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Abstract: 
The rapid advancement of agricultural automation is transforming crop production and management worldwide. Modern crop management systems aim to integrate all aspects of farming into a more systematic and resource-efficient framework. In India, diverse agro-ecological zones, soils, and climatic conditions provide immense potential for cultivating a wide range of horticultural crops, which not only enhance farm productivity but also contribute significantly to employment generation and supply chains for food-processing industries. Despite the relatively limited area under horticulture, the demand for these crops remains high, creating the need for innovative approaches to maximize output with minimal resource use. Technological interventions such as nuclear techniques, artificial intelligence (AI), blockchain, the Internet of Things (IoT), remote sensing, advanced breeding programs, and hydroponic systems are emerging as key solutions. In particular, remote sensing technologies combined with computer vision, robotics, AI, and machine learning are being increasingly applied for real-time monitoring of plant growth, weed detection, and the early diagnosis of pests and diseases. Furthermore, the integration of digital platforms is enabling farmers to access input–output markets, manage financial transactions, and adopt data-driven decision-making for efficient farm operations. This review highlights recent technological innovations and digital tools that hold the potential to revolutionize horticultural crop management in India and ensure sustainable agricultural growth.
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1. Introduction 
1.1 Introduction to Indian Horticulture
A brief overview on automation and digitization could have a significant positive impact on horticulture by handling increasingly complex tasks associated with production system control and management (Sam et al., 2022). Robotics, AI, innovative solutions with sensors, and management of data systems all can help in horticulture production in becoming very competitive as well as sustainable (Lezoche et al., 2020). Therefore, despite the fact that their use and advancement are still in their infancy, digital approaches are indispensable (Boruah et al., 2024). It is one of the main problems with the current state of affairs, which supports the fact. Therefore, increasing production through direct and indirect means, including increasing planted area and productivity or reducing post-harvest rotting (sometimes called hidden harvest), is required. In this case, horticulture crops can help meet the population's demands, which are around 5.4 times higher than those of any other crop group due to their higher productivity (Tiwari et al., 2015). Horticulture crops boost agricultural production, create job opportunities and provide resources to different food processing industries, that has a significant positive influence on the Indian economy (Qingxue et al., 2016). Fruit production has significantly increased as horticultural land has expanded. However, it was not feasible to schedule the fruit sales at the same time. Most markets are now controlled by intermediaries who fix fruit prices. The exploitation of middlemen won't stop if growers didn’t form shop and cooperatives in urban areas (Subeesh et al., 2021). Cooperatives for fruit producers have been founded in some areas due to farmers' collective activity. Damaged cold chain results substantial losses for fruits and vegetables. Cold chains have developed in several areas that grow grapes. This has improved grape export, storage, transportation, and shelf life (Spina et al., 2021). Occasionally, new characteristics have remained. The application of numerous improvements in breeding of crops, like semi dwarf cultivar of cereal crops, has resulted in a large rise in grain yield, earning it the moniker "green revolution" (Peng et al., 1999). New varieties selected from natural mutations in perennial horticulture, like large-berry tetraploid Kyoho grape (Alleweldt et al., 1988), the recently discovered red-skinned Fuji apple (Ban et al., 2007), and other odd-looking ornamentals, are very lucrative. This method of maximizing one's innate skills is still widely used today. Despite limited area allocated for fruit crops, there is a significant need for its products. Therefore, adopting sustainable habits is necessary to achieve a sustainable environment, which makes meeting demand with the fewest resources challenging (Dayıoğlu et al., 2021). It has also been observed that countries within Asia, like India, have grown their exports in recent years. Even so, there are still certain challenges to be solved, such meeting international quality standards and paying for exports.
1.2. Automation and Digitization: 
This puts a lot of pressure on farming sector to increase food productivity as well as output/ha (FAO, 2023). In recent years, horticulture has been continuously threatened by change in climate, making it very challenging to boost output (Gardberg et al., 2020). Two possible answers to the food supply issue include expanding land use and large-scale farming, or increasing production through the use of best practices and technological assistance. Growing more intelligent with the adoption of emerging technologies such as the Internet of Things (IoT), artificial intelligence (AI), and other horticultural treatments is only viable choice in highly populated areas of developing countries were extending area space is nearly challenging (Zator et al., 2019). Digital techniques like AI and the IoT can help provide better insights from field data and allow farming operations to be organized methodically with minimal human effort. Over time, farming has realized benefits of precision farming. It provides enduring solution which will boost output by accurately monitoring inputs as well as reducing usage of hazardous insecticides and other pesticides (Begić et al., 2022). 
1.3. The development of horticulture technology: 
Digital techniques like IoT and AI can provide better insights from field data and enable the careful organization of farming practices with less human efforts (Cazzola et al., 2020). With the years, farming sector have realized benefits of precision farming. It is an eco-friendly option that will boost output by accurately monitoring inputs & reducing usage of hazardous chemicals and other inputs. In horticulture, real-time analysis enabled by digitization promotes improved field monitoring, spraying, water management, and land management (Boring et al., 2023). The agriculture industry will be able to profit from a number of additional advantages by utilizing state-of-the-art digital technology, such as reduced input costs as well as waste, the implementation of enduring operations, and higher output to meet growing global food demand (Bernhardt et al., 2021).
