice, more research is needed to assess the environmental and socioeconomic performance taking into account material and economic flows from the aspects of agricultural activities as well as the aspects of major technological solutions and related infrastructures like the Internet of Things, BC, remote sensing tools, and DSS platforms. 
Future research in smart agriculture should prioritize the development of interoperability standards that allow seamless data exchange among diverse sensors, platforms, and decision support systems. Such standardization is essential for reducing system fragmentation and improving scalability. In parallel, there is a strong need for low-cost, durable sensor technologies tailored to resource-constrained farming environments, along with farmer-focused training and capacity-building programs to enhance digital literacy and practical adoption, especially among small and marginal farmers.
Another important research direction involves evaluating the energy efficiency, computational overhead, and environmental footprint of advanced digital technologies, particularly blockchain-based systems used for traceability and supply-chain transparency. Future studies should explore lightweight and energy-efficient blockchain architectures, integration with renewable energy sources, and cost–benefit trade-offs to ensure that such technologies contribute meaningfully to sustainable and climate-resilient agricultural systems.
Conclusion
In order to satisfy the demands of an expanding human population and address current issues like climate change, biodiversity loss, and other environmental problems, agricultural business sectors should leverage the advantages of smart technology and boost their productivity. Nevertheless, there are difficulties in comprehending and effectively utilizing various forms of agricultural data that are not connected and come from various sources. The idea put forward in this study aims to improve future intelligent and sustainable agricultural systems by enabling the complete integration of digital technologies. The suggested idea makes it possible to collect agricultural data in real time, integrate, manage data from various sources using cutting-edge agri-tech solutions, use AI, create governance systems that handle large amounts of data from various sources, and create digital DSS for farmers and other industry stakeholders. The studies under discussion demonstrate the revolutionary potential for enhancing resource utilization, crop management, and overall agricultural sustainability.
The difficulty of putting precision farming systems into practice is underscored by the difficulties and constraints mentioned in these research, such as sensor deployment concerns, data accuracy issues, and the requirement for sustainable energy sources. But the report also highlights the field's bright future, where new technologies like artificial intelligence, big data analytics, and the Internet of Things are predicted to be important.
Data collection will be transformed by IoT integration, which will offer real-time data on crop health, soil conditions, and environmental changes. Farmers will be able to make well-informed decisions thanks to more advanced predictive modeling made possible by big data analysis. AI offers sophisticated solutions for crop management, disease detection, and resource optimization since it can automate decision-making processes. As demonstrated by the reviewed studies, it can become the cornerstone of effective, sustainable agricultural methods by leveraging the synergy between smart sensors and advanced analytics. An encouraging trajectory is making a major contribution to environmental sustainability and global food security as ongoing research advances and technology continue to advance.
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