 
2. Summary of technologies and how they work: 
Technologies like cloud computing, blockchain, big data, and the Internet of Things (IoT) hold significant potential for applications in horticulture (Horvat et al., 2019). These technologies can support areas like weather monitoring, fertilizer optimization, irrigation management, disease diagnosis, supply chain operations, marketing strategies, automation of actuators, and determining crop maturity. Among these, IoT plays a pivotal role by enabling real-time data collection and sharing, which is essential for the effective functioning of the other technologies (Misra et al., 2020). The Internet of Things displays an interconnected network of intelligent devices capable of self-organization, adapting to environmental changes, and exchanging data, resources, and information (Kaburuan et al., 2019). Artificial Intelligence (AI) is a multifaceted technology that combines machine learning, cognitive processing, emotion detection, data management, and human-computer interaction (Arya et al., 2021).  Advances in computing power and the development of specialized processors, alongside GPU improvements, have overcome AI's previous limitations, enabling deep learning and enhanced data-driven learning processes (Kale et al., 2024). Core AI methodologies include artificial neural networks (ANNs), decision support systems (DSSs), genetic algorithms (GAs), support vector machines, and computer visions are widely applied in farming to manage soil, crops, pests, and weeds (Caiming et al., 2021 and Boruah et al., 2024). In horticulture, IoT is utilized to gather data from field plants and horticultural facilities to optimize production, management, and service operations. IoT technologies, including robots, drones, remote sensors, and computer imaging, are employed to map fields, monitor crops, and survey land, offering farmers critical data for implementing efficient and cost-saving smart farm management strategies (Alireza et al., 2013). Blockchain technology further enhances horticulture by improving food safety through its ability to track information across the supply chain. Its traceability feature supports the development and deployment of innovative solutions for smart farming and index-based horticultural insurance (Zheng et al., 2018). Additionally, blockchain contributes to better quality control and food safety while ensuring fairer compensation for farmers by enabling accurate productivity tracking within the supply chain (Sun et al., 2010). Farmers can utilize extensive databases to obtain valuable insights into areas such as water cycles, fertilizer needs, rainfall patterns, and more. This information enables businesses to make strategic decisions regarding crop selection and harvest schedules, maximizing profitability (Coble et al., 2018). Cloud computing is instrumental in gathering, processing, and storing horticultural data (Sunyaev et al., 2020). Through machine learning algorithms, real-time data collected by wireless sensors linked to the cloud is analyzed, offering farmers a better understanding of crop conditions (Ruthie, 2019). In precision horticulture, augmented reality plays a key role, while virtual reality provides horticulturists with tools to boost productivity, reduce crop waste, and train other farmers effectively (Kamilaris et al., 2019). Emerging array of advanced technologies, including sensors, robotics, GPS, and aerial and satellite imaging, is being adopted to improve the agricultural value chain (Sunyaev at al., 2020). These innovations aim to boost profitability, efficiency, safety, and the environmental sustainability of farming practices. Horticultural technology aligns seamlessly with soilless cultivation methods like hydroponics, which have gained prominence due to advancements in plant biology, indoor vertical farming, and artificial intelligence (Hati et al., 2021). Leading companies are leveraging these breakthroughs to develop diverse products, firmly establishing hydroponics as a key component in future food production systems, powered by cutting-edge science and technology (Erekath et al., 2024). (Fig 1) represents technological Innovations for Smart and Precision Horticulture.
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                 Fig. 1: Digital and Automated Tools in Horticultural Management
3. Artificial Intelligence in Horticulture: 
The field of digitalization and automation teaches robots to mimic human physical movements as well as respond similarly to humans is called artificial intelligence (AI), sometimes referred to as ML (Kumar et al., 2023). John McCarthy coined the term "Artificial Intelligence" in 1950. Technologies that use artificial intelligence (AI) help produce high yielding crops, organize information for growers, lessen burden, as well as enhance food production (Rathore et al., 2021). Temperature, precipitation, wind direction, wind speed, sun radiation, insect control, and soil and growing conditions are among the other weather-related details they offer (Manaware et al., 2020). Automation brought about by digital technology, especially paired with IoT and associated technologies; the potential for farming mechanization has increased contemporary digital era. The main factor driving the use of technical innovation in horticulture production is cost reduction (Pekkeriet et al., 2015). In the greenhouse of Netherlands production of flowers and vegetables, personnel costs make up around 30% of total expenses, followed by energy system costs at 30% and variable costs at the remaining 30% (Cembrowska-Lech et al., 2023). Since robots will replace humans, which account for more than 30% of overall production costs, and machine learning might increase profit, farmers hope to lower labor costs by leveraging technological improvements. The use of artificial intelligence in horticulture makes several important tasks easier (Nturambirwe et al., 2020). Production, postharvest, final quality evaluation, storage techniques, and packing are the several steps that make up these operations (Wang et al., 2024). Machine learning methods such as near-infrared spectroscopy, intelligent packaging, and hyperspectral photography are necessary for artificial intelligence in horticulture (Sousa-Gallagher et al., 2016). 
3.1. Current Applications and Successes of AI in Horticulture
3.1.1 Digital Insect Traps: In modern horticultural production, instruments like yellow sticky cards and other insect traps are used by experts, both on-site and remotely, to visually monitor pest populations. Farmers rely on expert judgment to make informed pest management decisions, including the timing and frequency of pesticide applications (Preti et al., 2021).Digitizing pest monitoring aims to replace traditional visual and manual inspections with automated trap systems, such as yellow sticky traps, with a focus on managing pest insects in open fields and greenhouse environments (Sittinger et al., 2024). An optical detection system employing digitalized traps and an auditory detection system using microphone arrays are the two insect detection techniques now under development (Branding et al., 2021). Platforms that can move freely and flexibly over the crop rows can be utilized in conjunction with both insect detection techniques. However, without an autonomous platform, it is also possible to detect insect pests at fixed sites in greenhouses or fields (Chiavassa et al., 2024). Farmers can receive support for pest management decisions through a digital support system, (fig 2) complementing the digitization of insect pest monitoring introduced in the initial two phases (Bieganowski et al., 2020 and Böckmann et al., 2021). A tablet or smartphone application acts as the user interface for accessing the digital pest management decision support system (DSS). The application gathers comprehensive data from digital insect traps, crop-specific farm information, and general pest management guidelines (Passias et al., 2024). Consequently, data about the crop that was grown, pest organisms (including pest kinds and damaging thresholds), and control agents (application rates and usage guidelines) are all included in the DSS (Sinn et al., 2021). Information and consulting services related to agriculture are also frequently utilized to support these choices. A recently created pheromone dispensing method called SPLAT (Specialized Pheromone and Lure Application technology) regulates the discharge of semio compounds or fragrances with or without pesticides (Rizvi et al., 2021). It is a special matrix composition made up of inert biological materials. This product is a valuable addition to the IPM toolbox that can be used to battle a range of economically beneficial insects (Pawar et al., 2022). 
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         Fig 2: Digital Insect Traps (Source: Preti et al., 2021; Sittinger et al., 2024)
3.1.2 Robots for Harvesting Fruit: Without damaging any of the branches or leaves, these robots must collect fruit from the tree. The robots must have access to every part of the tree that has to be harvested, and they must be able to differentiate between leaves and fruits by using video image capture (Zhou et al., 2022). A camera is mounted on the robot arm, and colors recognized are compared to the attributes stored in the memory. If match is found, the fruit is harvested (Onishi et al., 2019). If the fruit is obscured by leaves, you can use an air jet to push the leaves away and make fruit more visible. Pressure applied on the fruit is sufficient to pull it from the tree, but not enough to smash it, as shown in (fig 3). Fruit being removed determines the shape of the gripper (Vipin et al., 2023).
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      Fig 3: Robotic Fruit Harvesting (Source: Zhou et al., 2022; Zujevs et al., 2015)
3.1.3 AI in crop production: In today's horticultural industry, environmental factors like frosts and rising temperatures might result in crop loss. However, farmers can now go for protective steps to preserve their crop, including early harvesting or other measures, thanks to artificial intelligence, which made it feasible in forecast changes in climatic conditions (Singh et al., 2020). AI can also be used in greenhouses, where it is possible to track and manage changes in the environmental conditions inside the building (Chougule et al., 2022) (fig 5). A neural network method for predicting when frost may arrive was developed as a result of research conducted in 1997 by Robinson and Mort (fig 4). Without this system, crop damage could happen, resulting in loss of plants or in extreme cases, entire plantation (Hemming et al., 2019). A company named Sentiment had created a model which accurately tracks a number of parameters, including as water stress, temperature, salinity, and light intensity. The system may alert users to any changes and create an atmosphere that supports the growth of basil (Sahni et al., 2021). 
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           Fig 4: Artificial Neural Networks
3.1.4 AI in yield forecasting: Estimating the quantity of fruits might be useful for planning harvesting dates and production estimates (Pushpalatha et al., 2024).  An efficient and automated fruit counting technique developed using image processing (Lomte et al., 2019). When image is clicked, the camera's sensor collects small amounts of information, that are subsequently transformed to a set of attributes for image (Dilmurat et al., 2022 and Ashraf et al., 2023). 
3.1.5 AI in harvesting: The physical harvesting in horticulture crops accounts for 60% of production expenses. AI harvesting can assist in resolving the labor issues of high costs and shortage (Ashraf et al., 2023). Fruit picking robot was developed that uses video image capture to distinguish between fruits and foliage (Kitamura et al., 2005). The robot arm's supporting camera is able to recognize colors and compare them to memory-stored properties. The fruit is chosen if a match is found. The pressure used to the fruit is sufficient to pull it from plant without crushing it (Dilmurat et al., 2022). 
3.1.6 AI in lowering damage after harvest: Postharvest loss occurs in horticultural products due to physical, physiological, and biochemical factors.The 700–1200 nm wavelength range being suitable for hyperspectral imaging in predicting moisture level of banana fruit tissue, as suggested by Siregar, 2017. A decrease in moisture content is the primary cause of postharvest losses in horticulture produce (Kader et al., 2002). Neural networks and genetic algorithms to effectively control the relative humidity in the fruit preservation environment was suggested by Morimoto et al., 1997. Neural networks were used in this study to identify changes in relative humidity caused by ventilation, and genetic algorithms were employed to model and identify the optimal parameters for regulating relative humidity (Singh et al., 2022). 
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      Fig 5: AI technologies in Horticulture (Source: Singh et al., 2022; Pearson, 2025)
4. Internet of Things (IoT) Applications in Horticulture
Pests and diseases pose significant threats to horticultural crops, with the potential to cause complete losses. To address this, IoT systems have been developed to predict pest outbreaks and minimize the need for frequent fungicide and pesticide applications (fig 6) (Kumar et al., 2022). Soft computing techniques are applied to integrate color, shape, and texture—the three fundamental attributes of an object—for fruit identification. This approach reduces the complexity of the feature vector, leading to enhanced classification accuracy with less training data (Rajasekar et al., 2019). In vegetable greenhouses, researchers have developed an IoT-based technological platform for real-time environmental data collection, disaster alerts, data transmission, remote control, and information dissemination (Khan et al., 2020). This system aims to mitigate the effects of climatic disasters on vegetable production. The IoT board collects data to train machine learning algorithms, enabling intelligent and automated control of indoor microclimates for horticultural crops (Bhujel et al., 2020). In the early stages of IoT development, devices were simpler, resulting in the collection of relatively limited data. It was solely used to transmit simple, minimally processed alert signals. There was no room for the AI algorithms. Large volumes of data, or Big Data, were produced as IoT devices grew more sophisticated and complicated, necessitating data analysis. Algorithms using artificial intelligence (AI) may analyze data and derive important insights, leading to better decision-making (Singh et al., 2022). Innovative approaches like machine learning, natural language processing, machine vision, and artificial neural networks (ANN) have streamlined automation and problem-solving processes (Jha et al., 2019 and Maraveas et al., 2021).
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       Fig 6: IoT in Horticulture (Source: Postolache et al., 2022; Rabka et al., 2021)
4.1.1 Automation in Innovative Farm Machinery: Researchers have developed autonomous tractors, fruit harvesters, and other equipment capable of operating with near-human efficiency using deep learning-based computer vision techniques (Danda et al., 2022). The prototype of the autonomous fruit harvester primarily consisted of an image-capturing module and an image-processing module mounted on a self-propelled carriage. A computer vision-based object detection algorithm processed the input to identify the fruits and vegetables ready for harvest (Gorjian et al., 2021).
4.1.2 Fertilizer application: More intelligent fertilizer applications can be facilitated by IoT technology. An NPK sensor can be made using a light-emitting diode (LED), a light-dependent resistor, and resistors to detect the levels of potassium (K), phosphorous (P), and nitrogen (N) (Postolache et al., 2022). The operation of the sensor is explained by the colorimetric and photoconductivity principles. A low-cost SPAD was developed at CIAE, Bhopal, for the indirect measurement of crop leaves' chlorophyll content in the field (fig 7) (Mahajan et al., 2022). On an Android smartphone that supports OTG, SPAD values can be recorded and displayed using this compact, portable gadget. It helps determine how much nitrogen the crop needs (Mehta et al., 2021). SMS services can utilize this alternative since cloud services like Google Cloud Platforms offer scalable, timely, and continuous communication. Usually, farmers' cell phones receive text messages with recommended fertilizer dosages (Lavanya et al., 2019).  
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          Fig 7: Soil Plant Analysis Development (SPAD) (Source: Radočaj et al., 2023)
4.1.3 Weed and Pests Control: An intelligent monitoring system leveraging the Internet of Things (IoT) has been proposed, utilizing soil sensors, weather sensors, and cameras (Sharma et al., 2024). This system employs the Zigbee communication protocol and global packet radio service (GPRS) to provide pest warnings, support planting operations, and ensure quality checks in horticulture crop production (Salgado-Salazar et al., 2018).
4.1.4 Drones: Drones have greatly enhanced the automation of various agricultural tasks, including pesticide application and land monitoring. These devices consist of a central processing unit, multiple sensors (such as lasers, radars, cameras, gyroscopes, accelerometers, compasses, and GPS receivers for environmental data collection), actuators, and motors (Kumar et al., 2023). Communication with the drone is facilitated through remote control and radio frequency transmission (El Hoummaidi et al., 2021 and Mogili and Deepak, 2018). In agriculture, drones are utilized for crop monitoring, irrigation management, plant surveillance, pesticide application, and assessing plant health (fig 8) (Tripicchio et al., 2015 and Gharibi et al., 2016). Equipped with AI and vision-based technologies, drones also aid in identifying weeds and tracking plant growth stages throughout the pre-harvest, harvest, and post-harvest phases (Canicattì et al., 2024). Additionally, drones can be employed for crop grading and quality assessment, helping to reduce product loss and damage during storage and transportation (Tu et al., 2020).
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           Fig 8: Drone technology (Source: Singh et al., 2022; Boruah et al., 2024)
5. Blockchain: 
Horticulture benefits from artificial intelligence (AI), which helps farmers boost agricultural output and reduce adverse environmental impacts (Kumar et al., 2020). By enabling information tracking throughout the food supply chain, blockchain horticulture may improve food safety (fig 9). The traceability generated by blockchain's ability to store and manage data facilitates the development and application of innovations for intelligent farming and index-based horticulture insurance (Zheng et al., 2018). There are advantages to using blockchain in gardening for improved quality control and food safety. Improved supply chain production tracking will lead to more equitable farmer remuneration (Sun et al., 2010). One potential method for supply-chain traceability in the pineapple industry is blockchain technology. When compared to expecting the genuine majority of processing power, the fruit-chain protocol is fair with an overwhelming possibility and has the identical consistency and liveliness (Zhang et al., 2022). The food and horticulture industries can benefit from blockchain technology's capacity to manage known risks and maintain systemic affordability. Connecting various horticultural businesses and visualizing data on distributed database networks, from production to supply, are made possible by blockchain technology (Belotti et al., 2019). Big data gives farmers comprehensive knowledge on rainfall patterns, fertilizer needs, water cycles, and other issues. As a result, they are better equipped to decide which plants to proliferate for optimum profit and when to harvest (Abbas et al., 2018 and Gadekallu et al., 2022).
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                                          Fig 9. Blockchain in Horticulture
6. Remote Sensing in Horticulture
Satellite remote sensing has been an essential resource for monitoring crops at local, regional, and global scales since the 1970s.In this context, "crop monitoring" primarily focuses on staple crops, distinct from the broader concept of agricultural monitoring, which encompasses livestock, horticulture, and aquaculture (Macdonald and Hall, 1980). Crop monitoring activities typically involve agro-climatic analysis, assessing crop conditions and stress levels, and forecasting crop yields (fig 10). Assessments of food security are also included in certain systems, which offers a heads-up on possible food insecurity. Crop growth status and final yield are the main focus of crop monitoring as viewed through the lens of remote sensing. Recent studies in crop monitoring (Weiss et al., 2020 ; Meshram et al., 2021 and Kamilaris et al., 2018) have focused extensively on areas such as crop mapping (Bégué et al., 2018 and Orynbaikyzy et al., 2019), assessing crop conditions (Virnodkar et al., 2020 and Zhang et al., 2019), estimating yields, forecasting production (Berger et al., 2020 ; Elavarasan et al., 2018 and Van et al., 2020), monitoring droughts (Khanal et al., 2019 and Jiao et al., 2021) , and advancing precision agriculture practices (Berger et al., 2020 and Maes et al., 2019). A remote sensing system is made up of four basic components that are used to measure and record data about a faraway region (Singh et al., 2014). These elements include the target, satellite sensor, transmission line, and power source. Indian scholars have made significant contributions to advancements in internal software development and digital image processing (Gautam et al., 2020). The creation of agricultural watersheds, land resource mapping, fishing spot forecasting, precision agriculture, crop systems analysis, agricultural water management, drought monitoring and evaluation, and many more are examples of these uses (Mashala  et al., 2023; Panigrahy et al., 2006 ; Navalgund et al., 2007 and Navalgund et al., 2000).
6.1Application of Remote Sensing in Fruit Crops
6.1.1Orchard Mapping and Estimating Arable Land: A study to create a detailed block-by-block database of apple plantations in the Shimla region of Himachal Pradesh (Sharma et al., 2010). High-resolution remote sensing data from the advanced Indian Remote Sensing (IRS) satellite, P6, was utilized for mapping apple orchards (Chen et al., 2024). This approach achieved an accuracy exceeding 90%. Agro-metrology land-based observation and remote sensing were used in another study to evaluate the area of apple orchards in the Pulwama district of the Kashmir valley (Mushtaq and Asima. 2014). 
6.1.2 Precision application of fertilizer: Digital information from Landsat and AWIFS was used to estimate and track the extent of apple orchards. The majority of apple orchards (89.82%) were found to be concentrated in the 1500–2000 m elevation range; orchards below 1500 m accounted for 0% of the area, while those above 2000 m made up 10% (Xing et al., 2024). 
6.1.3 Abiotic Stress Detection: Remote sensing techniques are effective for detecting abiotic stresses, such as moisture deficiency. In avocado orchards, the Photochemical Reflectance Index (PRI) and crown temperature were monitored using methods like thermal imaging and high-resolution multispectral aerial photography (Abdulridha et al., 2019). Various irrigation strategies, including regulated deficit irrigation and chronic deficit irrigation, were applied to induce stress. The findings revealed distinct differences in reflectance patterns between stressed plants and those receiving adequate irrigation (Suarez et al., 2010).
6.1.4 Detection of Pest Infestation: Remote sensing technologies help lower the cost of insect monitoring in crops. To assess the potential of detecting spider mite damage in orchards, Ludeling analyzed the visible and near-infrared reflectance of 1,153 leaves and 392 canopies across 11 peach orchards in California (Abd El-Ghany et al., 2020). Physiological stress in trees, caused by pests, leads to changes in chlorophyll, carotenoids, and other photosynthetic pigments, which can be easily identified through variations in spectral reflectance (Zhang et al., 2019).
6.1.5 Disease incidence detection: Although satellite imagery has seen advancements in spatial, spectral, and temporal resolution, multispectral imaging remains valuable for visual assessments due to its ability to provide real-time or near-real-time images. This technology enables the differentiation between healthy and diseased trees (Oerke et al., 2020). Sindhuja et al., 2013, reported that the average reflectance varied. Compared to the near-infrared regions, the values of healthy trees in the visible region were lower, while those of HLB-infected trees were greater. This could make it easier to implement quick control measures, which would lower the risk of disease transmission (Zhang et al., 2019). Remote sensing is an effective technique for managing nematodes and pests by enabling early disease detection through the identification of vulnerable plant areas, changes in plant pigments, and variations in pest-induced leaf damage (Usha et al., 2013). Johnson et al., 1996, developed an advanced digital imaging system that linked canopy density and reflectance under varying levels of phylloxera stress. Additionally, Cook and Cook utilized multiregional NIR cinematography to observe the seasonal growth of the soil fungus complex and the southern root-knot nematode (Meloidogyne incognita Chitwood) in kenaf (Hibiscus cannabinus L.) (Kale et al., 2024).
6.1.6 Estimation of crop area: The production and demand of horticultural products sometimes fluctuate significantly, which makes the market and prices extremely unpredictable. Accurate information on the area and output of horticultural commodities is essential for market planning and produce export (Wang et al., 2024). In this instance, assessing the supply scenario requires the use of remote sensing. Crops such as potatoes, which are grown across large contiguous fields, may have their acreage and production predicted with over 90% accuracy (Nageswara et al., 2004). When the trees are older than five years, estimating the area under mango orchards is simple; however, younger mango trees are challenging to estimate due to overlapping spectral signatures (Usha et al., 2013). Early in the season, mulberry produces spectral fingerprints similar to those of other vegetable crops, but they subsequently separate on their own (Nageswara et al., 2004).  
6.1.7 Estimation of crop canopy: In horticulture, estimating the crop canopy is essential since it dictates the amount of pesticide, fertilizer, and other chemicals that should be used. Furthermore, canopy volume indicates crop health and expected output (Schumann et al., 2008 and Smart et al., 1990). The majority of horticultural crops were eventually left unaccounted for, despite instances where the canopy cover of large crops was approximated using remote sensing techniques for years (Thomas et al., 2008 and Pan et al., 2023). Remotely detected NDVI is associated with the canopy cover of the primary horticultural crops in commercial fields with varying planting arrangements and maturation phases (Dorbu et al., 2024). 
6.1.8 Estimation of crop yield: Although using remote sensing to forecast the production of different annual crops is a very useful method, its use for fruit trees and vegetables has been very limited up to this point (Usha et al., 2013 and Maja et al., 2010). Predicting tomato processing yield with remotely sensed aerial photos and a crop growth model has not received much attention (Koller et al., 2005). The association between the modified normalized difference in vegetation index and the leaf area index for tomato processing has also been studied (Abdul-Jabbar et al., 2023). Yang and associates employed aerial photography and reflectance spectra in 2008 to assess the production and physical characteristics of cabbage. Citrus farms were also mapped by an automated ultrasonic system and a sensor-based autonomous yield monitoring system (Whitney et al., 2002 and Zaman et al., 2006). 
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7. Nuclear technology in Horticulture: While many are familiar with how nuclear technology contributes to electricity generation, few are aware of its broader impact on non-energy applications. Despite being mostly associated with nuclear energy and weaponry, nuclear technology has a number of applications in horticulture (Bagher et al., 2014). These technologies have improved crop yields, reduced pests and illnesses, and improved water quality, all of which have contributed significantly to the development of horticultural practices (Chaurasia et al., 2023). Physical mutagens have been used in these applications, including particle radiation such as alpha and beta particles, thermal and fast neutrons, and electromagnetic radiation such as X-rays, UV light, and gamma rays (emitted by radioactive cobalt-60) (Wamiq et al., 2022). For example, ionizing radiation-induced chromosomal fractures facilitate nucleotide substitution or deletion and DNA strand cross-linking (Oladosu et al., 2016). Additionally, a study by Srivastava et al., 2007 looked at the effects of gamma radiation emitted by 60CO on Gladiolus plants. The subjected plants exhibited significant changes in comparison to the control group. Gamma radiation affected plant height, leaf size, and overall structure. Additionally, flowering patterns were changed, resulting in differences from the typical pattern of the flowers' symmetry as well as changes in the size, color, and form of the flowers. In addition to these, a number of other radioisotopes, such as Zn65, S35, and Rb86, have been used in various studies on plant growth and nutrient absorption (Nirmal et al., 2019 and Kale et al., 2024). 
7.1 Breeding Technique: Improved yielding kinds were developed as a result of radiation generation. "Miracle" rice is a well-known example of a crop that has achieved success, significantly increasing the cost of rice production (Dhulgande et al., 2023). Radiation-induced mutation technologies are now a significant part of plant breeding methods (Gopinath et al., 2024) (fig 11). These are some noteworthy cultivars and varieties that were released from various research sites and have specific quality attributes shown in Table 1
Table 1: Varieties released from research stations with specific qualities
	Fruit
	Cultivar(s)
	Year
	Mutagen(s)
	Improved Traits

	Apple
	Golden Haidegg, McIntosh
	1966, 1970
	Gamma rays
	Fruit size

	Mango
	Rosica
	1966
	Spontaneous
	Large and good quality

	Orange
	Xuegen 9-12-1, Eureka 22
	1983, 1987
	Gamma rays, X-rays
	Seedless, fruit quality

	Peach
	Magnif
	1968
	Gamma rays
	Large, red skin

	Loquat
	Shiro-mogi
	1981
	Gamma rays
	Fruit size

	Banana
	Novaria
	1993
	Gamma rays
	Earliness

	Papaya
	Pusa Nanha
	1986
	Gamma rays
	Dwarfness

	Plum
	Spurdente-Ferco
	1988
	Gamma rays
	Earliness

	Pomegranate
	Karabakh
	1979
	Gamma rays
	Fruit quality

	Sweet Cherry
	Lapins
	1983
	X-rays
	Larger size


Source: (Kale et al., 2024)
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 Fig 11: Breeding technique in Horticulture 
8. Vertical farming techniques:
Vertical farming is crop production and development in areas which are constructed vertically or on a steep slope. The world's largest problem right now is how to feed its rapidly growing and impending population (Kalantari et al., 2018). There are many different types and sizes of vertical farms, ranging from small, mounted on a wall, or systems with two stories, to enormous, warehouses with multi-stories (fig 12). However, every vertical farm provide their plants with nutrients using one of the three soilless techniques—aeroponics, aquaponics, or hydroponics (Mir et al., 2022). The following details provide an explanation of these three growing systems: 
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      Fig 12: Vertical Farming (Hydroponics) (Source: Mir et al., 2022; Dhawi, 2023)

8.1 Hydroponics: One environmentally friendly method that might be a better alternative to traditional farming is "hydroponics." Therefore, "working water" is what the term "hydroponics" actually means (Sharma et al., 2018). This technique helps eliminate the need for soil by supplying a nutrient-rich fluid that contains the necessary nutrients which directly reaches plant roots and encourages growth (Sardare and Admane, 2023 and Sonkar et al., 2024). Plants can be grown with their roots submerged in a nutrient-rich mineral solution or in an inert medium like perlite, gravel, or mineral wool (Velazquez-Gonzalez et al., 2022; Jan et al., 2020 and Niu et al., 2022). Okemwa et al., 2015; Nguyen et al., 2016 and Lopes et al., 2008).
8.1.1 Drip system: The drip method involves growing the plants in the soilless medium by maintaining nutrition fluid in a container. A pump supplies the appropriate amount of water or nutrient solution directly to the roots of each plant through nozzles (Ani et al., 2020) Rouphael et al., 2005). Extra solutions can be collected and either released or circulated again thanks to the nutrients' slow release. The Drip technique can be used to produce different types of plants at the same time (Abedin et al., 2021).
8.1.2 Ebb and Flow: The Ebb and Flow system (fig 13), the first commercial hydroponic method, uses the flood-and-drain technique. It features a grow tray and a reservoir containing nutrient-rich fluid (Setiawan et al., 2022). A pump periodically fills the grow tray with the solution, which is then gradually drained. This method supports the cultivation of various crops but often faces challenges like algae, mildew, and root rot, requiring adjustments such as incorporating a filtration system (Halveland et al., 2020).
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                         Fig 13: Ebb and Flow System (Source: Setiawan et al., 2022)
8.1.3 Deepwater culture: Deepwater Culture (DWC) is a hydroponic technique where plant roots are immersed in nutrient-rich water, with oxygen delivered directly to the roots via an air stone (fig 14). One best examples of this kind of system is the hydroponic buckets system, in net pots, with their roots submerged in a nutrient-rich solution (Hamza et al., 2022). To prevent algae and mold from forming in water body, it is essential to monitor the salinity, pH, oxygen, and nutrient concentrations (Nursyahid et al., 2021). DWC has a considerable effect on larger fruit-producing plants, particularly tomatoes and cucumbers. 
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                      Fig 14: Deep water culture (Source: Nursyahid et al., 2021)
8.1.4 Wick system: The Wick System is the simplest form of hydroponics, functioning without electricity, pumps, or aerators. Using a porous medium such as cocopeat, vermiculite, or perlite, a nylon wick links the plant roots to a reservoir of nutrient-rich solution (Harahap et al., 2020). Nutrients and water are drawn up to the plants through capillary action. This technique is ideal for growing small plants, herbs, and spices (Prianka et al., 2024).
8.1.5 Nutrient film technique: It is a popular method in hydroponics. Plants grow in channels in which nutrient solution is poured continuously (fig 15). The roots of plant are nourished by a thin coating of nutrient film (Khan et al., 2020). Because it is a continuous activity, neither a growing media nor a timer is required. The roots instantly absorb the nutrients from the coating (Alipio et al., 2019). Unlike deep water cultivation, the plants' roots are kept moist rather than submerged entirely in water (Aires et al., 2018). The pump system and power supply need to be maintained to prevent system failure or halt (Solanki et al., 2017). 
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              Fig. 15: Nutrient film technique (Source: de Castro Silva et al., 2021)
8.2 Aeroponics: Aeroponics is a technique where a nutrient-rich fertilizer solution is sprayed directly onto the plant roots, which are exposed to air, which is an improved version of hydroponics (Elijah et al., 2022). In aeroponics, plant roots are constantly exposed to oxygen-rich air. This enables the root surface to absorb nutrients more quickly (fig 16). This type of hydroponic system is the most advanced (Garzón et al., 2023). Numerous nozzle designs, such as high-pressure atomization nozzles, pressured airless nozzles and ultrasonic atomization foggers, are used to mist nutrient solutions over plant roots. A computerized system regulates and maintains the static pressure, which ranges from 60 to 90 Psi (da Silva et al., 2024). The type of crops planted, the season, phase of crop development, and length of cultivation all affect this frequency. In an aeroponic system, a timer controls the nutrient pump, activating it for a few seconds at regular intervals, just as other hydroponic system types (Arjina et al., 2021). Although expensive, aeroponics has shown the most promising crop production returns and is a potential approach for space exploration (Lakhiar et al., 2018).
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8.3 Aquaponics: Aquaponic systems differ from hydroponic ones by integrating fish and plants in a shared environment. Fish raised in inland ponds produce nutrient-rich waste, which is supplied to plants in vertical farms (fig 17). The wastewater is then filtered, purified, and recycled back into the fish ponds (Liu et al., 2024). While some small-scale vertical farming setups utilize aquaponics, most focus on growing specific fast-growing vegetable crops to enhance efficiency and streamline production and costs. However, with recent advancements in standardizing aquaponic systems, this closed-loop technology may see increased adoption (Flores-Aguilar et al., 2024).
 [image: https://www.researchgate.net/publication/315480613/figure/download/fig2/AS:475120968966145@1490289074688/General-setup-of-an-aquaponics-system.png]                       Fig. 17: Aquaponics (Source: Lennard and Goddek, 2019)
8.4 Automation in Hydroponics: The goal of smartphone technology was to create a fully automated hydroponic system that offers low operational costs and an easy learning curve (Palande et al., 2018). While incorporating an Internet of Things(IoT) (fig 18) network for remote management and monitoring, it preserved the conditions necessary for test plant to thrive (Lakshmanan et al., 2020). Titan Smartponics provides a number of benefits, including total control over the conditions that support plant growth, adaptability to different plant needs, and independence from external factors or the outside air (Kaur et al., 2022). 
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                      Fig 18: Smart Hydroponics (Source: Lakshmanan et al., 2020)
9. Challenges and opportunities: Although technologies have potential in revolutionizing the farming sector, farmers' lack the technical proficiency in using technology-driven equipment is one of the main barriers to this advancement (Bissadu et al., 2024). We can effectively handle the issue if we include the farmers when developing the systems. Designers of digital products should prioritize the user interface, and offering solutions in local languages is one approach to addressing this challenge. The price and caliber of the tools and sensors are major obstacles to small-scale farmers' adoption of contemporary technologies (Shafik et al., 2024). Interoperability is essential due to the diversity of IoT devices. Therefore, for better performance, efficient device synchronization is necessary. The large number of manufacturers and equipment involved makes this a difficult task. of the end, horizontal scaling will be required due to the daily increase of data from IoT devices. Notwithstanding all of the difficulties, they might eventually contribute to the automation and advancement of horticulture. Agricultural methods could be revolutionized by these technologies. The advancement of 5G technology will be crucial in the next years to maximizing the Internet of Things' potential (Karunathilake et al., 2023). 
10. Summary and conclusion: Precision cultivation, which uses fewer resources and produces higher-quality crops, is made easier by farming automation powered by artificial intelligence. Through labor cost control, efficient use of fertilizers and pesticides, and crop loss reduction through timely and ripe harvesting, AI may contribute to reducing agricultural expenses (Kale et al., 2024). Additionally, technological developments can inspire tech-savvy people to pursue horticulture as a career rather than deterring younger generations from moving to urban regions. Although they had notable disadvantages, the technology information center observed exceptional levels of technological adoption (Wang et al., 2024). For example, it was an issue in assessing the growers yield & productivity with respect to extension activities, and each village received only one recommendation, regardless of the soil's condition. Furthermore, other sectors of agriculture like silviculture, fisheries, veterinary sciences, and natural resources management were neglected. Furthermore, the growers depend on the knowledge of extension officers at rural stage, which may not always be current. Uses of GIS and remote sensing is rapidly becoming apparent (Misra et al., 2020). Crop biomass identification, soil metrics such as nutrition and moisture level, mature green fruits, food production estimation, destruction from biotic and abiotic stresses, etc. are few examples. Horticultural supply chains offer great opportunity in improving transactional efficiency, reduce hindrance, & promote transparency globally, all made possible by blockchain technology (Zhang et al., 2018). The food and horticulture industries can benefit from blockchain technology's capacity to manage known risks and maintain systemic affordability. Connecting various horticultural businesses and seeing information on distributed ledger networks, from production to supply, are made possible by blockchain technology (Dayıoğlu et al., 2021 and Subeesh et al., 2021). To achieve this goal, producers and engineers must find a middle ground where they can communicate and comprehend one another's needs. In order to enable effective and sustainable food production in urban and peri-urban regions, technologists should provide significantly better products, services, and processes that live up to farmers' expectations. In order to meet the real demands of the food supply and value chains, producers need to be aware of the best ways to employ technology and demand innovations. 
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